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Summary

Secondary growth results from cell division and differentiation in the vascular
cambium and gives rise to secondary xylem and phloem. Xylem of trees, commonly
referred to as wood, is an important carbon source used for woody materials and industrial
purposes such as timber, pulp, furniture, fibers, and also as a energy source. Although
abundant data has been collected to address the genetic control of cambial activity and
differentiation, the mechanism behind is still little known. The Arabidopsis hypocotyl has
previously been shown to be a suitable model for secondary growth and xylem
differentiation similar as it occurs in angiosperm trees.

Plant development requires a tightly controlled balance between undifferentiated
dividing cells and cells, which are subjected to undergo differentiation. In the shoot apical
meristem of Arabidopsis, this process is governed by a complex signaling network
involving several classes of transcription factors, which are often expressed in highly
distinct patterns. Key-players of differentiation control are the KNOX genes (Knotted-1 like
genes; e.g. KNATI, KNAT2, STM), which comprise a small gene family with eight
members in Arabidopsis thaliana. This project was aimed to investigate the role of KNOX
genes in secondary growth and differentiation of xylem using the Arabidopsis hypocotyl as
a model.

T-DNA insertion mutants for all Arabidopsis KNOX genes were isolated. Mutants
of stm and knatl showed reduced xylem diameter and xylem fiber formation. The double
mutant som-GK;knat1”” had a strongly enhanced phenotype. STM and KNATI were
expressed in the cambial zone and their expression was not dependent on each other.
Taken together this shows that STM and KNATI have overlapping function and act
synergistically on cambial activity and differentiation of xylem derivates.

Neither constitutive nor inducible overexpression of KNAT! led to overproduction
of xylem. Moreover, overexpression of KNATI could not complement the effects of stm-
GK on xylem formation. This points to a requirement of optimal concentration for both
genes, as it is often observed for physically interacting proteins.

KNATI and STM function are required for ATHB-8 expression, a marker of early
vascularization, in early xylem fiber derivates. CyclinB1;1::GUS, a cell divison reporter,
showed that parenchymatic cells, which occurred instead of xylem fibers are no longer

mitotically active. Hence, they are blocked in an early step of differentiation.
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By co-expression analysis and qRT-PCR STM/KNATI were found to regulate
various genes, which are required for or associated with secondary cell wall formation, as
the cellulose synthases (/RXI, IRX3 and [RX5), COBRA-LIKE4 (IXR6), PECTIN
METHYLESTERASE6] (PMEG61), and FASICLIN-LIKE ARABIONGALACTANII
(FLAI11I). Furthermore, STM and KNATI were upstream of transcription factors, which
determine xylem fiber (SNDI and NST1) and vessel (SND?2) identity. In contrast key-genes
of lignin biosynthesis were not expressed differentially in the mutants. Together this
indicates that STM and KNATI promote early differentiation of xylem derivates but are not
directly involved in later steps of secondary cell wall formation, i.e. in lignification.

In stark contrast to this work, KNATI has previously been described as a repressor
of lignification in the inflorescences stem of Arabidopsis. Further experiments will be

required in order to resolve this contradiction.



1 Introduction

1.1 Secondary growth in plant stems and the activity of vascular cambium

Secondary growth is additional growth that thickens the stem and root after primary
growth, usually elongation growth, is completed (Evert, 2006). In trees, secondary growth
is represented by the stem or root diameter. Secondary growth is a result of cell division
and differentiation in the vascular cambium. The vascular cambium consists of a mantle of
cells between the phloem and xylem to which it gives rise. In contrast to the shoot apical
meristem (SAM) that occupies the shoot tip, the cambium is displaced towards the outer
side of the plant axis and is therefore considered as a lateral meristem. Vascular cambial
cells are derived mostly from procambial cells which develop during vascularization in the
primary stem (Raven et al. 1999). The cambial cells divide periclinally to produce xylem
and phloem. Daughter cells of the cambium differentiate to the outer side into phloem and
to the inner side into xylem to produce radial files of cells that meet at the cambial zone
(Figure 1A). The phloem ensures the transport of photoassimilates from source leaves to
sink tissues such as the shoot apical meristem and the stem; whereas the xylem transports
mainly water and mineral solutes from the root to the shoot. Xylem of trees, commonly
referred to as wood, is an important source of fixed carbon used for woody materials and
industrial purposes such as timber, pulp, furniture, fibers, and also as energy source or for
other products (films, adhesives, etc).

During secondary growth, cambial daughter cells develop and specialize to xylem
cells (Figure 1 B). Xylem cells undergo progressive stages of differentiation; (1)
elongation/ enlargement, (2) secondary cell wall deposition, and (3) programmed cell death
before being mature xylem (Turner et al. 2008). The hallmark of mature xylem is
secondary cell wall deposition. Secondary cell wall formation contributes to a large extent
to the biomass of wooden tissues. The major compounds of secondary cell walls are
cellulose, hemicelluloses and lignin. The wood of economically important poplar trees
typically consists of 45 % of cellulose, 25 % hemicelluloses and 20 % of lignin (Timell et
al. 1969; McDougall et al. 1993).



Figure 1. (A) Formation of xylem and phloem from cambial cell divisions in poplar
(Populus x canescens). (CZ) Cambial zone, (X) xylem, (P) phloem, (V) vessel elements,
(F) fibers and (red arrows) radial files of cambial derivates. (B) Differentiation and
maturation of cambial daughter cells, schematically. (1) Cell division, (2) cell enlargement,
(3) secondary cell wall deposition, (4) programmed cell death.

1.2 KNOX (Knotted-1 Like homeobox) gene function in plant development
KNOTTEDI-like homeobox (KNOX) genes are families of homeobox genes
identified in all monocot and dicot species and subsets of these genes regulate meristem
function in all higher plant (Scofield and Murray, 2006). Homeobox genes encode proteins
containing a conserved DNA-binding homeodomain motif that is found in transcription
factors from all eukaryotes. Most homeobox genes encode transcription factors, which
function in developmental processes. The first homeobox gene identified by mutation is
ANTENNAPEDIA in Drosophila melanogaster. Mutations in ANTENNAPEDIA cause a
homeotic conversion of organs, with antennae replaced by legs (Gehring, 1987). After
that, many homeobox genes were found to play an important role in eukaryote

development.



In plants, the first homeobox gene was identified in maize and called ZmKN1 (Zea
mays KNOTTEDI) (Vollbrecht et al. 1991). Dominant mutations in ZmKN]I inhibit leaf
differentiation and cause the formation of knot-like meristematic structures in the vicinity
of leaf veins suggesting ZmKN1 to play an important role in regulation of meristematic fate
(Smith et al. 1992; Sinha et al. 1993). Homologues homeobox genes were therefore termed
as KNOTTEDI-like or KNOTTEDI-like homeobox (KNOX) genes (Lincoln et al. 1994;
Long et al. 1996). Thereafter different classes of homeobox genes have been identified in
plants like the WOX (WUSCHEL related homeobox) gene family members involved in
early embryonic patterning in Arabidopsis (Haecker et al. 2004), the BELL family genes
(Reiser et al. 1995) and the HD-ZIP (homeodomain protein containing a leucine zipper)
(Sessa et al.1993).

Based on phylogenetic analyses of amino acid and nucleotide sequences, there are
eight members of KNOX genes divided into two sub families in Arabidopsis (Scofield and
Murray, 2006). The subfamily KNOX 1 comprises STM, KNATI, KNAT2 and KNAT6 and
the subfamily KNOX Il comprises KNAT3, KNAT4, KNATS and KNA7 (Figure 2).

A well-characterized member of the class I KNOX genes is SHOOT
MERISTEMLESS (STM), which is expressed in the centre of the shoot apical meristem
(SAM) but not in the newly formed leaf primordia and in the incipient leaf (Long et al.
1996). Loss-of-function mutations in S7M lead to premature differentiation of
meristematic cells and eventually to cessation of the SAM (Long et al. 1996); but its
simultaneous over-expression together with the homeodomain transcription factor
WUSCHEL induces meristem formation at ectopic places (Lenhard et al. 2002). These
findings indicate that STM is a critical regulator of differentiation, whose expression is
required to keep cells in an undifferentiated state. The other characterized members of the
class I KNOX genes fulfill partly redundant functions to STM and are generally suggested
to be involved in preventing differentiation of the tissue where they are expressed (Scofield
and Murray, 2006). In contrast to class I KNOX genes, the members of class II KNOX

genes are only scarcely described and functional data is mostly lacking.



STM

KNAT1/BP
I — KNAT2
L KNATS
KNAT5
KNAT7
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o1 L KNAT4

Figure 2. Phylogenetic relationship of the eight Arabidopsis KNOX proteins. Tree is consistant
with published data (Scofield and Murray, 2006). Tree was drawn by using Treview (Sunaryo and
Fischer, 2009)

1.3 Molecular and genetic control of secondary growth, xylem differentiation and
secondary cell wall deposition

Although abundant data has been collected to address the genetic control of cambial
activity and differentiation, the mechanism behind is still little known. In the model tree
poplar however, evidence for an involvement of KNOX genes in controlling differentiation
of cambial daughter cells has been recently found. High resolution transcript analyses of
the poplar cambium had been exploited and showed several KNOX genes with strong
cambial expression (Hertzberg et al. 2001; Schrader et al. 2004). Furthermore, the current
understanding of the regulation of differentiation in vascular development was greatly
enhanced by the study of the poplar KNOX gene ARBORKNOXI (ARKI) and
ARBORKNOX2 (ARK2), which are close homologues of the Arabidopsis STM and
BREVIPEDICELLUS(BP/KNATI), respectively. ARKI was shown to be expressed in the
cambium and over-expression of 4RK/ leads to inhibition of differentiation of vascular
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cells (Groover et al. 2006). This is in line with the proposed role for KNOX genes in
keeping cells undifferentiated. The KNATI homolog, ARK2, was also shown to be
expressed in the cambial zone and to be involved in cambial daughter cell differentiation,
since downregulation of the endogenous gene by artificial miRNA-suppression led to
additional secondary growth and premature secondary xylem formation (Du et al. 2009).
Despite this progress, the functional analysis of gene families in poplar is strongly
restricted by the long regeneration time of transgenic poplar, by the difficulty to construct
loss-of-function alleles and by a steep developmental apical-basal gradient in the young
stem.

The Arabidopsis hypocotyl has previously been shown to be a suitable model for
secondary growth and xylem differentiation similar as it occurs in angiosperm trees and
has therefore been suggested as a model for wood formation (Chaffey et al. 2002;
Nieminen et al. 2004). Importantly, the hypocotyl does not have an apical-basal
developmental gradient, as it occurs in stems (Sibout et al. 2008). However functional
studies of KNOX gene function in regard to secondary growth of the vascular cambium in
the hypocotyl have not yet been performed. In contrast to the hypocotyl, KNOX gene
function has been addressed in the Arabidopsis inflorescence. Ko and Han (2004) reported
that STM is expressed in the inflorescence stem harvested from three different stages of
development: immature, intermediate, and mature. KNAT7 was also observed to be
expressed in the same tissues. Mele et al (2003) investigated the regulation of
differentiation in vascular development in inflorescence stems by studying mutants of
KNATI1/BP (BREVIPEDICELLUS). knatl mutants show an increase in lignification among
various developmental defects of the cambial daughter cells; whereas over-expression of
KNATI leads to a decrease in lignin deposition (Mele et al. 2003). Other homeodomain
transcription factors from class Il HD-ZIP and KANADI gene family members such as
NAC, AP2, MADS, and MYB have been reported to regulate cambial cell differentiation
and activity in Arabidopsis (Zhao et al. 2005). Moreover, a leucine zipper (HD-ZIP) gene
family, comprising amongst others, ATHB-8, ATHB-9, and ATHB-14, has been reported to
play an important role in vascular development (Roberts and McCann, 2000).

Xylem cells comprise xylem vessels, fibers, parenchyma cells, and radial ray cells
(Evert, 2006). One of the most studied type of xylem cells concerning cell differentiation
in plants are the tracheary elements. Using the Zinnia model system the specification of

xylem vessels has being studied and environmental factors and hormones such as light,
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auxin, cytokinin, ethylene, brassinosteroids and phytosulfokine (Robert and McCann,
2000) have been shown to influence xylem vessel fate.

The formation of secondary cell wall in the xylem involves various biochemical
processes including cellulose biosynthesis and lignin formation. The Arabidopsis
IRREGULAR XYLEMI (IRXI) and IRX3 were reported to be secondary cell wall-specific
cellulose synthase genes (Brown et al. 2005). In recessive mutants of those genes,
collapsed vessel elements can be found in the inflorescence, which are likely due to
reduced cellulose biosynthesis in the secondary cell wall. Other genes including /RX5, 6, 7,
8 9, 10, 11, and 12 also showed a distinct irx-like phenotype (Brown et al. 2005).
Additionally, MYB58 and MYB63 have been reported to play an important role in lignin
formation (Zhou et al. 2009). Previously, Zhong et al (2008) also reported that some MYB
and NAC transcription factors, as SECONDARY WALL ASSOCIATED NAC DOMAIN
PROTEINI (SND1), as well as KNAT7 are involved in secondary cell wall formation in the
inflorescence, especially required for fiber differentiation. Furthermore, NAC
SECONDARY WALL THICKENING PROMOTING FACTORI (NSTI) and SNDI1 were
reported to play a redundant role in fiber differentiation (reviewed by Zhong and Ye,

2007).

1.4 Working hypothesis

In the vascular cambium similar decisions as in the SAM have to be taken; an
equally tight balance between meristematic cells and cells, which undergo differentiation,
is required. Some daughter cells of the cambial meristem differentiate into xylem or
phloem, whereas others stay undifferentiated and maintain the pool of meristematic cells.
KNOX genes might be also key players of cambial cell division and differentiation in

Arabidopsis hypocotyls.



1.5 Objectives

The objectives of this work are:

1. To address the involvement of KNOX genes in secondary growth of Arabidopsis

hypocotyls.

2. To figure out the action of KNOX genes on cambial cell divisions and differentiation

during secondary growth of the Arabidopsis hypocotyls.

3. To address the function of KNOX genes in secondary wall formation, e.g. cellulose

biosynthesis and lignin deposition, in the Arabidopsis hypocotyls.

4. To identify downstream targets of KNOX function.



2 Materials and Methods

2.1 Plant material and growth conditions

The Arabidopsis lines of stm-GK, knat2, knat2-5, knat3, knat4, knat5, knat6, knat7,
stm4, stm5, stm6, knatl""', KNATI::GUS, Columbia-0 (Col-0), Nossen-0 (No-0),
Landsberg erecta (Ler) and C24, were obtained from the Nottingham Arabidopsis Stock
Centre (NASC; http:/nasc.nott.ac.uk). Seeds of knati””’ and 35S::KNATI-GR were
provided by Dr. A. Hay (Department of Plant Sciences, Oxford University, UK), seeds of
35S::STM-GR by Prof. R. Sablowski (John Innes Centre, UK) and seeds of STM::GUS by
Prof. W. Werr (University of Cologne, Germany). Plant materials used in this experiment
and detailed information are presented in the Appendix 7.1.

Plants were grown in long days (16 h light, 8 h dark) on soil and fertilized by 1/2
Murishage and Skoog (MS; Appendix 7.2) nutrients the first week after planting.

2.2 Identification and production of homozygous single and double knox mutants

To identify homozygous knox mutants carrying T-DNA insertions, seeds were
surface sterilized using 70% ethanol for 1 minute, 5% calcium hypochlorite for 30-40
minutes and washed by sterile water three times. The sterilized seeds were then stored at
4°C for 3-5 days for seed stratification and put on a selective agar plates containing 1/2 MS
nutrients and 35 pg/ml kanamycin (Sigma, Steinheim, Germany). The kanamycin resistant
seedlings which had greener cotyledons and longer primary roots compared to sensitive
wild-type (Figure 4), were transferred to soil and grown in long day conditions. Leaves of
resistant plants were collected for genomic DNA extraction. DNA was extracted using a
simple and rapid method (Edwards et al. 1991). PCR genotyping was performed with
specific primers designed against the T-DNA insertion and the wild-type allele. Primer
design was performed at http://signal.edu/tdnaprimers.2.html. Primer positions and
location of T-DNA insertions in a respective KNOX gene are presented in Figure 3. The

exact locations of the insertions can be seen in Appendix 7.3.
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—

T-DNA

KNOX Gene

Figure 3. Primer construction for homozygous mutant identification using PCR genotyping. (LP)
Left primer, (RP) right primer, and (LBal) primer of T-DNA insertion.

PCR was run for 35 cycles; denaturation at 94°C for 40 seconds, annealing at 55°C
for 40 seconds, and extension at 72 °C for 1 minute 20 seconds. The PCR products were
loaded on a 1 % agarose electrophoresis gel and run at 70-100 volt for 20-30 min. PCR
reagents and procedures were provided by Fermentas (St. Leon-Rot, Germany) (Appendix
7.4). An example for the identification of a homozygous knox T-DNA mutant is shown in

Figure 4.

1500bp

1000 bp e §
750bp
500bp

604-904 bp

250bp =

Figure 4. Identification of homozygous knox mutants. (A, B, C) Seedlings growing on kanamycin
selective medium, (A) sensitive seedlings (wild-type, Col-0), (B) resistant seedlings (heterozygous
or homozygous knat5), (C) resistant and sensitive seedling of segregating seeds (knat5). (D)
Resistant seedlings were transferred to the soil. (E) A typical gel of PCR genotyping (knat5), the
wild-type shows a discret band of approximately 1200 bp when amplified by LP/RP primers. No
amplicon was detected for wild-type when using the Lbal/RP primer combination. In contrast, in
plants homo- or heterozygous amplification with Lbal/RP resulted in a specific band of 750 bp.
Line 1- 7 were homozygous for the insertion, while line 8 and 9 were heterozygous (also the willd-
type band could be amplified). Marker (M): 1 Kb DNA Ladder (Fermentas, Germany).



bp-9 bp-1

Selection of homozygous knatl™ and knatl

was based on the phenotype of
downward pointing siliques (Venglat et al. 2002) and for stm-GK on the delayed initiation
of a functional shoot apical meristem (SAM) (Barton and Poethig, 1993). Mutant

phenotypes from segregating seedlings are shown in Figure 5.

Figure 5. Identification of knat!”’ and stm-GK mutants based on phenotype. (A) Wild-type

inflorescence, (B) knat1”” inflorescence with downward pointing siliques, (C) wild-type shoot (2
weeks), (D) a delayed initiation of shoot apical meristem in stm-GK (2 weeks).

To generate double mutants, immature flowers of homozygous knox mutants were
emasculated and manually cross-pollinated with the pollens from other knox mutants of
interest. F1 seeds were grown on soil to generate the F2 generation. Kanamycin,
phenotypic and PCR genotyping were performed to identify double homozygous knox
mutants as described previously. The same procedure was used to produce reporter lines in
mutant background, e.g. STM::GUS, KNATI::GUS, ATHB-8::GUS, and CyclinB1,1::GUS
in stm and knatl. In this case, F2 plants were selected using phenotype and GUS assays

(part 2.6).
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2.3 KNAT1-GR induction

To induce overexpression of Arabidopsis 35::KNATI-GR, seeds were sown on the
soil for germination and grown in long days (16 h light, 8 h dark) conditions and fertilized
by 2 MS nutrients. After 1 week, the seedlings were transferred individually to a new pot.
The plants were sprayed with 60 uM Dexamethazone (Dex) (Sigma, Germany) in 0.02 %
Silwet L-77 surfactant (Lehle Seeds, USA). The treatment was repeated every week until
plants were 6 weeks old.

Dexamethasone (Dex) and cycloheximide (Cyc) were employed on 35S5::KNAT-GR
transgenics to test if KNATI is sufficient to trigger expression of its downstream targets.
For the experiments either 2 week old seedlings or isolated hypocotyls of 6 week old plants
were used. For seedlings: seeds of 35S::KNAT-GR were surface-sterilized (as described in
part 2.2) and were inoculated on 1/2 MS medium. Seedlings then were harvested after two
weeks on the plate and always 4 seedlings were inoculated in a scintillation vials
containing 1 ml 1/2 liquid MS medium and treated with: (1) + 10 ul DMSO (control), (2)
5 ul Dex (50 uM), (3) 5 ul Cyc (10 uM) (4) 5 pl Dex (50 uM)+ 5 ul Cyc (10 uM). The
vials were incubated for 3.5 hours at room temperature by gently shaking. The seedlings
were removed one by one and dipped on a filter paper and immediately snap frozen in
liquid nitrogen. The seedlings were then ready for RNA extraction (see part 2.4) and for
expression analyses of downstream targets of KNATI. For six week old plants: the same
procedure performed for seedlings was employed, except that hypocotyls were separated

from root and shoot previous to the treatments.

2.4 RNA extraction and ¢cDNA synthesis

Total RNA was isolated from fresh hypocotyls or other tissues using RNeasy Plant
Mini Kit (Qiagen, Hilden, Germany) following the manufacture’s guidelines. The RNA
was quantified by UV spectrophotometry and the quality was tested by running an aliquot
on a 1.5 % agarose gel. A typical gel of total RNA extraction represented 28s and 18s
rRNA in distinct bands with a smear of mRNA in between and above those bands (Figure

6).
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€= mRNA

<€— 235:RNA
<€— 18SrRNA

Figure 6. A typical gel of total RNA extraction. Distinct bands representing 28s and 18s rRNA. M:
1 Kb DNA Ladder. (Lane 1-5) Total RNA of various knox mutants.

Reverse-transcription (RT) was performed to generate first strand cDNA from total
RNA using Quantitec ® Reverse Transcription (Qiagen) according to the manufacture’s
guidelines, including gDNA digestion previous to the RT reaction. 1 pg of total RNA was
used for first strand cDNA synthesis. To evaluate the quality of first strand cDNA, cDNA
was PCR amplified using a house keeping gene primer pair (ACTIN2) and run on a 1.5%
agarose gel. PCR amplification was run for 30 cycles; denaturation at 94°C for 30
seconds, annealing at 55°C for 30 seconds, and extension at 72 °C for 1 minute. The PCR
reaction procedure is presented in Appendix 8.4, using 0.5 pl cDNA instead of 2 pl DNA
template (as for qRT-PCR). An example for such a cDNA quality evaluation is shown in
Figure 7.

M1 2 3456 7 8 910111213 14151617 18 19

750 bp
500 bp

250 bp
60 bp

Figure 7. PCR amplification of ACTIN2 from cDNAs of various knox mutants (lane 1-19). M: 1 Kb
DNA Ladder.
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2.5 Quantitative real time RT-PCR

The Universal ProbeLibrary Design Center (http://www.roche-applied-
science.com/sis/rtpcr/upl/ezhome.html) was used to design specific primers for qRT-PCR.
Primers were designed to amplify flanking sequences that are located downstream of or
spanning the T-DNA/transposon insertion and spanning an intron if possible. This design
allows to study the impact of an insertion on its own insertion site, as well as for classical
expression analysis. Locations of flanking sequences and insertions in KNOX genes is

shown in Figure 8. A list of primers used for this analysis is presented in Appendix 7.5.

142 bp

(1) StmGK (1] ],

|
N

86 bp
(2) knat1 ml
1 PN AN i i :
| mrron | [ wrron | | wTRON | | inTRON |
| Transposon | ssbp
&1 PN //Eﬂ“‘fi ""“I
| mrron | | wrron | [ inTRON |
PN
1130
(4) | knat3
1 IJ/KI Ii/\kl |/\\| |/K| |/\\| o
N
78bp
]
(5) knat4 l'l'J
! NN PAANA AN
| inTRON | | INTRON | | mtrRon | | iNTRON | | iNTRON |
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128bp

6) | knat5 |

1 o) (o] [omon) (o) [

(7) knaté _I

1 P N i i 1351

| wrrow | [ mwrron | | wTrow | | INTRON |
(8) knat7 ml
l o) (ormon) o) G

——
. o)

(9) [ ACTIN2 |

| INTRON | | INTRON I | INTRON I

(10) stmGK (2)
1 -~ N N 1363
INTRON | [ wTRON | | INTRON |

T-DNA

Figure 8. Location of flanking sequences and insertions in the knox mutants. Flanking
sequences are shown by black boxes and transposon and T-DNA insertions by yellow
boxes.

qRT-PCR was carried using the ROCHE qRTPCR SYBR green kit (Roche,
Grenzach-Wyhlen, Germany) and reactions were run on a LightCycler®480 (Roche,

Grenzach-Wyhlen, Germany) according to the protocol below:

Preincubation : 95°C for 5 minutes
Amplification : 95°C for 10 second
61°C for 10 second

72°C for 10 second
14



Melting curve : 95°C for 5 second
65°C for 60 second
67°C — Acqu. 5
Cooling :40°C

Data were analyzed using LightCycler®480 Software Releasel.5.0 (Roche
Grenzach-Wyhlen, Germany). Values for crossing points (Cp) were obtained directly from
the software and subsequently transformed to absolute concentration values using

following formula:
Cp = Slope.Log |x] + Y intercept

Cp-Y intercept
X =10 Slope

Note:

(Cp) Crossing point, (X) concentration of amplified cDNA at time point 0, (slope and Y intercept)
slope and intercept obtained from running standard curves generated by template dilution
(Supplemental data 6.5).

The absolute concentration values then were normalized to the expression of
ACTIN2 by dividing the absolute expression value of the gene of interest by the absolute
expression value of ACTIN2 in the corresponding samples. All experiments were
performed by using three biological and three technical replicates unless otherwise stated.

To determine slope (efficiency) and intercept, standard curves from dilution series
were calculated. The initial first strand cDNA (1 pg of total RNA) was diluted 5x,
corresponding to standard 1. Subsequently a series of 5x dilutions starting from standard 1
was made. For the standard curve dilutions from 5° to 577 were used. This procedure was

performed for all primer pairs employed (Appendix 7.5 and 7.12).
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2.6 GUS assays

6-week-old fresh hypocotyls were harvested and cut about 3-4 mm in length and
directly immersed into GUS (B-glucuronidase) staining solution (Appendix 7.6) and placed
on ice. The hypocotyls were vacuum-infiltrated with the GUS solution two times, for
approximately 3 seconds and then incubated at 37° C on a shaker for 2.5 hours. The
hypocotyls were subsequently fixed in formaldehyde-acetic acid-ethanol (FAE, Appendix
7.7) for 1 hour and stored in 70% ethanol. The GUS-stained hypocotyls were then hand-
sectioned using double sided razor blades and mounted on slides using chloralhydrate-

glycerol solution (Appendix 7.8).

2.7 Histologic analysis and quantitative measurement of secondary growth

Fresh hypocotyls were harvested from 6-week-old plants and stored in 70%
ethanol. The hypocotyls were then hand-sectioned using double sided razor blades to
obtain cross sections. The sections were incubated in 70% ethanol for 1 minute and then
directly transferred to phloroglucinol (in 20% HCI) lignin staining solution for about 3-5
minutes. The lignin-stained sections highlighted the area of secondary growth by dark red
color. The sections were mounted on slides using chloral hydrate-glycerol solution. Hand
sectioning and lignin staining were also performed to obtain tangential sections to observe
more detailed of cell structures composing the xylem.

Secondary growth of Arabidopsis hypocotyls was measured using a
stereomicroscope (Carl Zeiss Imaging Solutions, Jena, Germany) and AxioVision rel 4.7.
Software (Carl Zeiss Imaging Solutions, Jena, Germany). Measurements comprised the
diameter and area of hypocotyls, total xylem, and phase I of xylem development. Figure 9
shows schematically the different measurement on an Arabidopsis hypocotyl stained with
phloroglucinol-HCI. The diameter was determined by calculating the mean value of two

independent measurements of the longest and the shortest diameter per plant.
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Figure 9. (A) Measurements of secondary growth in Arabidopsis hypocotyls. (HD) Hypocotyl
diameter, (XD) xylem diameter, (PID) phase I of xylem diameter, (HA) hypocotyl area, (XA)
xylem area, (PIA) phase I of xylem area. (B) Secondary growth of a hypocotyl of 6-week-old plant.
Bar corresponds to 200 um.

Xylem diameter or area ratio (XDR or XAR) were calculated by dividing the xylem
diameter or area by the hypocotyl diameter or area. Phase II of diameter or area (PIID or
PITIA) was calculated by subtracting the xylem diameter or area by the phase I of xylem
diameter or area. The phase II of xylem diameter or area ratio (PIIDR or PIIAR) was
calculated by dividing the phase II of xylem diameter or area with xylem diameter or area

ratio.

2.8 Embedding and toluidine blue staining

Hypocotyls were fixed in a mixture of formaldehyde-acetic acid-ethanol (FAE,
Appendix 7.7), treated in a series of increasing concentrations of ethanol, isopropanol,
Roti-Histol (Roth Laborbedarf, Karlsruhe, Germany) and increasing paraffin (Rotiplast,
Roth Laborbedarf, Karlsruhe, Germany) concentrations (Appendix 7.9) and finally
embedded in a paraffin block. The blocks were then sectioned using a sliding microtome
(Reichert, Vienna, Austria) into 30um thick sections. The sections were directly placed on
a drop of water onto gelatinized slides (Appendix 7.10) which were placed on a 60°C hot
plate. The slides were then dried for about 3 hours and washed using 2 x Roti-Histol (Roth
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Laborbedarf, Karlsruhe, Germany), 1 x isopropanol/Roti-Histol (1:1), and 1 x isopropanol,
1-3 minutes for each to remove the paraffin from the sections. The sections were stained
using 1 % toluidine blue O (TBO, Sigma, Steinheim, Germany) in 1% sodium chloride

(Appendix 7.11) for a minute and mounted in chloralhydrate -glycerol.

2.9 Light microscopy

Cross sections of hypocotyls from the GUS assays, lignin stainings, and toluidine
blue stainings were observed under a stereomicroscope (Axioplan, Carl-Zeiss, Jena,
Germany) and analyzed using AxioVision rel 4.7. Software (Carl Zeiss Imaging Solutions,

Jena, Germany).

2.10 Identification of genes co-expressed with STM and KNATI

To identify genes co-expressed with STM and KNATI the Arabidopsis Co-
expression Tool (ACT) was employed, a internet based tool for microarray experiment
analysis, that is freely available at www.Arabidopsis.leeds.ac.uk/ACT (Manfield et al.
2006). For STM and KNATI, the 100 best matches of co-expressed genes were extracted
from a database of more than 300 microarray chips. Subsequently, overlapping gene
models between genes coexpressed with STM and KNATI were identified and selected
according to their putative role in secondary growth. To verify co-expression
experimentally qRT-PCR was performed. Primers were designed from selected genes by
using The Universal ProbeLibrary Design Center (http://www.roche-applied-
science.com/sis/rtpcr/upl/ezhome.html).

To study the relationship between Arabidopsis STM and KNATI genes and lignin
biosynthesis, an expression study using genes associated with lignin biosynthesis was
performed (genes listed in Appendix 7.12). Primers were designed against these genes
according to Mele et al (2003). The list of primers for co-expression and expression

analysis is presented in Appendix 7.12. The qRT-PCR was run as described in 2.5.
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3 Results

3.1 Isolation of insertional alleles as tool for functional analyses of Arabidopsis KNOX
genes

T-DNA and stable transposon insertion lines became recently a popular tool in
Arabidopsis for functional analyses of genes. While insertions in exons often result in the
expression of non-functional truncated proteins, insertions into introns might be spliced out
and leave gene expression unaltered. In some cases however, intron insertions may down-
or up-regulate gene expression, e.g. insertions in gene regulating sequences in introns or
insertions, which interfere with the efficiency of splicing.

Surprisingly, most of the publicly available insertion mutants for KNOX genes
locate to introns. Therefore, after isolation of homozygous mutants, qRT-PCR was
performed in order to identify mis-expression of the mutated KNOX genes. Primers
(Appendix 7.5) were designed to either span or to locate 3’ downstream of the T-
DNA/transposon insertion site (Figure 8). qRT-PCR showed that the transcript level of the
mutated genes were strongly downregulated in PCR selected-homozygous mutants of szm-
GK, knatl bp-9 , knat2, knat3, knat6, and knat7. In case of knat4 such a decrease of KNAT4
expression was not observed and for knat5 even increased expression was detected (Table
1).

Table 1. Mis-expression of knox insertional alleles. Negative fold changes correspond to a decrease
of expression compared to wild-type (Col-0), positive fold changes to an increase. (*) p-value
calculated based on t-test (Supplemental data 6.8). Data were analyzed from 3 biological and 3
technical replicates.

knox Insertion/location Fold Change of P Value*
mutants Expression

stm-GK T-DNA, 1% intron - 746 x 0.0017
knat 17 dSpm transposon, 1% intron - 243 x 0.0008
knat2 T-DNA, 3" intron -319x 0.0040
knat3 T-DNA, 1% intron -42x 0.0085
knat4 T-DNA, 1% intron +1x 0.4989
knat5 T-DNA, 1% intron +17x 0.0001
knat6 T-DNA, 3" intron -1967 x 0.0088
knat7 T-DNA, 2™ intron -140 x 0.0047

The strongest effect on the transcript level reduction of intron-insertion mutants
was detected for knat6, followed by stm-GK, knat2, knat1”™” and knat3, respectively. The
location of T-DNA insertion determines its efficiency to inactivate the function of a target

gene. In knat4 the T-DNA is most likely spliced out from the hnRNA (heteronucleon- or
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pre-RNA) and therefore does not affect gene expression. In the case of knat5 the elevated
gene expression might be due to insertion into a negative gene regulatory element or due to
increased stability of the hnRNA.

For stm-GK the effect of the intron-insertion on the expression of the 5’ upstream
compared to the 3’ downstream sequence was examined. Two different primer pairs for
STM were designed; either upstream or downstream of the T-DNA insertion (Figure 8, No.
1 and 10). The downstream flanking sequence was very poorly expressed (746 x lower in
stm-GK), whereas the upstream sequence was significantly more strongly expressed than in
the wild-type (Col-0) (Table 2).

Table 2. Differential expression of truncated upstream compared to downstream S7TM transcript in
stm-GK. Negative fold changes correspond to a decrease of expression compared to wild-type,
positive fold changes to an increase. (*) p-value calculated based on t-test. Data were analyzed
from 3 biological and 3 technical replicates.

Primer name Location toward T- Fold Change of P Value*
DNA insertion Expression

STM-1 Downstream -746 x 0.0017

STM-2 Upstream +4 x 0.0000

In general lower expression of the KNOX genes did not result in an effect on the
leaf rosette phenotype compared to wild-type, except for stm-GK (Figure 10). Shoot
meristemless (stm) mutants, as reported by Barton and Poethig (1993), are blocked in the
initiation of the shoot apical meristem (SAM). A complete lack of SAM was found for
strong alleles like stm4 and stm5 (Figure 11). In addition, fused-cotyledons were frequently
observed (Figure 11B). On the other hand, a mild s#m phenotype could be detected for stm-

I-1
wami-t - Those weak mutants were

GK and as previously noted for stm6 and stm
characterized by a “stop and go” development of SAM (Figure 11), with the SAM
producing a few leaves before cessation and subsequent outgrowth of leaves from other

SAMs.
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Figure 10. Leaf rosettes of knox mutants compared to wild-type (Col-0) in 4-week-old
plants. (**) Significant p< 0.01, t-test, compared to wild-type, (*) significant 0.01<p <0.05. (NS)
not significant.

Figure 11. Allelic series of stm. Variation of phenotype in 4-week-old plants. Strong mutants
showed fused cotyledons (stm4, B) and completely blocked initiation of SAM development (stmJ5,
C). Weak (mild) alleles displayed “stop and go” development (stm-GK, stm6 and stm™™'”' E, F
and G).
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3.2 Defective secondary xylem development in Arabidopsis hypocotyls stm and knatl
mutants

The successfully isolated mutants of class I and Il of Arabidopsis KnottedlI-like
homeobox (KNOX) genes were grown under long day condition and the hypocotyls of 6-
week-old plants were examined. Hypocotyls of stm and knatl mutants displayed a strong
reduction in diameter compared to the wild type (Figure 12). The reduction was observed
for almost all of stm and knatl alleles. A dramatic reduction in diameter was detected in
strong alleles, e.g. stm 4 and stm35, in Ler background, and the double mutants of stm-
GK:knat1"™” (Col-0 background), whereas less reduction was observed in stm-GK (Col-0
background), stm6 (Ler background), stm"“™ (C24 background, data not shown)’,
knat1”” (Col-0 background), and knat1””"'(Col-1 background). Hypocotyl morphology of
knat2, knat2-5, knat3, kant4, knat5, knat6 and knat7 (all in Col-0 background) was not
different compared to the wild-type.

Col-0 stm-GK knat1be-9 knat1t*1 stm-GK:knat1®*?  Ler stm4 stms

oty G !
B e e J

knat2 knat2-5 knat3 knat4 knat5 knaté knat7

Figure 12. Hypocotyls of knox mutants and wild-type. Bar: 1 mm.

To explore the basis of the reduction and to quantify the effects of impaired KNOX
gene function, hypocotyls were hand-sectioned and stained using phloroglucinol-HCI,
which stains lignin. Since lignin is deposited into secondary cell walls, phloroglucionol-
HCI is a suitable stain for xylem fibers and vessels during secondary growth. As the
observations on the intact hypocotyls already indicated, secondary growth of stm and knatl

mutants was reduced (Figure 13). This was supported by quantitative analyses of the
22



hypocotyl diameter and area of stm6, stm” ™!, knat1”"”, and knat1"”””" (Figure 14A and B).
These data suggest that STM and KNAT! are required for secondary growth of Arabidopsis
hypocotyls.

stm-GK knat1b#-® knat1b01

stmé C24 stmwem1-1

stm-GK;knat1%-° knat2 knat2-5 knat3

knat4 knat5 knaté knat7

Figure 13. Secondary growth of knox hypocotyls compared to the respective wild-types (Col-0,
Ler, and C24). Hypocotyls were harvested from 6-week-old plants. The sections were stained using
phloroglucinol-HCI. Bar: 200pm.

Secondary xylem development was reduced indicated by a decrease of the ratios of

xylem diameter to hypocotyl diameter (later referred to as “xylem diameter ratio”) from
23



0.59 to 0.47 and of xylem area to hypocotyl area (later referred to as “xylem area ratio”)
from 0.35 to 0.24, in stm-GK (Figure 15A, B, Supplemental data 6.1). By contrast, the
hypocotyl diameter and area of stm-GK were not significantly different to wild-type
(Figure 14A, B). Hence, the absolute reduction in xylem formation was compensated by
other tissue. In knat1””, the xylem diameter ratio was decreased from 0.59 to 0.46 and the
xylem area ratio was decreased from 0.35 to 0.20. For two other weak alleles, stm6 and
knat1””' | similar results have been obtained as for stm-GK and knat1””’ (Figure 15 A and
B). The total aerial dry mass of knat1”"”’ and stm-GK were not different from wild-type
(Figure 14C) suggesting that the decrease of secondary xylem in those mutants was
directly caused by the reduction of STM and KNATI not because of indirect effects on
plant growth.

Interestingly, hypocotyls of the double mutant of STM and KNATI showed a
dramatic reduction compared to wild-type (Figure 12 and 13 and 14A, B). The reduction
was much stronger than in the single mutants. The xylem development was also
significantly reduced indicated by the xylem diameter and area ratio (15A, B). These
findings suggest that STM and KNAT!I have a redundant function and act synergistically in
xylem development of the Arabidopsis hypocotyl.
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Figure 14. Hypocotyl diameter (A), area (B) and total aerial dry mass (C) of knox mutants
compared to wild-type. Data was obtained from 3 independent experiments, each with 3
hypocotyls. (**) Significant at p < 0.01, t-test, compared to wild-type, (¥) significant at 0.01< p
<0.05.
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Figure 15. Xylem diameter (A) and area (B) ratio of knox mutants compared to wild-type. Data was
obtained from 3 independent experiments, each with 3 hypocotyls. (**) Significant p< 0.01, t-test,
compared to wild-type, (*) significant 0.01<p < 0.05.

No reduction of secondary growth was detected for the other knox mutants, knat2,
knat3, knat4, knat5, knat6 and knat7, showing that KNAT and STM are the most important
players of secondary xylem formation within the KNOX gene family.
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3.3 STM and KNATI are specifically expressed in the cambial zone of Arabidopsis
hypocotyls

The observed reduction of xylem formation indicates that KNATI and STM are
important for cell divisions and cell elongation leading to xylem but not phloem
(Supplemental data 6.2). In order to test if KNATI and STM are present in cells, which are
specified to xylem and undergo subsequent elongation, their expression was monitored by
employing STM::GUS and KNATI::GUS reporter genes. GUS assays were performed on
fresh, 6-week-old hypocotyls of STM::GUS and KNATI::GUS transgenic plants.
STM::GUS and KNATI::GUS expression was specifically detected in the cambial zone
located in between secondary xylem and phloem (Figure 16), as well as in the developing
xylem. This indicates that STM and KNATI are specifically acting on cell division and/or

elongation in the cambial cells and the xylem derivates.

Figure 16. GUS activity in 6-week-old STM::GUS (A,B) and KNATI::GUS (C, D) hypocotyls.
(CZ) Cambial zone, (X) xylem, and (P) phloem. Bar: 100 um and 10 um.
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Expression of STM and KNATI were determined quantitively by qRT-PCR in
different tissues in order to compare expression levels in the hypocotyls with other organs
of Arabidopsis. STM and KNATI were strongly expressed in hypocotyls (Figure 17;
Supplemental data 6.6). The highest expression however was detected in young floral
apices, containing floral meristems and all floral stages up to pollination. Expression in
leaves was very low. By contrast, for the class II KNOX gene KNAT7 the expression was
highest in the oldest node inflorescence and low expression was detected in hypocotyls. A
similar expression pattern for STM and KNATI (Figure 17; Supplemental data 6.6)
indicates that these two genes in particular tissues may have redundant function and the
relatively high expression in hypocotyls underlines their important role in secondary

growth.
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Figure 17. STM and KNATI expression in different tissues of Arabidopsis plant. Data were
analyzed from 3 biological and 3 technical replicates and normalized to the expression of ACTIN2.

3.4 The development of secondary xylem is inhibited in st and knatl mutants

In order to describe the developmental process during secondary xylem
development and to identify differences, hypocotyls from 2, 4, and 6-week-old Col-0, stm-
GK, knat1”’, and stm-GK;knat1™® grown in long day conditions, were paraffin-
embedded and cut in 30 um thick cross sections and were observed under a light

microscope as described under 2.8.
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Extensive secondary xylem formation was detected in hypocotyls of plants grown
in long days (Figure 18). 2-week-old hypocotyls comprise an epidermal cell layer, (EP)
cortex parenchyma (CoP), endodermis (En), and vascular stele (VS) (Figure 18 A and B).
At this stage the vascular cambium was not yet initiated. In of 4-week-old hypocotyls the
vascular cambium was completely established and the secondary xylem and phloem was
visible (Figure 18 C and D). At this stage the xylem consists of xylem vessels and
parenchymatic cells, but no xylem fibers. In 6-week-old hypocotyls the newly formed
xylem contained besides vessel cells also fibers. Parenchymatic cells were absent. Hence,
two distinct phases of xylem formation could be observed, phase I with vessel and
parenchymatic cells and phase II with vessels and fibers. This has been observed earlier by
Chaffey et al (2002) in Arabidopsis hypocotyls grown under short days. The results
presented here show that under long days similar secondary growth and phases in xylem
development occur as under short days. In short days secondary growth starts after 29 days
(Chaffey et al. 2002), while under the conditions presented here already large parts of the

phase II xylem were accomplished after 6 weeks.

29



Figure 18. Developmental anatomy of the vascular cambium and secondary growth in Arabidopsis
grown in long day conditions. (A and B) Sections from 2-week-old plants, (C and D) from 6-week-
old plants and (E and F) from 6-week-old plants. (EP) Epidermal cell layer, (CoP) cortex
parenchyma, (En) endodermis, (VS) vascular stele, (VC) vascular cambium, (P) phloem, (X)
xylem, (F) fiber and (V) vessel element. Stained using toluidine blue. Bar for A, C, E: 100 um and
bar for D, B, F: 10 pm.
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Figure 19. Tangential section of an Arabidopsis hypocotyl. (V) Vessel elements, (F) fibers, (yellow
arrow) perforation plates, (red arrow) secondary cell wall thickenings. Stained with phloroglucinol-
HCI. Bar: 10 um.

Tangential sectioning of hypocotyls from wild-type plants showed water
conducting elements, characterized by distinct perforation plates at both ends of vessel
cells (Figure 19). Secondary cell wall thickenings were very prominent and fibers
appeared as elongated cells filled between vessel elements. These anatomical properties are
similar to those known from woody species, except for ray cells, which were missing.

Compared to wild-type development, there were no differences between the single
mutants stm-GK and knat1” in anatomy of hypocotyls harvested 2 weeks after planting
(Figure 20A, B, C). Also stm-GK:knat1™” appeared at this time point like wild-type
(Figure 20D). After 4 weeks, a narrow band of intensely stained cells encircled the vessel
elements of the phase I xylem in the wild-type, marking the cambial zone (Figure 20E). In
the single mutants, vessels of phase I xylem were present as well, however their

arrangement occurred disordered (Figure 20F, G). Intensely stained cells were not
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restricted to the cambial zone but also could be found in between single vessel elements. In
the double mutant, large cortex cells surrounded the vascular cylinder, similarly as seen in
the wild-type after two weeks, indicating a delay in development (Figure 20H). After 6
weeks, the cambial zone, marked by intensely stained cells, became more distinct in the
wild-type and files of cells with vessel or/and fiber cells appeared, characteristic for phase
IT of xylem development (Figure 201). While in the single mutants the cambial zone was
often intercepted and less fibers occurred (Figure 20J, K), in the double mutant the

development was seemingly arrested (Figure 20L)

Figure 20. Anatomy of stm and knatl hypocotyls grown in long day conditions. Hypocotyls were
harvested of 2-week-old plants (A, B, C, D), 4 weeks (E, F, G, H) and 6 weeks (I, J, K, L) from
wild type/Col-0 (A, E, 1), stm-GK (B, F, 1), knat1””*(C, G, K), and stm-GK; knat1”’ (D, H, L).
Bar: 50 pm. Stained using toluidine blue.

The secondary cell wall of vessel elements differentiated immediately adjacent to
the cambial zone in the wild-type, as seen by thickening and turquoise staining of the cell
wall (Figure 21A). In contrast, fully expanded xylem fibers were subjected to secondary
cell wall formation 2-4 cells distal to the cambial zone (Figure 21B). Such behavior of
faster maturation of vessel cells compared to fibers has been reported previously by
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Chaffey et al (2002). In both single mutants, xylem fibers, symptomatic for phase II xylem,
were formed too, but cell files containing parenchymatic cells occurred aside (Figure 21C,
D, E and F). While in wild-type the narrow band of intensely stained cells surrounding the

xylem was completed, in knat1””’

and in stm-GK frequent gaps occurred. Interestingly,
such gaps were at the origin of parenchymatic cell files. The dense staining represented
supposedly interphase nuclei, indicating active cell division in such cells. In the double
mutant, no xylem fibers could be found and xylem vessels were irregularly distributed in

%9 but not in stm-GK,

the often split xylem cylinder (Figure 21G, H). As in knatl
cytoplasmatically dense cells appeared throughout the whole xylem but no distinct cambial
zone had been formed. In the null alleles stm4 and stm5, neither fibers nor a cambial zone
could be observed and undifferentiated, cytoplasmatic cells appeared in the xylem (Figure
211, J, K, and L). The xylem phenotype in the null alleles appeared to be even more
pronounced than in the double mutant between the weak stm and knatl allele. Taken
together these results show that both genes are involved in determination of xylem fiber

identity, hence in the formation of phase II xylem, and in the establishment of the cambial

zone.
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Figure 21. Differentiation of cambial cells into xylem daughter cells in stm and knat! mutants.
Wild-type/Col-0 (A, B), stm-GK (C, D), knat1””’ (E, F), stm-GK;knat1"”° (G, H), stm4 (1, J), stm5
(K, L). (red arrow) Terminally differentiated cells, characterized by secondary cell wall
thickenings, (yellow arrow) undifferentiated cells, (X) xylem, (P) phloem, (CZ) cambial zone, (F)
fiber cells, (V) vessel elements. Bar for A, C, E, G, I, K: 100 um and bar for B, D, F, H, I, L: 10
um.

3.5 Phase II of secondary xylem development of Arabidopsis hypocotyl is inhibited in
stm and knatl mutants

In order to quantify the defect in phase II of xylem development, the ratios of the
diameter and area between phase II xylem and total xylem were determined for the
previously isolated knox mutants. Formation of phase II xylem was significant reduced for
stm-GK and stm6, while the weakest stm allele, judged from its shoot phenotype, stm” ™!
was not different from wild-type (Figure 22A, B and 23A, B, C, D). knatl -9 and knar1”%!
showed an even more dramatic effect compared to the s#m mutants (Figure 22A, B and

23E, F). In the double mutant phase II xylem was completely absent underlying a
synergistic genetic interaction between STM and KNAT1 (Figure 22A, B and 23G, H). For
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all the other knox mutants no significant failure in phase II xylem formation could be

recorded.
A
1
0
£ 09
x
-“:" 0.8
(]
E 0.7
a 0.6
E 0.5 g *k
s
2 04
-
S 03
¢ 02
2
= i
0
A
il ' & & @’?é‘ @ & & v o®
9 ‘9$ @9 $’¥§b ‘}6\
'0 -
o Lines
. Wild-type . knox mutants
B
1
2 o9
[1']
© 08
S 07 T
g0
g 0.6
} 0.5
S 0.4
= 03
8 02
g o
0.1
0
Nad P? Q ot °
< ‘}@« %{w\ﬁ 65 -z‘»‘ ‘9 «* ..\"‘0 N o
« 0*:33‘ _ ‘J.so
o Lines
B wild-type Il knox mutants

Figure 22. Phase II of secondary xylem development of knox mutants compared to wild-type.
Ratios are taken between the diameter (A) or area(B) of phase II xylem and total xylem. Data was
obtained from 3 independent experiments, each with 3 hypocotlys. (**) Significant at p < 0.01, t-
test, compared to wild-type, (*) significant at 0.01< p <0.05.
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Figure 23. Phase II of secondary xylem development was reduced in stm and knat! mutants
compared to wild-type. Wild-type/Col-0 (A, B), stm-GK (C, D), knat1%”* (E, F), and stm-

GK knat1"’° (G, H). Stained using phloroglucinol-HCI. Bar for A, C, E, G: 100 um and bar for B,
D, F, H: 10 um.
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3.6 Non-epistatic interaction between STM and KNATI in Arabidopsis hypocotyls

In order to further investigate the genetic interaction between KNOX genes in
secondary growth of the Arabidopsis hypocotyl, an expression analysis using qRT-PCR in
stm-GK, knat1””, the double mutant stm-GK:knat1”* and knat7 was performed. The
previous data have shown that STM and KNATI are required in secondary growth and
secondary xylem development (see 3.2 and 3.3) and indicated synergistic interaction
between these two genes (Figure 24, Supplemental data 6.7). In addition, KNAT7 was
reported to have an important role in secondary cell wall biosynthesis (Zhong et al. 2008).
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Figure 24. KNOX expression in hypocotyls of 6 weeks old stm-GK, knat1””, stm-GK;:knat1"* and
knat7 mutants relative to wild-type. Data were analyzed from 3 biological and 3 technical
replicates and normalized to the expression of ACTIN2. (**) Significant p< 0.01, t-test, compared
to wild-type.

STM was significantly down-regulated in szm-GK, but not reduced in knat1””
(Figure 24). Similary, KNATI was strongly reduced in the knat1””’, but not significantly
different in stm-GK. The expression of STM and KNATI was dramatically reduced in the
double mutants of stm—GK;knat]bp‘Q . These results were consistent with the activity of
reporter gene constructs in single mutant background (Figure 25). No difference in
strength and pattern for either STM::GUS activity in knatI”* (Figure 25C, D) or
KNATI1::GUS activity in stm-GK (Figure 25G, H) could be observed. In summary no
evidence for an epistatic interaction could be found. This is in line with the interpretation
of the anatomical phenotype in the hypocotyl, which supports a synergistic interaction

between STM and KNATI. In knat7 hypocotyls, STM and KNATI are slightly misregulated.
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Interestingly, a trend for derepression of the other KNOX genes (KNAT2, KNAT3, KNAT4,
KNATS and KNAT6) appeared in knat7 (significantly) as well as in stm-GK knat1””. This
may indicate overlapping functions for STM, KNATI and KNAT7 in the formation of
xylem in the Arabidopsis hypocotyl.

Figure 25. STM::GUS and KNATI1::GUS activity in knat!”* and stm-GK. STM::GUS (A, B),
STM::GUS; knat1”” (C, D), KNATI::GUS (E, F), and stm-GK::KNATI::GUS (G, H). Bar for A,
C, E, G: 100 and bar for B, D, F, H: 10 um.
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3.7 Secondary growth of Arabidopsis hypocotyls was reduced by overexpression of
KNATI

Using 355::KNATI in Nossen (No-0) (Chuck et al. 1996) background and a steroid-
inducible line of 35::KNATI-GR (Hay et al. 2003) in Col-0 ecotype, the effect of KNATI
over-expression was examined. 35::KNATI1-GR is a fusion protein between KNAT1 and
the glucocorticoid receptor (GR) driven under the control of the constitutive promoter 358S.
When glucocorticoids are absent from the medium KNAT1-GR resides in the cytoplasm.
Upon binding of a glucocorticoid, e.g. dexamethasone (Dex), to the receptor domain,
transport of the fusion protein to the nucleus is allowed and KNATI-dependent

transcription can be induced without translation.

Figure 26. Phenotype and secondary growth of KNAT! overexpressors compared to wild-type. No-
0 (A, E, D), 355::KNATI (B, F, J), Col-0 (+ Dex, C, G, K), 355::KNATI-GR (+ Dex, D, H, L). Bar
for hypocotyl: 1000 pm, and for secondary growth: 200um. Note that leaves of 355::KNATI (B)
appeared more glossy since they formed less trichomes than the wild-type (A).
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In 35S5::KNATI, lobed leaves were initiated beginning with the first true leaves
after the emergence of cotyledons, whereas in 355::KNATI-GR, they started following
Dex application at very early stage of postembryonic growth. These findings are in line
with previously published data (Hay et al. 2003). After 4 weeks, all leaves of both lines
were lobed (Figure 26). The diameter and area of 35S::KNATI hypocotyls were not
different compared to wild-type, conversely, the hypocotyl diameter and area of

358::KNATI1-GR were significantly reduced (Figure 27).
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Figure 27. Secondary growth of KNATI overexpressor plants in Arabidopsis hypocotyl compared
to wild-type. Data were measured from 6 biological replicates. (**) Significant p< 0.01, t-test,
compared to wild-type, (*) significant 0.01<p <0.05.
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The same indication was observed for the formation of secondary xylem, xylem
diameter and area ratio were reduced significantly in 355::KNATI. On the other hand there
was no difference in 35S::KNATI-GR (Figure 27C, D; Supplemental data 6.3). The phase
II of xylem development showed significant reduction in over-expressors compared to
wild-type (Figure 27E, F; Supplemental data 6.3). In conclusion, over-expression of

KNATI is not sufficient to induce an opposite phenotype observed in the knatl mutants.

3.8 Overexpression of KNATI gene did not restore the stm phenotype in stm-GK

In order to test if KNATI overexpression can restore secondary growth in stm-GK,
358::KNATI-GR was introduced into homozygous stm-GK background. stm-
GK;358::KNATI-GR plants showing stm phenotype were exposed to Dex in order to
induce KNATTI activity. At the same time, Col-0, 355::KNATI-GR and stm-GK were also
treated with Dex.

Induction of KNATI1-GR activity in 35S::KNATI-GR and stm-GK;35S::KNATI-
GR resulted in lobed leaves at early stage of growth (Figure 28) indicating that the Dex
treatment worked successfully. Hypocotyl diameter and area of Dex treated 35S5::KNATI-
GR, stm-GK, and stm-GK;35S::KNATI-GR were significantly reduced compared to Col-0
treated with the Dex (Figure 29 and 30A, B; Suplemental data 6.4). Similarly, phase II of
xylem development was reduced in Dex treated 35S::KNATI-GR, stm-GK, and stm-
GK;35S::KNATI-GR (Figure 30E, F; Supplemental data 6.4). The xylem diameter and area
ratio of stm-GK and the double mutant stm-GK;35S::KNATI-GR were significantly
decreased compared to wild-type, on the other hand, there was no difference between
358::KNATI-GR and wild-type (Figure 30C, D). The treatment with Dex did not result in
an effect on secondary growth of wild-type. Importantly, the secondary xylem
development represented by xylem diameter and area ratio as well as phase I of xylem
development of Dex induced stm-GK;35S::KNATI-GR was not different from stm-GK
(Figure 30 C, D, and 30E, F). This suggests that the overexpression of KNAT! does not
recover the stm phenotype and that the overexpression phenotype of KNAT! does not
require full STM activity.
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Figure 28. The leaves of 35S::KNATI-GR and the stm-GK;35S::KNATI-GR started to lob due to
Dex exposure. (A, E) Col-0 + Dex, (B, F) 35S::KNATI-GR + Dex, (C, G) stm-GK + Dex, (D, H)
stm-GK;358::KNAT1-GR.

Figure 29. Effect of KNATI overexpression on stm phenotype in secondary growth of Arabidopsis
hypocotyls. (A, E) Col-0 + Dex, (B, F) 355::KNATI-GR + Dex, (C, G) stm-GK + Dex, (D, H) stm-
GK;358::KNATI::GR + Dex. Bar for A, B, C, D: 1000 um and bar for E, F, G, H: 200pm.
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Figure 30. Secondary growth of KNATI overexpression in stm background compared to wild-type.
Data includes 5 independent replicates. (**) Significant p< 0.01, t-test, compared to wild-type, (*)
significant 0.01<p <0.05.
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3.9 STM and KNATI are required for ATHB-8::GUS expression in precursors of
xylem fibers

ATHB-8, a member of a small homeodomain-leucine zipper family, is expressed in
the procambial cells and cambium during vascular cell differentiation and is considered as
an early marker of vascularization (Baima et al. 2001). Its expression pattern during
secondary growth in the hypocotyls has not yet been determined. In the hypocotyl ATHB-
8::GUS was strongly expressed in the cambial zone and the early developing xylem
(Figure 31A, B). It was expressed continuously along the cambial zone with strongest
expression in cells adjacent to the vessel elements. In stm-GK and knat1”””’, ATHB-8::GUS
was still expressed in cells adjacent to vessel elements, but expression in cells at the origin
of files of xylem fibers was absent (Figure 31C, D and E, F). Hence, reduced formation of
xylem fibers in stm and knat! mutants could be explained by inhibition of early
differentiation steps mediated by ATHB-8. Furthermore KNATI and STM function are
required for ATHB-8 expression in early xylem fiber derivates.

In order to determine if the reduced formation of xylem fibers is a consequence of
reduced cell division activity in the cambial cells giving rise to fibers, the cell division
reporter CyclinB1;1::GUS (Colon-Carmona et al. 1999) was crossed into stm and knatl
mutant background. CyclinB1,;1::GUS was specifically expressed in distinct cells outside
of the xylem, highlighting cambial cells, which are supposedly the only dividing cells in
this position (Figure 31G, H). Although the division rate appeared to be reduced in stm-GK
and knat1"”, divisions could also be observed at the site where in wild-type fiber cells
differentiate (Figure 311, J and K, L). This was in contrast to xylem vessels, which
differentiated also in the mutants just adjacent to the dividing cambial cell. Although the
parenchymatic cells, which occurred instead of fiber cells in the mutants, had a dense
cytoplasm and no secondary cell wall, no expression of the cell division marker could be
observed in these cells. This suggests that those parenchymatic cells are arrested in an

early step of differentiation but no longer mitotically active.
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Figure 31. ATHBS::GUS and CyclinB1;1::GUS expression in wild-type, stm-GK, and knat1””’.
ATHBS::GUS (A, B), stm-GK; ATHBS::GUS (C, D), ATHBS::GUS:knat1”* (E, F),
CyclinBI;1::GUS (G, H), stm-GK;CyclinB1;1::GUS (1, 1), CyclinBI;1::GUS;knatI”’(K, L).
(Black arrow) GUS positive cells, (red arrow) differentiated cells, (yellow arrow) undifferentiated
cells. (CZ) Cambial zone, (X) xylem, (P) phloem, (F) fiber cells, (V) vessel elements. Bar for A, C,
E, G, I, K: 100 um and bar for B, D, F, H, J, L: 10 pm.

3.10 STM/KNATI are upstream of genes associated with vascular meristem
differentiation, fiber development and secondary cell wall formation

If KNATI and STM act as transcription factors, the target genes should be
coexpressed with them. In order to identify genes which act downstream of KNATI and
STM co-expression analysis of publicly available microarray data was performed, using
Arabidopsis Co-expression Tool (ACT; www.arabidopsis.leedsac.uk/ACT). Genes, which
are positively regulated by KNATI or STM should be co-expressed with both of them,
since they have overlapping function in secondary growth. From 100 genes co-expressed
with either STM or KNATI, 69 genes (69%) were identical (supplemental data 6.11). In
other words, those 69 genes are co-expressed with STM and also KNATI. This
astonishingly high overlap underlines the redundant function of STM and KNATI. Of 69
overlapping genes seven genes (Table 3) were selected based on their association with

secondary cell wall formation and their ranking of co-expression (Supplemental data 6.11).
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Quantitative expression analysis in wild-type, stm-GK, knat1””” and the double mutant was

subsequently performed for the selected genes.

Table 3. STM and KNATI co-expressed genes selected based on their association with
secondary cell wall formation.

No. Locus Name of Protein Function (Putative)

1. AT3G59010 Pectin methylesterase, PME61 Cell wall modification

2. AT5g59310 Lipid transfer protein 4, LTP4 Unknown

3. AT5G3170 Fasciclin-like arabinogalactan 11, FLA11 Unknown

4. AT4G18780 Cellulose synthase, CesA8 (IRX1) Cellulose biosynthesis

5. AT5G17420 Cellulose synthase, CesA7 (IRX3) Cellulose biosynthesis

6. AT5G44030 Cellulose synthase, CesA4 (IRX5) Cellulose biosynthesis

7. AT5G15630 Cobra like 4 (COBL4), IRX6 Arrangement of cellulose microfibrils
100
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Figure 32. STM and KNATI are involved in cellulose biosynthesis. qRT-PCR analysis of co-
expressed genes in stm-GK, knat1”” and stm-GK;knat1””. Data were analyzed from 3 biological
and 3 technical replicates and normalized to the expression of ACTIN2. (**) Significant p< 0.01, t-

test, compared to wild-type, (*) significant 0.01<p <0.05.
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Down-regulation of STM and KNATI was always followed by a not significant
trend of down-regulation of cellulose synthases (/RXI, IRX3 and IRXS), cobra-like 4
(IXR6), pectin methylesterase61 (PMEG1), and fasciclin-like arabinogalactan 11(FLAII)
in the single mutants (Figure 32, Supplemental data 6.9). In the double mutant the down-
regulation for all those genes was greater than 10 times and highly significant (Table 5).
Only the lipid transfer protein 4 (LTP4) behaved in an opposite manner and was
upregulated in the double mutant. Thus, STM and KNATI are upstream of /RXI, IRX3,
IXR6, PMEGI and FLAII.

To address the potential involvement of STM and KNATI in lignin deposition
during secondary cell wall formation, key-genes of lignin biosynthesis previously
identified by Mele et al (2003) were tested for their expression in the mutants. Those genes
have been shown to be misregulated in knatl”” five day old seedlings in a microarray

experiment employing 2 replicates (Mele et al. 2003).

Table 4. Selected key-genes of lignin biosynthesis as reported by Mele et al (2003). These
genes were differentially regulated in two week old knat1”” seedlings (Mele et al. 2003).

No. Abreviation Locus Name of Protein Function

1. At4CL1 AT1G51680 4-Coumarate-CoA ligasel Lignin biosynthesis
2. PALI1 AT2G37040 Phenylalanine ammonia-lyase 1 Lignin biosynthesis
3. CADI AT4G39330 Cinnamyl-alcohol dehydrogenase 1 ~ Lignin biosynthesis
4. PRX AT3G21770 Peroxidase Lignin biosynthesis

Interestingly, the expression of A#4CLI, PALI, CADI, and PRX in stm-GK,
knat1”"”, and stm-GK:knat1”* was not different from wild type (Col-0) (Figure 33,
Supplemental data 6.10). In contrast to cellulose biosynthesis, this may indicate that STM
and KNATI are not directly involved in lignin biosynthesis.
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Figure 33. STM and KNATI were not required for the expression of key-genes of lignin
biosynthesis. Data were analyzed from 3 biological and 3 technical replicates and normalized to the
expression of ACTIN2. (**) Significant p< 0.01, t-test, compared to wild-type, (*) significant
0.0I<p=<0.05.

In order to identify more downstream targets of STM and KNATI, further
candidates of the list of co-expressed genes were tested. Since STM and KNATI show
genetic redundancy this analysis was restricted to quantitative expression in double mutant
hypocotyls compared to wild-type.

Almost all genes selected from listed co-expressed genes by STM and KNAT1 were
significantly downregulated in the double mutant compared to the wild-type (Table 5,
Supplemental data 6.12) except for Lipid transferase protein4 (LTP4) and BELL
(BELLINGER). The expression of ATHB-8 which has been previously identified to be
involved in vascular meristem differentiation (see part 3.9) was significantly reduced by
almost 3 times. This supports the previous findings employing GUS reporter constructs
(Figure 31), that ATHB-8 is a downstream target of STM/KNATI. Other genes which have
been previously reported to be involved in xylem fiber identity (SND1 and NST1, Zhong et
al. 2006; Mitsuda et al. 2007; Zhong et al. 2007) and xylem vessel identity (SND2) were
also downstream targets of STM/KNATI since their expression was significantly reduced in
the double mutant. Besides genes associated with cellulose biosynthesis (/RX1, IRX3,
IRX5, IRX6) and pectin formation (PMEG61) (Figure 32), also hemicelluloses biosynthesis
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seemed to be a target of combined STM/KNATI action, as seen in the down-regulation of
the galacturonosyltransferase /RXS (Table 5, Supplemental data 6.12). In respect to lignin
biosynthesis, the abundance of both the laccase (/RX12) and the transcript for the chitinase-
like protein CTL2 were strongly decreased. However, these genes might have opposite
functions since a mutation in C7TL2 leads to increased lignification (Hossain et al. 2010).
Furthermore, one gene associated with auxin signaling (/4427) was significantly
downregulated.

In order to test if induction of KNAT! function is sufficient to drive expression of
the identified downstream targets, expression analyses were performed with the help of a
steroid-inducible (Dexamethasone, Dex) line of 35::KNATI-GR. Cycloheximide (Cyc) an
inhibitor of protein translation was employed to see if Dex-induced gene expression is a

direct effect of KNATI1-GR or if additional protein biosynthesis is required.

Table 5. The expression of coexpressed-downstream target gene candidates in the double mutant
stm-GK;knat1"”. Data were analyzed from 4 biological and 2 technical replica and normalized to
the expression of ACTIN2. Negative ratios correspond to a decrease of expression compared to
wild-type (Col-0), positive ratio to an increase. (*) Calculated based on t-test. (N.D) Not detectable,
(N.A) not applicable.

No. Locus Gene Relative p Value (%)
Expression Ratio
1. AT3G59010 PMEG61 -44 x 0.0212
2. AT5g59310 LTP4 +47 x 0.0319
3. AT5G3170 FLAII -39x 0.0243
4. AT4G18780 CesAS8 (IRXI) -30x 0.0009
5. AT5G17420 CesA7 (IRX3) - 186 x 0.0317
6. AT5G44030 CesA4(IRX5S) -76 x 0.0296
7. AT5G15630 COBL4(IRX6) -42x 0.0248
8. AT4G32880 ATHB-8 -3x 0.0150
9. ATI1G32770 SNDI N.D. N.A.
10. AT4G28500 SND?2 -107 x 0.0111
11. AT2G46770 NSTI -278 x 0.0164
12. AT5G60450 ARF4 -3x 0.0507
13. AT4G29080 14427 -57x 0.0005
14. AT5G54690 Galacturonosyltransferase (IRXS) - 723 x 0.0009
15. AT2G38080 Laccase4 (IRX12) - 404 x 0.0116
16. AT3G16920 CTL?2 (chitinase like) - 100 x 0.0033
17. AT3G42950 GH28(polygalacturonase) -2X 0.0899
18. AT3G10340 PAL4 -3x 0.0167
19. AT5G02030 BELL +1x 0.1011
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The expression of almost all of the STM/KNATI downstream target genes in Dex as
well as in Dex + Cyc media were not significantly different to the control (+DMSO),
although there was a trend to slight over-expression (Table 6). This indicates that KNAT!
itself is not sufficient to induce the expression of most of the STM/KNATI downstream
target genes. In contrast, the expression of KNATI, ARF4 and [IAA27 in treatments
employing Dex + Cyc were significantly upregulated (Table 6). This suggests that KNAT

regulates its own expression and that it directly modifies auxin signaling in hypocotyls.

Table. 6. Expression target genes of STM and KNATI in 35S::KNATI-GR hypocotyls. Data were
analyzed from 4 biological and 2 technical replicates and normalized to the expression of ACTIN2.
Negative ratio corresponds to a decrease of expression compared to the control (treated with
DMSO), positive ratio is to an increase. (*) Calculated based on t-test. (Dex) treated with
dexamethasone, (Cyc) treated with cycloheximide.

Relative Expression Ratio (fold change)

Gene Dex pvalue(*) Cyc  pvalue(*) Dex+Cyc p value(*)
KNATI +1.54  0.013 +1.70 0.013 +3.03 0.014
ARF4 +1.74  0.041 +1.52 0.055 +2.60 0.016
14427 +1.06  0.380 +1.16 0.290 +2.05 0.033
IRX6 +1.94  0.015 +1.74 0.011 +2.77 0.060
STM +1.03  0.447 +1.16 0.202 +1.79 0.059
ATHB-8 +1.22  0.176 +1.30 0.160 +1.47 0.186
SND1 +1.05  0.435 +1.05 0.408 +1.91 0.134
SND?2 +1.24  0.270 +1.26 0.285 +1.99 0.087
NSTI +1.28  0.083 +1.32 0.134 +2.57 0.058
IRX1 -1.07  0.378 -1.19 0.195 +1.10 0.353
IRX1 (in seedling)  -1.12  0.428 -2.27 0.073 -1.86 0.089
IRXS (in seedling) +1.06  0.457 -2.52 0.044 -1.24 0.212

Intriguingly, many of the STM/KNATI downstream genes were identified
previously in screens for collapsed xylem vessels in the Arabidopsis inflorescences (Turner
and Somerville, 1997) and are known as “irregular xylem” irx mutants. Collapsed or
irregularly shaped vessels were attributed to changes in the secondary cell wall formation.
Therefore, the vessel phenotype was examined more closely in stm-GK, knat1” and the

bp-9
P~ the vessel elements

double mutant (Figure 34). In wild-type, stm-GK and knatl
appeared to be almost round, while in the double mutant vessel diameter was markedly
reduced and the cells had a more angular shape, reminiscent to various irx mutants.

Additionally, the staining of the secondary cell walls in vessel elements appeared to be
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fainter. These results suggest that STM and KNATI are a limiting factor for cell wall

biosynthesis in vessels, which is in line with the function of their down-stream targets.

Figure 34. Vessel element structures of Arabidopsis hypocotyl in Col-0 (A, B), stm-GK (C, D),
knat1"’ (E, F) and stm-GK knat1”” (G, H). (A, C, E, G) Stained using phloroglucinol-HCI, (B, D,
F, H) stained using toluidine blue. Bar: 10pm.

Since the phenotypes observed in the single mutants of knatl are in sharp contrast
to published data for the inflorescence of knatl mutants (Mele et al. 2003), inflorescences
of all knox mutants were harvested and subjected to a qualitative analyses of lignification

(Figure 35). stm-GK developed inflorescences without functional flowers and the knatl
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mutants had downward pointing siliques, while the other mutants were not different from
wild-type (Figure 35A). As noted by Mele et al (2003) some fasicular bundles in knatl
mutants were not lignified and appeared still green (Figure 35B). In the other mutants a
similar defect in differentiation was not observed. In contrast to Mele et al (2003), neither
ectopic nor increased lignifications were observed in the most basal internode of knatl

inflorescences (Figure 35)
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Figure 35. Inflorescences (A) and lignification (B) of knox mutants compared to wild-type.
Note the green fasicular bundles in knat! mutants (B). (Black arrows) Unlignified fasicular
budles. Bar: 200pm.
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4 Discussion

4.1 Insertional mutagenesis

This work describes the successful isolation of insertional mutants for all known
Arabidopsis KNOTTED I-like homeobox (KNOX) genes. Gene expression analysis using 6-
week-old hypocotyls showed that the tagged KNOX genes were dramatically
downregulated in stm-GK, knatl bp '9, knat2, knat3, knat6 and knat7, respectively (Table 1).
However, the magnitude of the reduction varied for the different mutants. All the analyzed
insertions are located in introns, which may interfere for example with splicing or RNA
stability. Exon insertions for KNOX genes have so far not been described, with the
exception of knat2-5. Since T-DNA does not integrate preferentially into introns (Kim et
al. 2007), this may indicate that exon insertions in KNOX genes interfere strongly with
embryo or seedling viability. Alternatively, gene structure of KNOX genes may hinder
integration of T-DNA. Other means to disrupt gene function are the use of chemical
mutagens as well as RNAi (RNA-interference). While chemical mutagenesis is not
applicable for species with long generation time, RNAi has been proven to be a powerful
technology in various plant species, e.g. poplar. RNAi allows to isolate transgenic lines
with a broad range of suppression although target gene suppression greater than 90% is
rare (Li et al. 2008). In the case of stm-GK a suppression of more than 99.8 % was
measured (Table 1), however the mutant phenotype in the hypocotyl of stm-GK was still
very mild compared to the null alleles (Figure 11). Hence, such a phenotype could possibly
not have been observed by using RNAI, since the degree of downregulation is generally
too low.

Previous work uncovered a complex network of genetic interaction of KNOX and
closely related genes in the floral architecture of Arabidopsis (Ragni et al. 2008). Here,
genetic interaction between STM and KNATI could be shown. In both studies insertional
mutants were employed. Likely, by RNAi such genetic interactions between KNOX genes
could not have been found, since RNAIi constructs usually target several similar sequences
in a genome, so called off-targets (Filichkin et al. 2007).

Insertional mutagenesis often leads to the expression of truncated proteins, e.g. 5’
flanking sequence of the insertion. Such truncated proteins may still be fully or partially
functional or even produce dominant effects. For none of the mutants a dominant

phenotype could be observed in crossing experiments. Albeit, the expression of the 5’
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flanking sequence in stm-GK was slightly but significantly overexpressed. Since the
insertion in stm-GK is in the first intron, overexpression of the 5° flanking sequence is
unlikely to have an effect.

The genome of Arabidopsis has relatively small introns and little intergenic
material (Krysan et al. 1999). This makes insertional mutagenesis efficient. In the last
decade countless insertional lines have been made available to the Arabidopsis community
(Alonso et al. 2003). Without this effort the functional analysis and the study of genetic
interactions within small gene families, as it is reported here, would have been strongly
impeded. For other species however a similar initiative to create insertional stocks seems
not to be feasible. Regeneration of transgenics from tissue culture, long generation time,
short period of seed viability are only few of the hurdles, which would be faced in other

model species as poplar.

4.2 Secondary growth in Arabidopsis hypocotyls versus inflorescence stems

For reasons outlined above, trees are genetically poorly accessible in comparison
with Arabidopsis. Although secondary growth of trees is economically relevant,
Arabidopsis has become increasingly important in the study of secondary growth and
secondary cell wall formation. Especially, the Arabidopsis root and hypocotyl (Dolan et al.
1993; Dolan and Roberts. 1995) which have a vascular cambium (Busse and Evert. 1999)
are reminiscent to woody structures in trees. In inflorescence stems secondary vasculature
is formed by the fasicular cambium, which derives from the traces of lateral organs. The
interfascicular cambium fills the gaps between the traces with extensively lignified xylem
fibers (Dharmawardhana et al. 1992). Research on the Arabidopsis inflorescence
contributed valuable data in regards of xylem fiber and vessel specification as well as
secondary cell wall formation. Since vessels only occur within the fasicular bundles and
fibers are restricted to interfasicular regions, the resemblance of secondary growth to
woody structures is only limited. In contrast to the inflorescence, Arabidopsis hypocotyls
show separation of elongation and radial growth and no apical-basal developmental
gradient (Sibout et al. 2008). Furthermore, the secondary growth of Arabidopsis
hypocotyls shows no seasonal regulation, which facilitates genetic studies of secondary
growth. In Arabidopsis hypocotyls, the xylem comprise vessel elements, xylem
parenchyma and fibers but lack rays. However, under certain growing conditions rays can

be detected (Busse and Evert, 1999). Apparently, they are not commonly required for
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Arabidopsis development. On one hand the reduction to only three cell types in the
secondary Arabidopsis xylem is an advantage which facilitates its study; on the other hand
Arabidopsis “wood” is lacking one cell type typical for wood.

While Chaffey et al (2002) claimed that growth under short days favors excessive
radial expansion, Sibout et al (2008) convincingly showed that induction of flowering
correlates with induction of radial expansion. It seems that the extended growth period
after bolting led to the observation of Chaffey et al (2002) under short day. Since Sibout et
al (2008) did not comment on the day-length used for their experiments it remained unclear
if under long days secondary growth will take place. In both winter-annual or rapid
cycling Arabidopsis, flowering occurs faster if plants are exposed to long days (16 hours of
light; 8 hours of darkness) rather than to short days (8 hours of light; 16 hours of darkness)
(Kim et al. 2008). The experiments shown here prove that long day conditions are
sufficient to induce secondary growth. This facilitates experiments since growth cycles will

not exceed six weeks and since laborious short-day growth conditions can be avoided.

4.3 Pleiotropic effects of reduced S7M and KNATI gene function on secondary
growth

STM is required for the establishment and maintenance of the shoot apical
meristem. Null-alleles lead to a complete developmental arrest during late embryogenesis.
In such mutants potential postembryonic functions of STM cannot be studied. A way of
overcoming this dilemma is the construction of inducible mutants or the examination of

waml-1

weak stm alleles. As shown here, the weak stm alleles stm-GK, stm6, stm allow to
study postembryonic development even though they are sterile. It should be kept in mind
that late developmental defects in weak s#m mutants might be a consequence of earlier
developmental failures rather than direct effects. By the generation of inducible mutants,
e.g. a heatshock promoter controlled STM-RNAi construct, such problems could be
circumvented. However, such approaches will most likely lead to the formation of genetic
mosaic plants (Heidstra et al. 2004), whose analysis might be complex. In respect of STM
and KNATI function in the Arabidopsis hypocotyl, direct effects however are likely, since
both of the genes are expressed specifically in the cambial zone (Figure 16).

Among various functions, hypocotyls connect roots and shoots. In other words,

nutrients, photoassimilates and other molecules transported from roots to shoots or vice

versa have to pass the hypocotyl. In this respect, secondary growth is necessary to provide
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enough transport capacity for the distribution of solutes within the plant. Interestingly,
although the size of hypocotyls of various weak stm and knatl mutants was significantly
decreased (Figure 12, 13, and 14A, B), the shoot dry mass was not different for stm-GK
and knat 1" (Figure 14C). This suggests that a decrease of secondary xylem in the range
of those mutants does not decrease the transport capacity substantially and the mutants are
still supported sufficiently with the required minerals and water. Although not shown, no
limitation for redistribution through the phloem would be expected, since no reduction of

bp-9

phloem formation was observed in stm-GK and knatl In contrast, in the double

mutants stm-GK knat 1?7’

, the drastically reduced area of xylem and phloem might result
in limiting transport capacity and hence contribute to the dwarf shoot. This is supported by
the occurrence of smaller and collapsed vessel elements in stm-GK knat1”” (Figure 23 and
34). Further experiments would be required to clarify the role of secondary growth and
hypocotyl diameter on the growth capacity. Observation of senescence, grafting
experiments, determination of shoot to root ratio in those mutants could contribute to a
better understanding. It is interesting, to note that the weak stm mutants were all strongly
delayed in senescence (data not shown). This is most likely due to their failure in
flowering, however a blockage of redistribution could contribute to the late senescence
phenotype as well.

Xylem development was inhibited in the stm and knatl mutants in 4-week-old and
6-week-old plants but not in the 2-week-old seedlings (Figure 20). This shows that STM
and KNATI are required for secondary growth, which is initiated after 4 weeks. On the
other hand the primary growth of the hypocotyl was not affected by this amount of
reduction of KNATI or STM activity. This finding supports the idea of direct and specific
effects of STM and KNATI on secondary growth, rather than an indirect effect on
developmental processes during primary growth.

Of the distinct zones seen in cross sections of hypocotyls, the phase II secondary
xylem was most drastically reduced in the stm and knatl mutants. In the double mutants,
the reduction was significantly stronger or phase Il xylem was even completely absent
(Figure 22 and 23). Since phase II xylem contains xylem fibers a reduction of physical
strength could be expected. In a rosette plant like Arabidopsis however, the supportive role
of the hypocotyl is of minor importance compared to a stem, the homologues structure in
trees. The rosette usually supports itself since some leaves are in direct contact with the

soil. The lack of importance of physical support by xylem fibers in Arabidopsis hypocotyls
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should lead to a low selective pressure for such traits. Hence, screening the countless
Arabidopsis ecotypes (Koorneef et al, 2004) for variation in xylem fiber properties can be
expected to be valuable.

The observed reduction of xylem area could be due to a reduced rate of cambial cell
division and/or cell expansion of xylem derivates. In the double mutant obviously both
processes were affected (Figure 21), since xylem vessel cell had a reduced diameter and
less cells were formed. In the single mutants of stm-GK and knat1™” however, cell sizes
appeared to be normal. Consequently, cell division must be reduced in the single mutants.
In other words, cambial cell division seems to be more sensitive to a reduction of
STM/KNATI function than cell expansion. This conclusion was supported by the
observation of the cell cycle marker CyclinBI;1::GUS in the single mutant background
(Figure 31). CyclinBl;1 is an Arabidopsis mitotic cyclin expressed only in the G2/M
transition stage, when the cell is ready to divide into two daughter cells (Doerner et al.
1996; Shaul et al. 1996). In the cell cycle reporter construct CyclinB1,1::GUS, GUS was
destabilized by including a PEST-box (Doerner et al. 1996). Therefore, CyclinB1,;1.::GUS
is an excellent reporter to identify dividing cells in rapidly growing tissue. In the stm-GK
and knat1””’, CyclinBI1;1::GUS was expressed in a few single cells in the cambial zone
(Figure 31) although the number seemed to be lower than in wild-type. Only occasionally,
GUS activity could be detected in cambial cells giving rise to fibers. Lower cambial
activity at places, which give rise to xylem fibers could explain the reduction in phase II
xylem formation. More extensive quantitative microscopic analysis will be required in
future to conclusively distinguish between effects on cell expansion or division in the
different mutants.

While there is no distinct histologic feature, which differentiates a cambial cell
from its early derivates (Evert, 2006), the common hallmark of a cambial cell is its division
activity. In the absence of molecular markers for cambial cells, the longstanding
controversy if the cambium forms a layer of single-celled sheath or if there are several
cells, organized in radial files, which are capable of cell division, is unresolved (Evert,
2006). The results shown here identify CyclinB1;1::GUS as a useful tool to answer this
question. During this study only single and separated cells and more rarely two adjacent
cells with CyclinB1;1::GUS activity have been observed. This favors the theory of a
sheath of single dividing cells. However, since the cell division activity in 6-week-old

hypocotyls was rather low, more observation or more actively dividing cambial cells
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would be required to draw a final conclusion. In support of a single-celled sheath cambium
are previous findings stemming from the analysis of clonal sectors, extending form the
cambial zone into the xylem and phloem (Spokevicius, 2006). A common single cambial
cell at the origin of the xylem and phloem portion of such a sector is the most likely
explanation for this phenomenon.

If the cambium consists of a single sheath of cells, the cell pools of phloem and
xylem are in direct completion. If a cambial cell divides it will give rise to a cambial cell
and to a daughter cell which will either differentiate into xylem or phloem. If both daughter
cells differentiated, maintenance of the cambial cell pool would be given up and there
would be cessation of cell division activity. Loss of cambial maintenance leads to
discontinuation of cell files, a phenomenon which can be rarely observed in wood (Evert,
2006). In stm-GK and knat1””’ the xylem area was significantly decreased (Figure 15),
while the dimension of outer tissue was not altered. This indicates that specification of
xylem is more sensitive to reduction of STM and KNATI activity than the specification of
phloem cells. In the single mutants, relatively more cambial daughter cells differentiate
into phloem cells on the expenses of differentiation into xylem cells. Alternatively, if more
cells in a cell file are able to divide, as depicted in the model of Figure 36, STM and
KNATI could be suggested to act on the activity of the so called xylem mother cell. This
model is based on the assumption that the cambial initial, which itself is dividing relatively
slowly, gives rise to rapidly dividing xylem and phloem mother cells, which in contrast to
the initial have a shorter period of cell division activity. This latter model resembles more
to the situation known of the shoot apical meristem, where the initial cells (stem cells), in
the very center of the apical dome, are dividing less frequently, as the cells replaced to the
flanks (Baurle and Laux, 2003). In contrast, if assuming a single-celled sheath of dividing
cells, the cambium would be more closely related to the root apical meristem, where the
bulk of cell divisions are made by stem cells in direct contact with the quiescent center
(Sarkar et al. 2007). Intriguingly both STM and KNATI play an important role in the shoot
apical meristem (Barton and Poethig, 1993; Long et al. 1996; Hake et al, 2004; Byrne et al.
2002), for none of them a function in the root apical meristem has been assigned (Truernit

et al. 2006).
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Figure 36. The cambial cell and its derivates. Formation of secondary xylem and phloem in
a theoretical scheme; redrawn and modified from Evert (2006). (i) Initials, (mx) mother
cells of xylem, (mp) mother cells of phloem, (d) daughter cells, (t) tissue cells derived from
daughter cells. (a-1) time events.
4.4 Genetic interaction between KNATI and STM

Here, overlapping function for STM and KNAT! in secondary xylem development
of Arabidopsis hypocotyl could be shown (Figure 24 and 25). The phenotype in secondary

-9 than in the

xylem development was much stronger in the double mutant stm-GK;knatl
single mutants. This suggests that STM and KNATI have redundant functions and work
synergistically. This non-epistatic interaction is further substantiated by the fact that the
downregulation of STM in the stm-GK did not repress the expression of KNATI and vice
versa (Figure 24 and 25). Based on phylogenetic analysis of nucleotide and amino-acid
sequences, STM and KNATI are closely related (Scofield and Murray, 2006) and they were
proposed to have evolved after an ancient gene duplication event (Bharathan et al. 1999).

In the development of shoot meristems S7M and KNATI were reported to have

overlapping functions too (Scofield and Murray, 2006) and when ectopically expressed,
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KNATI can replace the function of STM to activate meristem formation (Byrne et al.
2000). Based on the analysis of expression patterns from microarrays, a close interaction of
these genes is obvious (Sunaryo and Fischer, 2009), and 69 % of the genes positively co-
expressed with STM are also co-expressed with KNATI (supplemental data 6.11). This
high number of overlapping genes is further evidence that STM and KNATI not only have
redundant function in secondary growth of the Arabidopsis hypotcotyl but also in many
other different processes.

Besides genetic interaction between STM and KNATI other interacting partners
within the KNOX genes have previously been reported or suggested. STM together with
KNATI, KNAT2 and KNAT6 have been suggested to be required for the maintenance of a
functional shoot apical meristem (Barton and Poethig, 1993; Long et al. 1996). Belles-Boix
et al (2006) reported that KNAT6 together STM contribute to SAM maintenance and
boundary establishment in the embryo. KNATI, KNAT2, KNAT6 and another
homeodomain transcription factor PENNYWISE interact in the patterning of floral
architecture in Arabidopsis (Ragni et al. 2008). The synergistic phenotype of stm-
GK knat1”* double mutant indicates very close interaction. If the proteins physically
interact, as other homeodomain transcription factors (Cole et al. 2006), was beyond the
scope of this thesis. The recently developed method of split YFP has been implemented to
plants (Ohad et al. 2007) and therefore such an undertaking becomes approachable.

4.5 Downstream factors

The degree of shared co-expressed genes between STM and KNATI was
surprisingly high. Many of the overlapping genes are related to cellulose biosynthesis and
indeed the regulation involved in this process is very similar (Persson et al. 2005).
Together with the requirement of STM and KNATI for the expression of some of these
genes, the fact of co-expression indicates that STM and KNATI are true regulators.

The downregulation of STM and KNATI repressed the expression of the Cellulose
Synthases (CesA) IRX1, IRX3, IRX5 (Figure 32, Supplemental data 6.9). This repression is
synergistically controlled by STM and KNATI. Doblin et al (2002) and Brown et al (2005)
reported that the down-regulation of IRXI (CesAS8), IRX3 (CesA7), and IRX5 (CesA4)
resulted in collapsed cell walls of secondary of xylem in the inflorescence. The same
indication has been reported by Turner and Somerville for /RX1 (CesA8) (1997), IRX3
(CesA7), and IRXS5 (CesA4) encode catalytic sub-units of cellulose synthases required for
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cellulose biosynthesis. Intriguingly, these cellulose synthases are active during the
secondary cell wall formation, while another subset of CesAs are specific for primary cell
wall biosynthesis (Brown et al. 2005). In addition, these three genes are co-expressed in
the same cells indicating that they work together to constitute cellulose synthase complexes
(Doblin et al. 2002; Tailor et al. 2003). According to Brown et al (2005) a Phytochelatin
Synthethase (IRX6) is associated with secondary cell wall biosynthesis, as evidenced by the
weak and fragile inflorescence stem of the mutant. Chemical analysis of cellulose content
in irx6 showed a dramatic reduction, which was much higher than in any other of the irx
mutants (Brown et al. 2005). Defective secondary cell wall in xylem vessels represented by
collapsed and smaller vessel elements, was also found the double mutants of stm-
GK;knat1"” (Figure 21 and 34), even though this phenotype could not be observed in the
single mutants. The high correlation for co-expression of STM and KNATI with cellulose
biosynthesis genes, and the requirement of STM and KNATI for their expression indicates
that STM and KNATI regulate cellulose biosynthesis during secondary growth of the
hypocotyl.

On the other hand, downregulation of STM and KNAT! did not correlate with the
expression of most of the key-genes of lignin biosynthesis represented by the unaltered
gene expression of PALI, AtCLI, CADI, and PRX in the double mutant (Figure 33,
Supplemental data 6.10). The fact that STM and KNATI are strongly correlated with
cellulose biosynthesis but not with lignin formation is consistent with evidence previously
reported by Turner and Somerville (1997); downregulation of /RX1, IRX2 and /RX3 did not
have an influence on lignin content. Furthermore, lignin biosynthesis is considered to occur
after cellulose deposition into the secondary cell wall (Boerjan et al. 2003). In conclusion,
STM and KNATI regulate early process in secondary cell wall formation but not late ones,
as lignin formation. In addition, STM and KNATI might be involved in the regulation of
hemicellulose (via /RXS) and pectin (PMEG61).

If STM and KNAT directly bind to the promoters of those biosynthetic genes is not
yet clear. Other downstream targets of STM and KNATI are the transcription factors SND1,
SND2, NSTI and ATHB-8, which could be the direct activators of e.g. cellulose
biosynthesis genes. These genes were previously shown to be involved in vascular
meristem and fiber differentiation (47THB-8, see part 3.9), xylem fiber identity (SND/ and
NSTI1, Zhong et al. 2006; Mitsuda et al. 2007; Zhong et al. 2007) and xylem vessel identity
(SND2). All of these downstream targets provide further evidence that STM and KNATI
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are involved in early decisions of secondary wall formation. ATHB-8 is a member of a
small homeodomain-leucine zipper gene family and is expressed in the procambial cells
and cambium during vascular cell regeneration (Baima et al. 1995; Baima et al. 2001). It
has been suggested to play an important role in cell proliferation and differentiation during
vascularization (Baima et al. 2001). Sessa et al (1998) identified other homologues genes,
ATHB-9 and ATHB-14, characterized by a HD-Zip motif at the N-terminus of the protein.
In situ hybridization of ZeHB-10, ZeHB-11, ZeHB-12, ATHB-homologs in Zinnia elegans,
showed that the mRNAs accumulated preferentially in the procambium and in immature
xylem cells (Ohashi-ito, 2002). The strong expression of ATHB-8.::GUS in cambial zone of
the hypocotyls (Figure 31) is in line with these results and shows that ATHB-8::GUS can
be used as a marker to locate and identify cambial cells and their early derivates.

In contrast to the expression in the wild type, the expression of the ATHB-8::GUS
in stm-GK and knat1”’ could only be detected in cells close to developing vessel
elements, but not in cells giving rise to xylem fiber cells (Figure 31). The lacking
expression of ATHB-8::GUS at the place of fiber derivates indicates that these cells do
neither have cambial activity nor undergo early differentiation; underlining the results of
the toluidine blue staining which showed in the mutants densely stained and

undifferentiated cells at the place, where normally fiber cells occur (Figure 21).

4.6 Overexpression controversy

Both, constitutive and induced overexpression of KNAT! led unexpectedly to no or
a similar phenotype concerning hypocotyl and xylem diameter as seen in the single knat/
and weak sfm mutants (Figure 26 and 27, Supplemental data 6.3). As reported by Lincoln
et al (1994) the overexpression of KNATI in Arabidopsis induced highly abnormal leaf
morphology, including severely lobed leaves. The severity of lobed leaf morphology is
depending on the dosage of KNATI (Hay et al. 2003). A similar phenotype was observed
for 355::KNATI1-GR (+Dex) (Figure 26), which proves that the Dex induction worked. The
decrease of number of leaves and area in KNAT overexpressors could result in a limitation
of photoassimilates, which can be allocated for secondary growth. Another possible
explanation for the reduction is RNA silencing, which can be induced if a certain gene-
specific threshold of expression is surpassed, as reported by Lindbo et al (1993) and
Schubert et al (2004). This possibility however is unlikely since the typical overexpressor
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phenotype has been observed in leaves. However, one could propose tissue specific
silencing in the hypocotyl.

Although STM and KNATI have overlapping functions, overexpression of KNATI
did not recover the secondary growth phenotype of stm-GK (Figure 29 and 30C, D, E, F,
Supplemental data 6.4). The failure of KNATI overexpression to restore the stm phenotype
could be explained if STM and KNAT1 form heterodimers with each other to be functional
in secondary growth. This underlines the importance of investigating the physical
interaction between STM and KNATT as already previously stated (part. 4.4). Additionally
it would be interesting to see if simultaneous overexpression of STM and KNATI have an

promoting effect on secondary growth.

4.7 Conflict with previously published data

The data presented here support a role for STM and KNATI in cambial activity
leading to xylem derivates as well as in the induction of their early differentiation, e.g.
cellulose biosynthesis for the secondary cell wall. This is in sharp contrast of the proposed
role of KNATI in the inflorescences stem. Mele at al (2003) have previously reported that
in knatl mutants premature and ectopic lignification occurs. In contrast, overexpression of
KNATI led to decreased lignification in the inflorescence. Furthermore, their interpretation
of KNATI as an inhibitor of differentiation and though lignification is supported by the
misregulation of lignin biosynthesis genes in the mutant and in opposite pattern in the
overexpressor. In summary, Mele et al (2003) interpret the role of KNAT! as an inhibitor
of differentiation, whereas in this work KNAT! is thought to trigger early differentiation.
Although it cannot be excluded that KNATI plays different roles in different tissues or that
different growth conditions led to a different outcome, these explanations are not
satisfactory. The interpretation of Mele et al (2003) is based on what they call ectopic
lignin depositions, which in reality are phloem fibers. As shown in Figure 35, there was not
larger area of lignified xylem in knatl. However, some fasicular bundles were only partly
developed and still green. This phenotype was described by Mele et al (2003) too, but was
not taken into consideration for their interpretation. Expression data presented here is
based on qRT-PCR of at least 3 experimental replicates from isolated hypocotyls of 6-
week-old plants grown under long day conditions. In contrast, Mele et al (2003) employed
two experimental replicates of whole 2-week-old seedlings grown under short days.

However, Chaffey et al (2002) reported that in 15 days old hypocotyls grown under short
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days, secondary growth and xylem development were just initiated. Therefore the
relevance of this expression data is questionable. The interpretation of KNATI as an
inhibitor of differentiation is largely supported by Groover et al (2006) and Du et al.
(2009), who performed analysis of poplar homologs. But as shown by Sunaryo and Fischer
(2009), a group of KNATI homologs is specifically upregulated in the zone of secondary
cell wall formation, which may indicate complex interactions between various KNOX
genes in the poplar cambium.

The outlined difference in the role of KNATI shows the difficulty in the
interpretation of pleiotropic developmental phenotypes. While here most of the data
derives from 6-week-old seedlings, Mele et al (2003) put more emphasis on the
documentation of the phenotype at different developmental stages. Indeed such an
approach can help to identify early phenotypes, which are more likely to be direct effects
of a mutant allele. Therefore concepts presented here should be subjected to higher

temporal resolution, in future.

4.8 A Working model of action of STM and KNATI during secondary xylem
development

Secondary growth in the hypocotyls of Arabidopsis has been shown to be a valid
model system for secondary growth of Angiosperm trees (Chaffey et al. 2002). Therefore,
it can be used as a model for wood formation (Chaffey et al. 2001, Nieminen et al. 2004).
The secondary xylem development of Arabidopsis hypocotyls involves a cascade of
developmental processes similar as in wood, including cambial cell division, cell
specification, differentiation and maturation, regulation of cell expansion, deposition of
secondary cell wall, and programmed cell death (Nieminen et al. 2004).

A working model is presented in Figure 37. A series of experiments has been

outlined in this discussion, which will allow to test this model.
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Figure 37. A hypothetical model of STM and KNATI functions in secondary xylem
development. (One arrow) Direct interaction, (several arrows) indirect interaction, (black
arrows) interaction shown in this work, (grey arrows) hypothetic interaction.
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6.5 Standard curves for quantification of QRT-PCR results from various primer pairs

Genes Efficiency Slope Y

Actin2. 1 1.860 -3.71 16.45
STM. I (downstream) 1.887 -3.628 21.74
KNATI 1.945 -3.462 17.03
KNAT2 1.985 -3.359 23.51
KNAT3 1.998 -3.327 21.42
KNAT4 1.936 -3.486 21.36
KNATS 1.933 -3.494 21.65
KNAT6 1.883 -3.639 13.75
KNAT7 1.931 -3.498 18.26
STM.2(upstream) 1.994 -3.336 17.24
Actin2.2 1.974 -3.386 21.34
IRX1 1.921 -3.526 23.12
IRX3 1.930 -3.503 23.64
IRXS5 1.893 -3.607 23.64
Pecest 1.978 -3.377 23.99
LTP4 1.895 -3.602 25.95
FLALI 1.950 -3.447 21.70
IRX6 1.979 -3.374 2291
PALI 1.981 -3.368 20.79
At4CL1 1.957 -3.429 20.57
CADI 1.876 -3.660 28.30
PRX 1.869 -3.682 23.53
ATHB-8 1.901 -3.585 26.46
SND1 1.915 -3.543 26.40
SND2 1.972 -3.390 24.04
NSTI 2.038 -3.038 24.75
ARF4 1.964 -3.411 22.41
14427 1.951 -3.446 19.77
IRXS 1.953 -3.441 23.22
IRX12 1.979 -3.374 22.89
GHI9 1.935 -3.487 20.80
BELL 1.987 -3.208 22.72
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6.6 Relative expression level* of STM, KNATI and KNAT?7 in different tissues

Tissues ST™M KNATI KNAT7
X SD p X SD p X SD p

Hypocotyl 1.2303 | 0.2129 1.3069 | 0.0915 0.1866 | 0.0315
L?af 0.0002| 0.0002| 0.0049| 0.0005| 0.0003| 0.0008| 0.0030( 0.0013| 0.0048
I node
inflorescence | 0.5991| 0.2756| 0.0190| 0.9841| 0.2489| 0.0711| 0.3064| 0.1220| 0.1133
Flower 1.6386 | 1.0336| 0.2835| 2.2401| 1.1544| 0.2657| 0.1482| 0.0207| 0.0819
Pedicel 0.4776 | 0.2735| 0.0110| 0.7872| 0.1356| 0.0039| 0.3894| 0.2320| 0.1340
Oldest node
inflorescence | 0.5731| 0.2735| 0.0166| 1.0833| 0.3230| 0.1769| 0.6609| 0.2675| 0.0448

Note: (X) Mean value, (SD) standard deviation, (p) p value of statistic analysis using t-test
compared to hypocotyl (as a control). (*) Values were normalized to the Actin2 expression. All
data were calculated from 3 biological and 3 technical replicates.

6.7 Relative expression levels* and fold changes** of KNOX gene expression in stm-
GK, knat1""’, stm-GK;knat1"” compared to the wild-type (Col-0)

Lines X SD p Fold Changes Expression
(times)

STM

Col-0 3.4507 0.3456

stm-GK 0.0046 0.0078  0.0017 -745.70  Downregulated

knat1* 2.2576 0.2015  0.0059 -1.53 Downregulated

stm-GKknat 1"’ 0.0024 0.0037  0.0017 -1425.49 Downregulated

knat7 14.2251 0.9993  0.0006 +4.12  Upregulated

KNATI

Col-0 1.3069 0.0915

stm-GK 1.9664 0.3979  0.0481 +1.50  Upregulated

knat 17 0.0054 0.0032  0.0008 -242.84 Downregulated

stm-GK knat1""”’ 0.0007 0.0005  0.0008 -2007.85 Downregulated

knat7 0.9496 0.0157  0.0094 -1.38 Downregulated

KNAT?

Col-0 2.2320 0.3455

stm-GK 3.2588 0.3866  0.0135 +1.46  Upregulated

knat1* 2.0057 0.4421 0.2627 -1.11 Downregulated

stm-GK;knat1""’ 7.6452 47374 0.0929 +3.43  Upregulated

knat7 7.9767 0.2630  0.0000 +3.57  Upregulated

KNAT3

Col-0 0.0940 0.0211

Stm-GK 0.1067 0.0112  0.2125 +1.13  Upregulated

knat1””* 0.1232 0.0548  0.2310 +1.31  Upregulated

stm-GK;knat1""’ 0.9746 0.7555  0.0904 +10.36  Upregulated

knat7 0.2537 0.0131  0.0005 +2.70  Upregulated
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Continued

Lines X SD p Fold Changes Expression
(times)

KNAT4

Col-0 0.2234 0.0589

stm-GK 0.4102 0.0590  0.0089 +1.84  Upregulated

knat 17 0.3115 0.0189  0.0557 +1.39  Upregulated

stm-GKknat 1" 7.4177 42334 0.0493 +33.20  Upregulated

knat7 0.7637 0.0350  0.0003 +3.42  Upregulated

KNATS5

Col-0 1.0151 0.2136

stm-GK 1.2794 0.3057  0.1471 +1.26  Upregulated

knat 17 1.4302 0.2708  0.0546 +1.41  Upregulated

stm-GK;knat 1”7 10.6770 52079  0.0422 +10.52  Upregulated

knat7 4.2369 0.1208  0.0001 +4.17  Upregulated

KNAT6

Col-0 0.0134 0.0031

stm-GK 0.0257 0.0046 0.0114 +1.92  Upregulated

knat 17 0.0239 0.0071  0.0537 +1.78  Upregulated

stm-GKknat 1" 0.1067 0.0801  0.0906 +7.96  Upregulated

knat7 0.0557 0.0009  0.0004 +4.15  Upregulated

KNAT7

Col-0 0.1866 0.0315

stm-GK 0.1385 0.0226  0.0527 -1.35 Downregulated

knat 17 0.1520 0.0165  0.0949 -1.23  Downregulated

stm-GK:knat 1" 0.1036 0.0597  0.0611 -1.80 Downregulated

knat7 0.0013 0.0002  0.0047 -139.93  Downregulated

Note: (X) Mean value, (SD) standard deviation, (p) p value of statistic analysis using t-test
compared to the wild-type (Col). (*) The relative concentration values were normalized to the
ACTIN2 expression. (**) calculated by dividing the mean of relative concentration values of knox
mutants by the value for the wild-type (downregulated or upregulated). All data were calculated
from 3 biological and 3 technical replicates.
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6.8 Relative expression level* and ratio fold change** of KNOX gene expression in the
respective mutants compared to the wild-type (Col-0)

Lines X SD p Fold Changes Expression
(times)

STM

Col-0 3.4507 0.3456

stm-GK 0.0046 0.0078 0.0017 -745.70 Downregulated

KNATI

Col-0 1.3069 0.0915

knat1"’ 0.0054 0.0032 0.0008 -242.84 Downregulated

KNAT2

Col-0 2.2320 0.3455

knat2 0.0070 0.0056 0.0040 -317.72 Downregulated

KNAT3

Col-0 0.0940 0.0211

knat3 0.0022 0.0005 0.0085 -42.42 Downregulated

KNAT4

Col-0 0.2234 0.0589

knat4 0.2233 0.0394 0.4989 -1.00 Downregulated

KNATS

Col-0 1.0151 0.2136

knat5 17.1493 0.6770 0.0001 +16.89 Upregulated

KNAT6

Col-0 0.0134 0.0031

knat6 0.0000 0.0000 0.0088 -1967.07 Downregulated

KNAT7

Col-0 0.1866 0.0315

knat7 0.0013 0.0002 0.0047 -139.92 Downregulated

Note: (X) Mean value, (SD) standard deviation, (p) p value of statistic analysis using t-test
compared to the wild-type (Col). (*) The relative concentration values were normalized to the
ACTIN?2 expression. (**) calculated by dividing the mean of relative concentration values of knox
mutants by the value for the wild-type (downregulated or upregulated). All data were calculated
from 3 biological and 3 technical replicates.
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6.9 Relative expression level* and fold change** of genes associated with secondary
cell wall formation in stm and knatl mutants compared to the wild-type (Col-0)

Lines X SD p Fold Changes Expression
(times)

IRX1

Col-0 2.2627 0.8163

stm-GK 1.3313 0.2015  0.0905 -1.70 Downregulated

knat 17 1.0342 0.1058  0.0594 -2.19 Downregulated

stm-GK knat1""”’ 0.0515 0.0256  0.0212 -43.96 Downregulated

IRX3

Col-0 2.3778 1.0700

stm-GK 1.4558 0.4849 0.1367 -1.63 Downregulated

knat 17 1.1346 0.2002  0.0891 -2.10 Downregulated

stm-GKknat 1" 0.0503 0.0220  0.0319 -47.30 Downregulated

IRXS5

Col-0 2.3953 0.9263

stm-GK 1.6189 0.4723  0.1436 -1.48 Downregulated

knat1"* 1.1560 0.2049  0.0703 -2.07 Downregulated

stm-GK knat1""”’ 0.0608 0.0316  0.0243 -39.39 Downregulated

PME61

Col-0 1.9679 0.1657

stm-GK 0.9506 0.2053  0.0015 -2.07 Downregulated

knat 17 0.9131 0.3339  0.0086 -2.16 Downregulated

stm-GK;knat1"’ 0.0648 0.0316  0.0009 -30.39 Downregulated

LTP4

Col-0 1.9819 0.7769

stm-GK 1.2689 0.2789  0.1242 +1.56 Upregulated

knat 1% 0.8198 0.0729  0.0605 +2.42 Upregulated

stm-GK;knat]b”‘g 0.0477 0.0355 0.0248 +41.58 Upregulated

FLAII

Col-0 2.0334 0.8863

stm-GK 1.2114 0.2397  0.1228 -1.68 Downregulated

knat 17 0.9589 0.1052  0.0844 -2.12 Downregulated

stm-GKknat 1" 0.0267 0.0191  0.0296 -76.03 Downregulated

IRX6

Col-0 1.9819 0.7769

stm-GK 1.2689 0.2789  0.1242 -1.56 Downregulated

knat 1% 0.8198 0.0729  0.0605 -2.42 Downregulated

stm-GK;knat]h”‘g 0.0477 0.0355 0.0248 -41.58 Downregulated

Note: (X) Mean value, (SD) standard deviation, (p) p value of statistic analysis using t-test
compared to the wild-type (Col). (*) The relative concentration values were normalized to the
ACTIN2 expression. (**) calculated by dividing the mean of relative concentration values of knox
mutants by the value for the wild-type (downregulated or upregulated). All data were calculated
from 3 biological and 3 technical replicates.
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6.10 Relative expression level* and fold change** of genes associated with lignin
biosynthesis in stm and knatl mutants compared to the wild-type (Col-0)

Lines X SD p Fold Changes Expression
(times)

PALI

Col-0 0.9369 0.3685

stm-GK 0.8249 0.1280  0.3298 -1.14 Downregulated

knat 17 0.8536 0.2264  0.3793 -1.10 Downregulated

stm-GK knat1""”’ 1.2801 02112 0.1256 +1.37 Upregulated

At4CLI

Col-0 0.8945 0.3551

stm-GK 0.9891 0.0697  0.3461 +1.11 Upregulated

knat 17 0.7495 0.1169  0.2801 -1.19 Downregulated

stm-GKknat 1" 1.3503 0.2475 0.0754 +1.51 Upregulated

CADI

Col-0 0.9408 0.8426

stm-GK 0.4418 0.4553  0.2159 -2.13 Downregulated

knat1"* 0.1252 0.1211  0.1170 -7.51 Downregulated

stm-GK knat1""”’ 4.6305 3.5209  0.1033 +4.92 Upregulated

PRX

Col-0 0.6769 0.2049

stm-GK 1.6735 0.4062  0.0165 +2.47 Upregulated

knat 17 0.4220 0.1720  0.0882 -1.60 Downregulated

stm-GKknat 1" 2.2281 1.1289  0.0681 +3.29 Upregulated

Note: (X) Mean value, (SD) standard deviation, (p) p value of statistic analysis using t-test
compared to the wild-type (Col). (*) The relative concentration values were normalized to the
ACTIN?2 expression. (**) calculated by dividing the mean of relative concentration values of knox
mutants by the value for the wild-type (downregulated or upregulated). All data were calculated
from 3 biological and 3 technical replicates.
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6.11 Overlapping co-expressed genes of STM and KNATI

Rangking* R R Name of Protein Locus
(STM) (KNATI)

1 0.830398 0.848306 NADP-dependent oxidoreductase AT3G59845
2 0.771591 1.000000 Homeobox protein knotted-1 like 1 (KNAT1) AT4G08150
3 0.769957 0.787758 Anion exchange protein 1 AT2G47160
4 1.000000 0.771591 Homeobox protein SHOOT MERISTEMLESS (STM) AT1G62360
5 0.803150 0.782979 Lipid transfer protein 4 (LTP4) AT5G59310
6 0.837180 0.760413 Homeodomain protein (BELLRINGER) AT5G02030
7 0.722529 0.787459 Serine carboxypeptidase S10 family protein AT1GI11080
8 0.807422 0.757034 Pectin methylesterase, PMEGG61 AT3G59010
9 0.723318 0.778510 Amino acid transporter family protein AT5G23810
10 0.684741 0.786575 Expressed protein AT4G27435
11 0.663340 0.797743 Cellulose synthase, catalytic subunit (IRXS5) AT5G44030
12 0.661570 0.821013 Expressed protein AT1G12320
13 0.674707 0.783798 DNALIJ heat shock N-terminal domain-containing protein AT5G03160
14 0.738768 0.797743 Expressed protein AT5G44040
15 0.674707 0.783798 Fascilin-like arabinogalactan-protein, FLA11 AT5G03170
16 0.858060 0.791504 WRKY family transcription factor AT2G44745
17 0.644696 0.726621 Auxin-responsive AUX/IAA family protein, [AA27 AT4G29080
18 0.669736 0.778111 Laccase, IRX12 AT2G38080
19 0.633619 0.791895 Myosin family protein AT2G31900
20 0.659573 0.759542 Glycoside hydrolase family 28 protein, GH28 AT3G42950
21 0.751533 0.750481 Auxin-responsive factor , ARF4 AT5G60450
22 0.641742 0.712594 COBRA like 4, CBL4 (IRX6) AT5G15630
23 0.644635 0.735496 Glycoside hydrolase family 19 protein, GH19 AT3G16920
24 0.638346 0.734020 myb family transcription factor, MYB98 AT4G18770
25 0.638346 0.734020 Cellulose synthase, catalytic subunit, IRX1 AT4G18780
26 0.615672 0.775703 Fasciclin-like arabinogalactan-protein, FLA12 AT5G60490
27 0.622656] 0.742277 Tubulin family protein AT5G17410
28 0.622656 0.742277 Cellulose synthase, catalytic subunit, IRX3 AT5G17420
29 0.629832 0.731802 Glycosyl transferase family 43 protein, IRX9 AT2G37090
30 0.625595 0.733544 Germin-like protein, GLP10 AT3G62020
31 0.671441 0.694079 Expressed protein AT5G58930
32 0.602988 0.753471 Rhomboid family protein AT1G63120
33 0.603586 0.750179 Laccase AT2G29130
34 0.620991 0.732999 Glycogenin glucosyltransferase (glycogenin)-related AT3G18660
35 0.607986 0.741992 Expressed protein AT5G60720
36 0.630823 0.711383 Ras-related GTP-binding family protein AT5G03530
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Continued

Rangking* R R Name of Protein Locus
(STM) (KNATI)
37 0.615373 0.728941 Laccase AT5G60020
38 0.600719 0.738009 Calmodulin-binding family protein AT1G14380
39 0.630345 0.707202 Plastocyanin-like domain-containing protein AT1G22480
40 0.612921 0.728823 Glycosyl transferase family 8 protein, IRX8 AT5G54690
41 0.615033 0.727821 Expressed protein AT3G21190
42 0.678251 0.655950 ABC transporter family protein AT3G25620
43 0.694041 0.645826 Expressed protein AT1G47485
44 0.598610 0.727543 Expressed protein AT3G21550
45 0.629641 0.681256 Armadillo/beta-catenin repeat family protein AT1G12430
46 0.589888 0.725787 Exostosin family protein AT1G27440
47 0.585410 0.715621 Protein kinase family protein AT2G40120
48 0.601470 0.697441 O-acetyltransferase-related AT5G46340
49 0.621571 0.678199 No apical meristem (NAM) family protein, SND2 AT4G28500
50 0.585410 0.715621 Protein kinase family protein AT4G03175
51 0.600390 0.688569 Homeodomain transcription factor, KNAT7, IRX11 AT1G62990
52 0.634448 0.633443 Leucine-rich repeat family protein AT4G30520
53 0.584520 0.697867 Transport protein-related AT2G23360
54 0.578828 0.701564 Calmodulin-binding family protein AT3G15050
55 0.604933 0.670272 Expressed protein AT1G09610
56 0.593062 0.679724 Phenylalanine ammonia-lyase, PAL4 AT3G10340
57 0.626814 0.641541 Polygalacturonase AT1G80170
58 0.568083 0.711085 Plastocyanin-like domain-containing protein AT1G72230
59 0.592359 0.674258 No apical meristem (NAM) family protein, SND1 ATI1G32770
60 0.584939 0.681841 Disease resistance protein (TIR-NBS-LRR class) AT4G16920
61 0.578743 0.687797 No apical meristem (NAM) family protein, NST1 AT2G46770
62 0.586202 0.673428 Expressed protein AT2G41610
63 0.585078 0.675697 p21-rho-binding domain-containing protein AT1G27380
64 0.586402 0.664381 Expressed protein AT2G31930
65  0.572342 0.683543 Microtubule associated protein (MAP65/ASE1) family protein  AT1G2792
66 0.600248 0.652613 Major intrinsic family protein / MIP family protein, NIP6.1 AT1G80760
67 0.572628 0.662757 Mutase family protein AT1G21440
68 0.586519 0.637963 Zinc finger (C2H2 type) family protein (ZFP2) AT5G57520
69  0.568078 0.633628 Expressed protein AT1G29240

Note: (*) The ranking was determined by adding the value of the rank from the list of co-expressed
genes for STM and for KNATI. (R) Coefficient correlation value.
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6.12 Relative expression level* and fold change** of downstream target genes of
STM/KNATI in the double mutant of stm-GK;knat1”” .

Fold changes

Lines X SD (times) Expression
ATHB-8

Col-0 2.30 0.78

gn];- inat]™? 0.85 0.20 0.02 -2.70 Downregulated
SND1

Col-0 1.99 1.04

‘g’z_ fnat 1" N.D. N.D. N.A. N.A Downregulated
SND2

Col-0 2.09 0.95

gnlz: tnat]™? 0.02 0.02 0.01 - 106.68 Downregulated
NSTI

Col-0 2.12 1.12

A 0.01 0.01 0.02 -277.64  Downregulated
ARF4

Col-0 2.38 1.12

‘Zn]g tnat]™? 0.77 0.01 0.05 -3.09 Downregulated
14427

Col-0 2.83 0.44

i 0.05 0.04 0.00 -57.00  Downregulated
IRXS

Col-0 2.84 0.54

P 0.00 0.00 0.00 72277  Downregulated
IRX12

Col-0 2.76 1.28

‘g’z_ nat 1" 0.01 0.00 0.01 -404.47 Downregulated
GH19

Col-0 241 0.7

gn]z'- inat]™? 0.02 0.02 0.00 -99.54 Downregulated
GH28

Col-0 1.91 0.97

i 1.06 0.17 0.09 -1.80  Downregulated
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Continued

Fold changes

Lines X SD (times) Expression
PAL4

Col-0 2.12 0.79

i 0.78 0.41 0.02 -2.71  Downregulated
BELL

Col-0 1.02 0.42

o 146 0.44 0.10 Fias Upregulated

Note: (X) Mean value, (SD) Standard deviation, (p) p value of statistic analysis using t-test
compared to the wild-type (Col). (*) The relative concentration values were normalized to the
ACTIN?2 expression. (**) calculated by dividing the mean of relative concentration values of knox
mutants by the value for the wild-type (downregulated or upregulated). All data were calculated
from 4 biological and 2 technical replicates. (N.D) Not detectable and (N:A.) not applicable.

7.13 Relative expression level* and fold change** of the STM/KNATI downstream
target genes in 358::KNATI1-GR under dexamethazone (Dex) and cycliheximide (Cyc)
exposes

Fold
Treatments X SD p Changes Expression
(times)

ATHB

DMSO 0.91 0.32

Dex 1.12 0.23 0.18 +1.22 Upregulated
Cyc 1.19 0.38 0.16 +1.30 Upregulated
Dex+Cyc 1.34 0.78 0.19 +1.47 Upregulated
SNDI

DMSO 4.97 1.70

Dex 5.20 2.02 0.43 + 1.05 Upregulated
Cyc 5.20 0.82 0.41 +1.05 Upregulated
Dex+Cyc 9.51 6.63 0.13 +1.91 Upregulated
SND2

DMSO 243 1.58

Dex 3.02 0.75 0.27 +1.24 Upregulated
Cyc 3.07 1.39 0.28 +1.26 Upregulated
Dex+Cyc 4.85 2.61 0.09 +1.99 Upregulated
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Continued

Treatments X SD Fold‘changes Expression
(times)

NSTI

DMSO 0.70 0.12

Dex 0.90 0.21 0.08 +1.28 Upregulated

Cyc 0.92 0.33 0.13 +1.32 Upregulated

Dex+Cyc 1.80 1.01 0.06 +2.57 Upregulated

STM

DMSO 2.00 0.63

Dex 2.05 0.37 0.45 +1.03 Upregulated

Cyc 232 0.30 0.20 +1.16 Upregulated

Dex+Cyc 3.57 1.47 0.06 +1.79 Upregulated

KNATI1

DMSO 0.01 0.00

Dex 0.02 0.00 0.01 +1.54 Upregulated

Cyc 0.02 0.00 0.01 + 1.70 Upregulated

Dex+Cyc 0.04 0.01 0.01 +3.03 Upregulated

ARF4

DMSO 0.23 0.10

Dex 0.39 0.12 0.04 +1.74 Upregulated

Cyc 0.34 0.08 0.05 +1.52 Upregulated

Dex+Cyc 0.58 0.21 0.02 + 2.60 Upregulated

14427

DMSO 1.69 0.57

Dex 1.78 0.15 0.38 +1.06 Upregulated

Cyc 1.95 0.72 0.29 +1.16 Upregulated

Dex+Cyc 3.46 1.31 0.03 +2.05 Upregulated

IRX6

DMSO 1.73 0.66

Dex 3.35 0.90 0.02 + 1.94 Upregulated

Cyc 3.01 0.44 0.01 + 1.74 Upregulated

Dex+Cyc 4.80 2.87 0.06 +2.77 Upregulated

IRX1

DMSO 3.61 0.89

Dex 3.38 0.84 0.38 -1.07 Downregulated

Cyc 3.04 0.43 0.19 -1.19 Downregulated

Dex+Cyc 3.97 1.25 0.35 +1.10 Upregulated
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Continued

Fold changes

Treatments X SD . Expression
(times)

IRX1 (in seedling)

DMSO 0.05 0.01

Dex 0.04 0.04 0.43 -1.12 Downregulated

Cyc 0.02 0.02 0.07 -2.27 Downregulated

Dex+Cyc 0.03 0.02 0.09 - 1.86 Downregulated

IRXS (in seedling)

DMSO 0.05 0.01

Dex 0.05 0.04 0.46 + 1.06 Upregulated

Cyc 0.02 0.01 0.04 -2.52 Downregulated

Dex+Cyc 0.04 0.01 0.21 -1.24 Downregulated

Note: (X) Mean value, (SD) Standard deviation, (p) p value of statistic analysis using t-test
compared to the wild-type (Col). (*) The relative concentration values were normalized to the
ACTIN?2 expression. (**) calculated by dividing the mean of relative concentration values of knox
mutants by the value for the wild-type (downregulated or upregulated). All data were calculated
from 4 biological and 2 technical replicates.
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7 Appendixes

7.1 Plant material (seeds) used in the experiment

NASC Stock Number Name of lines Insertion/Mutation  Ecotype
/ Sources /mutants
1. N3161 knat1"7 X rays mutagen Col-1
2. N409575 stm-GK T-DNA, 1% intron Col-0
3. N609159 knat?2 T-DNA, 3 intron Col-0
4. N599837 knat2-5 T-DNA, 1* exon Col-0
5. N636464 knat3 T-DNA, 1* intron Col-0
6. N520216 knat4 T-DNA, 1* intron Col-0
7. N616798 knat5 T-DNA, 1* intron Col-0
8. N617904 knat6 T-DNA, 3 intron Col-0
9. N610899 knat7 T-DNA, 2" intron Col-0
10. N295 stm™ " Unknown C24
11.N12 stm4 EMS mutagen Ler
12.N13 stmd EMS mutagen Ler
13.N14 stm6 EMS mutagen Ler
14. N3821 358::KNATI - No-0
15.N6141 KNATI::GUS - Col-0
16. N296 ATHB-8::GUS - Col-0
17. N28166 Columbia-0 (Col-0) - -
18. N3081 Nossen (No-0) - -
19. N28445 Lansberg erecta (Ler) - -
20. N28126 C24 - -
21. Peter Doerner,

Edinburgh University  CylinB1,1::GUS - Col-0
22. Dr. Angela Hey, dSpm transposon,

Oxford University knat1""”* 1*" intron Col-0
23. Dr. Angela Hey,

Oxford University 358::KNATI-GR - Col-0
24. Prof. R. Sablowski

John Innes Centre, UK 35S::STM-GR - Col-0
25. Prof. Wolfgang Werr,

University of Cologne STM::GUS - Col-0
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7.2 Composition of Murishage and Skoog (MS) medium.
7.2.1 Medium MS + MES.

Composition Concentrations
1. Macros-MS [ 10] 50 ml/l

2. Micros-MS [1000] 0.5 ml/l

3. Vitamin-MS [1000] 1 ml/1

4. Glycine-MS [1000] 1 ml/l

5. Iron-MS [500] 5ml/l

6. Inositol-MS [500] 5 ml/l

7. MES, pH 5.8 5¢/1

8. Sucrose 10 g (modified)
9. Gelrite 0.3%

10. ddH20 Uptoll
7.2.2 Macronutrients-MS 10 concentration.

Composition Amount (g/1)

1. NH4NO; 16.5

2. KNOs 19

3. CaCl,.2H,0 4.4

4. MgS0,4.7H,0 3.7

5. KH,PO4 1.7
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7.2.3 Micronutrients-MS 1000 concentration.

Composition Amount (g/1)
1. H;BO; 620

2. Na;Mo004.2H,0 25

3. KI 83

4. MnS0O4.H,O 1000

5. ZnS04.7H,0 860

6. CoCl,.6H20 2.5

7. CuS04.5H,0 2.5

7.2.4 Vitamins-MS 1000 concentration.

Composition Amount (mg/100 ml)
1. Nicotinic acid 50
2. Pyridoxine-HCl 50
4. Thiamine-HCl 10

7.2.5 Glycine-MS 1000 concentration.

Composition Amount (mg/100 ml)

1. Glycine 200

7.2.6 Fe-Solution-MS 500 concentration.

Composition Amount (mg/100 ml)

1. EDTA ferric sodium salt 734

7.2.7 Inositol-MS 500 concentration.

Composition Amount (mg/100 ml)

1. EDTA ferric sodium salt 2000
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7.3 Primer pairs used for knox mutant PCR genotyping

SALK Locus Oligo Sequences Length
Number Name (bp)
SALK 109159 ATI1G70510  knat2 (LP) GAGTTTGTCCTTGCCTTCATG 21
SALK 109159 ATIG70510 knat2 (RP) TCCAGCTAGTTCTTATCAGGTGG 23
SALK 099837 ATIG70510 knat2-5 (LP) CAGAGAAAATCCTACCCACCG 21
SALK 099837 ATIG70510 fknat2-5 (RP) GGAATT TTACATGTATTCATCGTCG 25
SALK 136464 AT5G25220  knat3(LP) TCTCCTTCAATCATTTCACCG 21
SALK 136464 AT5G25220  knat3 (RP) ACATCTAATCCCCCATCGAAC 21
SALK 020216. AT5G11060  knat4 (LP) AACTTTAGAAGCCGCTCAAGG 21
SALK 020216 AT5G11060  knat4 (RP) TGACAAGTTCTTGGTTGATTGG 22
SALK 116798 AT4G32040  knat5 (LP) TTCGGAGATGCAAAATACTGG 21
SALK 116798 AT4G32040  knat5 (RP) TTGATGTACCATTGGAGCTTG 21
SALK 117904 AT1G23380  knat6 (LP) TTATCCCTCTCTGGTTCGGTC 21
SALK 117904 AT1G23380 knat6 (RP) GCAGATAAGAGTGGCCACTTG 21
SALK 110899 AT1G62990  knat7 (LP) TTGCCACCAATT TTTCAAGAC 21
SALK 110899 ATI1G62990  knat7 (RP) TGCCGTGAAATTGAGAACAAC 21
T-DNA LBal TTGTTCACGTAGTGGGCCATC 21

7.4 PCR reaction for identification of homozygous knox mutants

Composition Amount (pul)
1. Sterile deionized water 13.4 ul

2. 10x taq buffer 2ul

3.2 mM dNTP mix 0.5 ul

4. Left Primer (LP) 0.5 ul

5. Right Primer (RP) 0.5 ul

6. Taq DNA Polymerase 0.1 ul
7.25 mM MgCl12 1 ul

8. Template DNA 2ul
Total Volume 20 ul

Adopted from www.fermentas.com
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7.5 Primer pairs used for expression analyses using qRT-PCR.

No. Locus Oligo Name Sequences Length (bp)
1. At3g18780 Actin2 (LP) TGGGATGAACCAGAAGGATG 20
2. At3g18780 Actin2 (RP) AAGAATACCTCTCTTGGATTGTGC 24
3. At4g08150 KNATI (LP) TCCCATTCACATCCTCAACA 20
4. At4g08150 KNATI (RP) CCCCTCCGCTGTTATTCTCT 20
5. Atlg62360 STMI (LP) TCCTCACCTTCCTCTTTCTCC 21
6. Atlg62360 STMI (RP) GCAAGAGCTGTCCTTTAAGCTC 22
7. AT1G70510 KNAT2 (LP) CAGCGTCTGCTACAGCTCTTT 21
8. AT1G70510 KNAT2 (RP) TCATCCGCTGCTATGTCATC 20
9.  AT5G25220 KNAT3 (LP) GAAGAACAAACGCAAAAGGTG 21
10.  AT5G25220 KNAT3 (RP) CTAAAACCCTGCTTTCAAATCC 22
11. AT5G11060 KNAT4 (LP) CAGTCGCTTCAAAGTTTTACAGG 23
12.  AT5G11060 KNAT4 (RP) TTGCTCATCTTCATCCTCAGAC 22
13.  AT4G32040 KNATS (LP) AATGGCCATACCCAACTGAG 20
14.  AT4G32040 KNATS (RP) TGACGTGGAAGAGTTGCTGT 20
15. AT1G23380 KNAT6 (LP) GTCTGCCAGGGGAGTTTCT 19
16. AT1G23380 KNATG6 (RP) GCTACCTCATGATCACCTCCA 21
17.  AT1G62990 KNAT7 (LP) TTGCCGTGAAATTGAGAACA 20
18.  AT1G62990 KNAT7 (RP) TCATCCTCATCCTCCGACAT 20
19.  Atlg62360 STM?2 (LP) CAAATGGCCTTACCCTTCG 19
20. Atlg62360 STM?2 (RP) GCCGTTTCCTCTGGTTTATG 20
7.6 GUS staining solution
Composition Final Concentration Amount
1.1 M Sodium phosphat buffer pH 7.2 50 mM 600 ul
2. 0.1 M Ferrocyanide 5mM 750 pul
3. 0.1 M Ferricyanide 5 mM 750 pl
4. H,0O - 12.6 ml
5. 100 mM X-Gluc 5. H,O 2mM 300 pl
Total Volume 15 ml

X-Gluc (X-GlucA, Duchefa, Netherlands) stock : 2 ml N-N Dimethylformamide + 104 mg X-Gluc.
Store at —20 °C. When the solution turns purple, it has gone bad. Ferricyanide stock: 1.65 g in 50
ml water. Store at —4 °C. Ferrocyanide stock: 2.2 g in 50 ml water. Store at —4 °C
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7.7 Formaldehyde-Acetic acid-Ethanol (FAE) solution

Composition Amount (ml/1)
1. Formaldehyde (37%) 2. Acetic acid (100%) 50

2. Acetic acid (100%) 50

3. Ethanol (70%) 900
Total Volume 1000 ml
7.8 Chloral Hydrate-glycerol solution

Composition Ratio

1. Chloral Hydrate 8 (w)

2. Glycerol 3 (w)

3. H,O 1 (w)

7.9 Fixation and embedding of Arabidopsis hypocotyls in paraffin.

Embedding Solution Temperature Time

1. FAE RT 1-2h

2. 70% Ethanol RT 30 min
3. 80% Ethanol RT 30 min
4. 90% Ethanol RT 30 min
5. 96% Ethanol RT 30 min
6. 96% Ethanol : Isopropanol (1:1) RT 30 min
7. Isopropanol RT 30 min
8. Isopropanol : Roti-Histol (3:1) RT 30 min
9. Isopropanol : Roti-Histol (1:1) RT 30 min
10. Isopropanol : Roti-Histol (1:3) RT 30 min
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Continued

Embedding Solution Temperature Time
11. Roti-Histol RT 30 min
12. Roti-Histol RT 30 min
13. Roti-Histol RT 30 min
14. Saturated paraffin in Roti-Histol (Cold) RT 1-2h
15. Saturated paraffin in Roti—Histol (Warm) 40°C 1-2h
16. Melted pure paraffin 60°C 1-2h
17. Melted pure paraffin 60°C 8-12 h

7.10 Protocol for gelatinized slides

1. Clean new slides in wash-machine (BANDELIN SONOREX SUPER 510 H) using

detergent for overnight at room temperature.

2. Dry slides and put in a slide tray.

3. Prepare a gelatin solution from 0.125 g potassiumchrom-II-sulfate + 1.25 g of gelatin +

250 ml ddH20 in a erlenmeyer flask.

4. Immerse the slide in the gelatin solution individually using tweezers and put them back

into the slide tray.
5. After the slides are dried, they are ready to use.

7.11 Toluidine Blue O (TBO) solution

Composition Amount
Stock Solution:

1. Toluidine blue O (Sigma) lg

2. Alcohol (70%) 100 ml
Sodium Chloride (1%)

1. Sodium Chloride 0.05¢g
2. Distilled water 50 ml

Adjust pH to 2.0~2.5 using glacial acetic acid or HCI
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Working Solution (pH 2.0~2.5)

1. Toluidine blue stock solution 5ml
2.1 % Sodium Chloride pH 2.3 45 ml
7.12. Primer pairs used for co-expression analyses experiment
No. Locus Oligo Name Sequences Length (bp)

1. AT3gl8780  ACTIN2 (LP) TGGGATGAACCAGAAGGATG 20

2. AT3gl8780  ACTIN2 (RP) AAGAATACCTCTCTTGGATTGTGC 24

3. AT3G59010 PME61 (LP) GCGGCTGGAATACTTACCAA 20

4. AT3G59010 PMEG6I(RP) TCGAGCTATGAATCCATCTCC 21

5. AT5g59310 LTP4 (LP) GCAAAAGGGGTTAATCCAAGT 21

6. AT5g59310 LTP4 (RP) TCCCCACTTCACTTGATGG 19

7. AT5G30170 FLA11(LP) TCGTTATAGCCACTACTTATGGTCA 25

8. AT5G03170 FLA11(RP) CGGTTATGTTCGTTGGACCT 20

9. AT4G18780 CesAS, IRX1 (LP) TTTGCCTCTTGTTGCTTACTGT 22
10. AT4GI18780 CesAS8, IRX1 (RP) CAGCATGCTTGCTAGGTTTG 20
11. AT5G17420 CesA7,IRX3 (LP) TGACATGAATGGTGACGTAGC 21
12. AT5G17420 CesA7,IRX3 (RP) CATCAAATGCTCCTTATCACCTT 23
13. AT5G44030 CesA4, IRXS (LP) CTGTGGTTATGAAGAGAAGACTGAA 25
14. AT5G44030 CesA4, IRXS (RP) TGCATTCTAAATCCAGTGAGGA 22
15. AT5GI15630 COBLA4, IRX6(LP) TAACTCCTTGCCCGTCTTGT 20
16. AT5G15630 COBL4, IRX6(RP) TGTGTTGAGACCTTTCTTGGTTAG 24
17. AT1G51680 At4CLI(LP) ATGCCAAACTCGGTCAGG 18
18. AT1G51680 At4CL1(RP) GCAAAACCTAACGACATTGCT 21
19. AT2G37040 PALI(LP) ATTAACGGGGCACACAAGAG 20
20. AT2G37040 PALI1(RP) GTCTCCGCCGCATAACATAG 20
21. AT4G39330 CADI(LP) CCTCTTGTTCTCGGAAGGAA 20
22. AT4G39330 CADI(RP) GGAGGGCTCAAGGAGTTAGC 20
23. AT3G21770  Peroxidase (LP) AAAAACCAAGGCCTTAATCTCA 22
24, AT3G21770  Peroxidase (RP) GAACAATGTGAGACGCCAATC 21
25. AT4G32880 ATHB-8 (LP) CTCAAGAGATTTCACAACCTAACG 24
26. AT4G32880 ATHB-8 (RP) TCACTGCTTCGTTGAATCCTT 21
27. ATI1G32770 SNDI (LP) CAAGCTTGAGCCTTGGGATA 20
28. ATIG32770 SNDI (RP) TGGTCCCGGTTGGATACTT 19
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Continued

No. Locus Oligo Name Sequences Length
(bp)
29. AT4G28500 SND2 (LP) CCCTTCTTGTGGCCATAACTT 21
30. AT4G28500 SND2 (RP) GCCTTCAAGATGCTCCAAGA 20
31.  AT2G46770 NSTI(LP) GATGTCACCGTTCATGAGGTC 21
32.  AT2G46770 NSTI(RP) GGACTGTTTAGGGTTTTGTGAAG 23
33.  AT5G60450 ARF4 (LP) GGTTAATGTCCAGTTGCTTGCT 22
34. AT5G60450 ARF4(RP) CCCCATTTAGCATCGAAAAC 20
35.  AT4G29080 IAA27(LP) GATGTCCCTTGGGAAATGTTTA 22
36. AT4G29080 TAA27(RP) TCCTGCTTCTGCACTTCTCC 20
37. AT5G54690 GAUTI2, IRX8(LP) CTTACTATCATTGGCTTGACGAGA 24
38. AT5G54690 GAUTI2, IRX8(RP) ACATGACCGTGGAAAGCAAT 20
39.  AT2G38080 Laccase, IRX12(LP) AATGAGAAAGTCACTGTTCTAGGTG 25
40. AT2G38080 Laccase, IRX12(RP) CCAGACTTAAGCGCCTCATTA 21
41. AT3G16920 CTL2/GHI19(LP) TCAAGGGATGAAGGAAGTCG 20
42. AT3G16920 CTL2/GH19(RP) CTGTTGCAACCCCGTACC 18
43. AT3G42950 GH28/Polygalacturonase(LP) CGCTGAGAATCTTGCTCTTCA 21
44. AT3G42950 GH28/Polygalacuronase(RP)  CGAGGTCCATGATGCTCTCT 20
45. AT3G10340 PALA4(LP) GCCATGGCTTCTTATTGCTC 20
46. AT3G10340 PALA4(RP) TGGACATGGTTGGTCACG 18
47. AT5G02030 BELL (LP) TTCGATCATTTCTTGCATCCT 21
48. AT5G02030 BELL(RP) TTCGATACCTGATTTCTGGAGAG 20
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1 Introduction

Plant development requires a tightly controlled balance between undifferentiated dividing cells and
cells, which are subjected to undergo differentiation. In the shoot apical meristem, this process is
governed by a complex signaling network involving several classes of transcription factors, which are
often expressed in highly distinct patterns (Shani et al., 2006). Key-players of differentiation control are
the KNOX genes (Knotted-1 like genes; e.g. KNATT, KNAT2, STM), which comprise a small gene
family with eight members in Arabidopsis thaliana. KNOX genes can be divided into two subclasses,
class I and II KNOX genes, based on phylogenetic analyses (Scofield and Murray, 2006). A well-
characterized member of the class I KINOX genes is SHOOT MERISTEMIESS (STM), which is
expressed in the centre of the shoot apical meristem (SAM) but not in the newly formed leaf primordia
and in the incipient leaf (Long et al., 1996). Loss-of-function mutations in STM lead to premature
differentiation of meristematic cells and eventually to cessation of the SAM (Long et al., 1996); but its
simultaneous over-expression together with the homeodomain transcription factor WUSCHEL
induces meristem formation at ectopic places (Lenhard et al., 2002). Taken together these findings
indicate that STM is a critical regulator of differentiation, whose expression is required to keep cells in
an undifferentiated state. The other characterized members of the class I KINOX genes fulfill partly
redundant functions to STM and are generally suggested to be involved in preventing differentiation of
the tissue where they are expressed (Scofield and Murray, 2006) . In contrast to the class I KINOX
genes, the members of class II KINOX genes are only scarcely described and functional data is mostly
lacking.
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In the vascular cambium similar decisions as in the SAM have to be taken; an equally tight balance
between meristematic cells and cells, which undergo differentiation, is required. Some daughter cells of
the cambial meristem differentiate into xylem or phloem, whereas others stay undifferentiated and
maintain the pool of meristematic cells. In the model tree poplar, functional evidence for an
involvement of KINOX genes in controlling differentiation of cambial daughter cells is still lacking.
However, high resolution transcript analyses of the poplar cambium showed several KINOX genes with
strong cambial expression (Hertzberg et al., 2001; Schrader et al., 2004). Furthermore, the poplar
KNOX gene ARBORKINOXT (ARKT), which is a close homolog of the Arabidopsis STM, was shown
to be expressed in the cambium (Groover et al., 20006). Over-expression of ARK7 leads to an
inhibition of differentiation of vascular cells. This is in line with the proposed role for KNOX genes of
keeping cells undifferentiated. However, it has not been shown that the endogenous ARK7 function is
required for the indeterminate state of cambial cells.

The current understanding of the regulation of differentiation in vascular development was greatly
enhanced by the study of Arabidopsis mutants in the KNAT7/BP (BREVIPEDICEILILUS) gene (Mele
et al,, 2005). The 4p mutants show among various developmental defects an increase in lignification of
the cambial daughter cells; whereas over-expression of KINAT7 leads to a decrease in lignin deposition,
which is a hallmark of terminal differentiation. These results show that KN.AT7 is regulating the
lignification of pro-cambial derivates and that it is playing a similar role as a repressor of differentiation
processes in the procambium as STM in the shoot apical meristem.

Cell walls of woody plants constitute an important resource of fixed carbon, and are the base for a
manifold of products as paper and panels. Secondary cell wall formation contributes to a large extent
to the biomass of wooden tissues. The major compounds of secondary cell walls are cellulose,
hemicelluloses and lignin of which the latter is unwanted for many industrial downstream processes.
The wood of poplar trees typically consists of 45 % of cellulose, 25 % hemicelluloses and 20 % of
lignin (Timell et al., 1969; McDougall et al., 1993). Upon gravistimulation however, the lignin content
is drastically lowered and the S2 and S3 layer are replaced by the so called G-layer (gelatinous-layer),
which is characterized by highly crystalline cellulose and greatly reduced lignin content. The resulting
wood is called tension wood and can contain up to 20 % more cellulose and correspondingly lower
levels of lignin and hemicelluloses (Timell et al., 1969). Especially the lignin content is remarkably
reduced in gravistimulated wood; albeit if lignin deposition in secondary cell walls of tension wood is
completely absent is still a matter of debate (Joseleau et al., 2004). A very similar syndrome of hypo-
lignification, as observed during tension wood formation, occurs in a 355:KINATT over-expressor
(Mele et al, 2005). However, whether KNAT7 up-regulation is required during tension wood
formation is not known. Here, we identified the putative homologs of KN.AT7/BP in poplar and
reanalyzed publicly available microarray data in order to test if differential regulation of KINAT7 genes
can explain the repression of lignin deposition during tension wood formation in poplar.

2 Materials and Methods

Amino acid sequence alignments were performed with the help of ClustalW (http://ch.embnet.org;
Thompson et al, 1994) and phylogenetic trees were drawn with  Treeview
(http:/ /taxonomy.zoology.gla.ac.uk/rod/treeview.html) and afterwards graphically modified with
Adobe Illustrator. Sequences were retrieved from the TAIR (www.arabidopsis.org) or form the JGI
(http:/ /genome.jgi-psf.org/Poptrl_1/Poptrl_1.home.html) websites. For alignhments the amino acid
sequences were used over their entire length. Opening and ending gap penalties were set to the value
of 10, extending and separation gap penalties to 0.05 and "blocks substitution matrix" (BLOSUM) was
used as a scoring matrix. BLAST searches were done on the JGI setver (http://genome.jgi-
psf.org/Poptrl_1/Poptrl_1.home.html), with a word size of 3 and BLOSUMG62 matrix.

For clustering of the Arabidopsis expression data GENEVESTIGATOR (Zimmermann et al., 2004)
was used. The Pearson Correlation was applied to estimate the distance between nodes. Expression
data for the poplar KINOX genes was obtained form the UPSC BASE (§jédin et al., 2006) or directly
from the respective publications.
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3 Results and Discussion

In order to identify sequences homologues to the Arabidopsis KNAT7 gene we performed a BLAST
search with the KNAT7 amino acid sequence on the entire annotated Populus trichocarpa genome
(Tuskan et al., 2006). The BLAST search resulted in 15 poplar gene models with an e-value < 10-15
(data not shown). These sequences and the Arabidopsis KINOX sequences were aligned and a
phylogenetic tree calculated (Figure 1A.) The topology of the tree showed two different clades
separating the class I form the class II KINOX genes, with nine poplar gene models classified as class I
KNOX genes. Interestingly, the clade of KN.AT2/KNAT6 contains six poplar homologs, indicating a
recent gene amplification in poplar. In contrast, KNAT7 only pairs with one poplar gene model;
favoring the idea that one of the paralogs got deleted after the recent whole genome duplication
(salicolid duplication, Tuskan et al., 2006) in poplar.

Publicly available microarray of Arabidopsis gene expression studies was used to determine which
KNOX genes are expressed in the developing xylem, a place where lignification takes place (Figure 1B).
Strongest expression was found for KNAT7 and STM, whereas KNAT7 reached half of their
expression levels (data not shown). The other KINOX genes were hardly expressed in the Arabidopsis
xylem. Surprisingly, clustering of the expression data including 3110 arrays grouped KINATY together
with the class I KINOX genes (Figure 1B), suggesting that its regulation is more similar to class I than
class II KNOX genes. Interestingly, the KINAT7 mutant zrregular xylem11 (irx11) shows collapsed xylem
elements in the inflorescence (Brown et al., 2005) indicating that KINAT7 together with KINATT are
required for proper xylem differentiation. If the collapsed xylem elements are due to impaired
lignification is however not yet clear.

In order to study the gene expression of KINOX genes in poplar we identified nine ESTs (expressed
sequence tags) within 17 345 poplar gene models in the UPSC BASE (§jédin et al., 2006). The nine
ESTs correspond to six different gene models (Figure 2D). We made use of a recent high resolution
microarray analysis of the poplar vascular cambium (Schrader et al, 2005) in order to test the
expression patter of these KNOX genes. Two different expression clusters could be identified (Figure
2A), genes with high expression in the cambium but low in zone of secondary wall formation (group I)
and an inverse complementary expression pattern, representing genes with low cambial expression but
high expression in the zone of secondary wall formation (group II). Group I genes constitute of class 1
KNOX genes only, whereas the group Il expression cluster contains both class I and II KINOX genes.
Interestingly, the two groups are also reciprocally expressed in the zone of final cell maturation, where
programmed cell death is induced. The finding that group II genes are up-regulated at sites of terminal
differentiation is in sharp contrast to what is known of class I KINOX genes in several other plant
species. Normally, class I KINOX genes are highly expressed in undifferentiated dividing cells and have
partly redundant function (Scofield and Murray, 2006; Byrne et al., 2002). It will be interesting to see if
the group II genes work additively to the group I genes or antagonistically by e.g. competing for the
same binding sites on target genes and therefore enhance the effect of down-regulation of group I
genes.

At the site of lateral organ formation, KNAT7 and KNAT2 expression is repressed by the MYB
domain transcription factor ASYMMETRIC ILEAFT (AS7; Byrne et al., 2002). This mechanism allows
cells in the flank of the meristem to differentiate and to give rise to lateral organs. The group I genes
behaved similarly than KNAT7 and KNAT2 in respect of their down-regulation in the zone of
terminal differentiation (Figure 2A). We could identify four different .457/2 ESTs in the UPSC BASE
of which only PU72615 gave readable results on the microarrays performed by Schrader et al. (2005).
Intriguingly, PU72615 is reciprocally regulated to the group I genes and therefore a candidate for their
repression, suggesting a similar mechanism of transcriptional control as .AS7performs over KINAT7

and KNAT2.
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Figure 1. A) Phylogenetic tree of all KNOX genes of Arabidopsis and poplar. Class I KINOX genes are
in blue. Class II KNOX genes in red. B) Protein models of the identified poplar KNOX homologs.
Cambial expression and synonyms (1) according to Scharder et al. (2005). (2) refers to best hit in a
BLAST search. C) Clustering of microarray data including more than 3000 microarray slides.
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The closest poplar homolog of KN.AT7 is strongly down regulated in the zone of secondary cell wall
formation (group I expression pattern); the place where the major lignification takes place. Given the
role of KNATT in the Arabidopsis vascular tissue as a repressor of lignification, a similar function can
be proposed for the poplar KNAT7 homolog. In order to test if the expression KINOX genes within
the group I expression cluster correlates with the repression of lignification in tension wood; we re-
analyzed the microarray data published by Andersson-Gunneris et al. (2006). The authors of this study
induced tension wood formation by leaning poplar trees to the side under greenhouse conditions.
RNA was extracted form tension wood and compared to un-induced wood on the opposite side of the
place of tension wood formation. We analyzed the above identified KINOX ESTSs on their expression
in tension wood. None of the group I genes, which are down-regulated during lignification in cambial
derivates, was differentially expressed in tension wood (Figure 2B). However, two of the group II
genes showed regulation. PU09838 was down-regulated and, more interestingly, PU07724 showed a
significant up-regulation in tension wood (Figure 2B). A role of PU07724 in repression of lignification
is nevertheless unlikely, since under un-induced conditions it shows low cambial expression and strong
expression in the zone of secondary cell wall formation, where lignin is deposited (Figure 2B, C).

The initially formulated hypothesis that repression of lignification during tension wood formation
could be due to up-regulation of KN.AT7 homologs can be rejected on the basis of the analyzed data.
Nonetheless, it should be kept in mind that only about half of the poplar KNOX genes could be
analyzed in this work. Additional experiments will be required to finally show if default lignification in
cambial derivates and repression of lignin deposition during tension wood formation is co-regulated by
the activity of KINOX genes. In order to gain a conclusive picture of KINOX action on lignification, it
will be essential to extent the comparative study of gene expression to functional analyzes. Gene
knock-down strategies but also over-expression of the A4S57/2 homolog PU72615, which we identified
as a putative repressor of group I KINOX genes, will provide a handle to achieve better understanding
of regulatory networks governing lignification.
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