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Abstract

ARBORKNOX1 (ARK1g poplar functional homolog of tieabidopsisClass-| KNOTTED- like
homeobox KNOXI) transcription factoBHOOT MERISTEMLESSTM) has been shown to have a role
in maintaining meristematic cells in an undiffefated state. Studies in which this gene was ecatipic
overexpressed identified a delay in the differ@mraof cambial derivatives. Over-expressiorABtK1in
poplar stem sectors, using the Induced SomatimEAckalysis (ISSA) experimental system, was
undertaken to further investigate its role in tifeecentiation of xylem fibre cells. ISSA involvekein
vivo transformation of a small number of cambial cellthe stem with a gene of interest giving risato
discreet transgenic tissue sector that can betljirmmmpared to adjacent non-transgenic fibres to
elucidate gene function. Phenotypes obtained s@mgarable with the proposed roleARK1,where a
delay in the development of the cell wall in diffatiating fibre cells of active cambia was observed
Additional evidence suggests a role £&RK1in the positive regulation of cell viability ineércambium.
The significance of dormancy signals in the contdxdifferentiation was also highlighted, as some
transgenic fibres failed to fully differentiate prito the onset of dormancy. Our findings arewlsed in

the context of wood formation and the use of ISSAa@ experimental system.



Introduction

Plant meristems are responsible for the proliferatif cells which in turn form all structures armgans

that ultimately constitute the plant body. Shaud aoot apical meristems (SAM and RAM) ensure
continued growth of the plant while the vasculanbaim (cambium) is responsible for the continued
production of secondary tissue within the stem.ilgihe SAM and RAM have been studied extensively
in model species such Asabidopsis thaliangas reviewed by Bowman & Floyd, 2008, Clark, 2001,
Williams & Fletcher, 2005), comparatively less r@®f has been undertaken regarding the vascular
cambium or the molecular control of its developmertis lack of knowledge stands at odds with both

the ecological and economic importance of planhste

The vascular cambium in perennial trees, both gyapaoms and dicotyledonous angiosperms, is
comprised of semi differentiated meristematic #ssesponsible for the production of secondary xylem
(wood) and phloem (bark) in the stem. Initialgidié anticlinally to give rise to new initials dog stem
expansion and periclinally to create xylem and phianother cells. These mother cells in turn undergo
additional rounds of periclinal division to produgdem (wood) cells to the inside of the stem
(centripetally) and phloem (bark) cells to the adégqcentrifugally). In angiosperms, secondaryerylis
predominantly comprised of fibre cells, but alsp parenchyma and vessel cells. These cells act as
conduits for water and dissolved minerals, as alproviding support and rigidity to the stem.
Secondary phloem includes a range of cell typdsdimy fibres, ray parenchyma, axial parenchyma,
sieve tube and companion cells with a primary mol@ansporting photosynthetic products, plant gtow

regulators and other substances down the plant stem

Preventing terminal differentiation of meristemadtssue is essential for the continued functiothef
SAM, RAM and the vascular cambium and is colledyivaown as meristem maintenance. Although
studies have predominantly focussed on the SAM (dayk et al., 1996, Endrizzi et al., 1996, Latix e

al., 1996, Mayer et al., 1998), some evidence ssigdbat the process of meristem maintenance tand i



molecular regulation, are similar between the SAM the cambium (Schrader et al., 2004, Du et al.,

2009, Bao et al., 2009, Groover et al., 2006).

One regulator of meristem maintenanc8iOOTMERISTEMLESSTM which encodes @lass-|
KNOTTED- like homeoba®NOXI) transcription factor. Investigations of this tsaription factor
focussed orabidopsismutant plants in which reduc&X Mactivity resulted in a disruption of SAM
development, with the most severe phenotypes neguitt a complete lack of SAM development in
embryonic plants (Barton & Poethig, 1993, Clarlalet 1996, Endrizzi et al., 1996, Long et al., 1909
these studies it was observed tB&tM continued to be expressed after meristem formaimhthat in
some cases these mutants could form but not maiat&8AM, suggesting a role in maintaining rather
than just initiating a SAM. Subsequent studiesshaoposed that the mode of action$dMis via
negative regulation of cell fate by preventing @iéntiation rather than the promotion of cellsamain
in an undifferentiated state (Mayer et al., 19%hddf et al., 2000, Gallois et al., 2002, Lenhardle
2002). More recent studies have indicated 8¥d#lacts through the Cytokinin (CK) and CK-inducible

cell cycle regulators linking its negative regutatito cell cycle control (Scofield et al., 2013).

Ensuing work inArabidopsisand poplar demonstrated tf&IMplays a similar role during the formation
and function of the cambium compared to the SAM(&der et al., 2004, Bao et al., 2009, Groover et
al., 2006). In these studieSTMhomologs were observed to be highly expressedmiite cambium as
well as its immediate centripetal (xylem) derivasy hinting at a more specific role in controllindem
formation in this meristem. Transgenic poplar treesrexpressin@ TMand the popla8TMfunctional
homologARBORKNOXZIARKY) resulted in phenotypes consistent with those rolasein Arabidopsis

as plants with thin stems were produced. Closamixation of these stems identified a lag in
differentiation of xylem tissue and a loss of symetisation of cell differentiation between adjaceeit
files of xylem cells creating a ‘wavy cambium’ (@reer et al., 2006). However, a recent study in

Arabidopsishypocotyls in mildly down-regulate8TMmutants and double mutants wiKNAT1,another



KNOX1family membeyshowed phenotypes that where contrary to thejpgsed role in the SAM,
including a reduction and/or loss of fibre diffetiation, hinting different roles for this gemethe

cambium (Liebsch et al., 2014).

From a mechanistic perspective, transcriptionalagt analysis using chromatin immunoprecipitation
sequencing (ChIP-seq) studies in wood forming &ssaf poplar have shown thaRK1binds to
thousands of loci, preferentially near transcripdilostart sites, with target genes being mostly
evolutionary conserved and linked to a wide varatpiological and cellular processéRK1targets

also share high similarity with binding targetsotiier closely related transcription fact&l@BORKNOX

2 andBELLRINGER(LIu et al., 2015a, Liu et al., 2015b). In additiovhen overexpressed in transgenic
plants only a small proportion of target genessti@wvn to be differentially expressed suggestingdha

its own it is not able to significantly modulategat gene expression (Liu et al., 2015b, Liebsd.et
2014). These findings highlight the complex weRK1interacts at a molecular level to regulate cambial

processes.

In an effort to further elucidate the roleARK1during cambium and wood differentiation, we used
Induced Somatic Sector Analysis (ISSA) to over-espARK1specifically and exclusively in the
cambium of poplar stems. With particular focudibre cells, we describe here the effectA&K1
overexpression on cambial cell differentiation) g&bility during the stem growth and on differgtion

in the cambium during the transition to dormancy.



Materials and Methods
Plant material, vector construction, creation anahbesting of transgenic tissue sectors

The ARK1 gene (Accession No AY755413, kindly provided iy Bndrew Groover, USDA Forest
Service, Institute of Forest Genetics) was recoetinto a GATEWAY" enabled destination vector
behind a CAMV35s promoter (358RK1) using the pPCR8/GW/TOPO TA Cloning Kit (Invitrogen,
Carlsbad, USA). The GATEWAY enabled destination vector also contained GUSrtepgene under
the regulation of the CAMV35s promoter to assisaling transgenic tissue at harvest. The 29&1
and the blank GATEWAY vectors (GW-blank, containing the GUS reporteregenly) were

electroporated intdgrobacteriumstrain AGL1 using standard protocols (Sambrook&s$ell, 2001).

For ISSA transformatiorAgrobactriumcontaining the 35SARKL and a GW-blank were prepared using
protocols described by Van Beveren et al. (2006)autlined briefly below. Thirty five 1 chtambial
windows were created for each of the two vectotems of 14opulus alba ‘pyramidalistuttings,
where each stem was inoculated with both the 358K1and GW-blank vectors in different locatiofs.
alba ‘pyramidalis’trees were sourced from cuttings of a single clmwere six to eight months old at
the time of inoculation. Window creation took maturing the southern hemisphere mid-summer
(January) to ensure the presence of a fast groanidgactive cambium for transformation. Plants
containing transformed windows were then left tovgin a glasshouse (4@ to 17C at night and 2C

to 25°C during the day, 16 hour photoperiod maintainetth Vighting) prior to harvesting. Harvesting of
windows occurred at two points in time; with siapts (30 windows) harvested after three monthssivhil
plants were still actively growing, and the remageight (40 windows) after eight months during the
dormancy or inactive phase of the plants. Windesee dissected transversely into 1 cm discs, placted
X-gluc buffer and incubated overnight to identifgrisgenic tissue. After this histological assagcsli

were placed in 70% ethanol and the number of cdreba@ors counted prior to further analysis.

Sample preparation and imaging of samples usingrscg electron microscopy



For morphological analysis of transgenic sectaransing electron microscopy (SEM) was used as this
required minimal sample preparation and alloweddtatively high throughput. Sample preparation
started with the removal of phloem from discs ciitg GUS positive sectors by peeling away bark
tissue and exposing the cambium and the immatdesrxglaughter cells, referred to here as the ‘cambia
surface’. Removal of the phloem was found to beessary (through some initial trials) to accurately
measure cell size, number and distance from théicam Peeled samples were cut transversely with a
double-edged razor blade through the centre ofréimsgenic sector to expose the transverse susface
the sector and surrounding non transgenic tis$oeassist locating the sector during SEM imagimgta
was placed on the centripetal surface of the discilly opposite the cambial surface of the seffggure
1) and a colour photo taken (

Figure3a). Prepared discs were then dehydrated overagijhg a vacuum desiccator to minimise the

water content of the sample and enable the beéitygqumaage to be taken under low vacuum conditions.

Images were obtained using the Quanta Environm&atahning Electron Microscope (FEI, Oregon,
USA) at 2000X magnification using the low vacuumdapo For each sector, images of both transgenic
sector and adjacent non transgenic tissue, takitigel cambial surface, were taken and analysed tisen

freeware program Imagelbit{p://rsb.info.nih.gov/i)). A total of 17 35SARK1sectors were investigated

(ten from the three month and seven from the etgitith harvests) and 14 GW-blank sectors (seven each
from both the three and eight month harvests) wesessed. Images were visually examined for any
gross morphological changes and measurementsrefifdsed on position (up to the first six fibresuin
radial file as measured from the cambial surfagee-Figure 2c¢) where undertaken for the followoedt

wall thickness (average of four measurements pee)fi cell width (both radially and tangentiallggll

area and lumen area. Results were analysed utestst(paired) with significance setat 0.05.



Results
Stable transformation efficiency

The average number of cambial sectors pérafrtissue inoculated (ACY observed in cambial
windows for the 35SARK1vector was 5.12 (128 cambial sectors in total)wad significantly higher
than the ACS of 2.36 (59 cambial sectors in total) observedimdows transformed with the GW-blank
(p = 0.0095). These results indicate that candalig inoculated with the 35&RK1vector were more

than twice as likely to be stably transformed whempared to the GW-blank.
Assessment of fibre cells in active and dormantxiam

Fibre cells from the ‘three months’ samples werephologically assessed to determine if 388K1
had any influence on the differentiation of cambletivatives. Gross morphological assessment of
xylem tissue did not reveal any obvious differenoesveen transgenic and non-transgenic tissue.
However, more detailed assessment showed thawaklthickness of transgenic fibre cells was
significantly lower in the %, 2" 3°, 5" and &' cell position from the cambial surface compareth&
adjacent non-transgenic tissue (Figure 2a, c).eidthre dimensions did not show any significant
differences (Supplementary Table 1, 2). In theadthe GW-blank vector, fibre cell walls were
consistently thinner than in non-transgenic tiggtigure 2b), however this difference was not sigaift.
Taken together these results indicate that carabil transformed with 35&RK1showed a slight

delay in the development (thickening) of their setary cell walls in active cambia.

Similarly, fibre cells from ‘eight-months’ sample®re assessed morphologically to determine the
influence of 35SARK1o0n the differentiation of cells at dormancy. Airvest, onset of dormancy in

plants was confirmed as they had formed autumn,bedtsenescence had commenced and phloem and
xylem could not be easily separated when tryingetel the bark. Gross visual assessment of cambial
sectors transformed with 358RK1highlighted one distinct morphological differertbat occurred in

two of the seven sectors investigated. A small remalb fibres contained within these sectors, which
8



were positioned closest to where the dormant camiiad been, were characterised by strikingly thin

secondary cell walls (
Figure3c) relative to the thicker secondary cell wallsadfacent cells outside the transgenic sector (

Figure3d). Cell wall thickness of these fibre cells rathdem 0.368um to 0.438um compared to 1.000
um to 1.743um in adjacent non transgenic fibre cells. GW-blae&tors harvested at the same time were
also visually assessed and no thin cell wallecfilpositioned closest to where the dormant cambiam
observed. Detailed assessment of 3g8K1transgenic fibres did not show any statisticaigngicant
difference when compared to non-transgenic adjatente for any of the measured morphological
features (data not shown). Similarly, this wasdase for the comparison between GW-blank transgeni

fibres and their adjacent non-transgenic fibresa(dat shown).



Discussion
ARK1 containing vector shows higher transformagdiiciency

The transformation efficiency of the 358RK1vector was shown to be more than double the effy
of the GW-blank vector indicating a positive rote this vector on transformation efficiency. This
difference is unlikely to be an artefact relatinglte preparation of th&grobacteriunor T-DNA transfer
as this was completed under similar conditions satijag the mis-expression of tARK1in cambial
cells has a possible positive role on cell viapiihd/or fitness. While this study does not provide
conclusive evidence to support this hypothesisAttadidopsis homologue &RK1(STM has been
linked to the positive regulation of the cytokiidK) biosynthesis and cell proliferation in the sho
apical meristem (Jasinski et al., 2005, Yanai e28l05, Scofield et al., 2013) and similarly aipos

link between CK and enhanced cell proliferatioth@a cambium has been demonstrated (Nieminen et al.,
2008). Under such a scenario a localised incraadéor mis-expression &fRK1within a sector could
impact on CK pathways which in turn promote cetiliferation potentially making cells less suscelgtib

to turnover relative to their neighbours.
ARK1 delays cell wall thickening in active cambia

Fibre cell differentiation commences after divisfomm the cambium starting with cell expansion
followed by secondary cell wall formation and lificéation (Fukuda, 1996, Larson, 1994). The
observation that cell wall development was delapeaattive cambia can therefore be reasonably
interpreted as a delay in fibre differentiation amdonsistent with previous observationsA&tK1
overexpression in cambial tissues where severgslaled asynchronous differentiation of xylem and
phloem from the cambium were observed (Groovel.2@06). However, fibre morphology was not

assessed in that study and our results report aslevior ARK1in delaying fibre cell wall development.

Experimentally, increases KNOXI proteins in the SAM can lead to increases in #passion of key

CK biosynthesis genes, particularly in the cas8T¥ (Yanai et al., 2005, Scofield et al., 2013, Jdgins
10



et al., 2005). In the SAM, CK is involved in maditting cells in an undifferentiated state (Furueiral.,
2004), while in the cambium, CK plays a centraérnal regulating radial growth and cambial zone size
linking it to the control of cell proliferation (Mminen et al., 2008). In both the SAM and the damb

the action of CK and the extent of its effectsiafleienced by interactions with other plant growth
regulators. For examplENOXI proteins negatively regulate gibberellins (GA) thgh CK activity,
stimulating GA catabolism pathways in the SAM tfaatour meristem maintenance (Jasinski et al., 2005)
and similar interactions are likely to occur alsmther meristems. In the cambial zone, GAs helesr

in promoting xylem formation and more specificallystimulating fibre elongation (Eriksson et al00®,
Israelsson et al., 2003). It is therefore posdide, in our experiments, mis-expressio&K1may

have influenced CK signalling and/or biosynthesihiw a cambial sector causing delays in fibre cell
wall development from the cambium, perhaps thraagdractions with the GA and/or other plant growth
regulator pathways. However, it is worth notingtteome key CK pathway related genes were not
significantly up-regulated in response to overegpien ofARK1or STMin the cambium of poplar
(Groover et al., 2006) and recent ChlIP studies hadieated complex transcriptional pathways invodyi

ARKZ1(Liu et al., 2015b) suggesting other possible magfeaction.

On the other hand none of the other fibre propedisessed as part of this study were affected
significantly. A likely explanation for this reled to the way in which tissue was prepared andhat w
developmental stage these fibres where imaged.hdfécal removal of the phloem in this study led to
the removal of the cambial zone, as well as marth@expanding xylem derivatives characterised by

primary cell walls. This left only xylem fibres \hitsecondary cell walls available for observatiae(s

Figure3b). Secondary cell wall development in these fliremmences when cellular expansion has
ceased (Ye, 2002) and consequently the cells imag@art of this study will have most likely reagthe
their final cellular dimensions. In additionaljstworth noting that down-regulation 8TMin

Arabidopsismutants lead to a decrease in fibre and vessersiative to the wild type (Liebsch et al.,

11



2014) and, as a result, drawing definitive condngin the role oARKZ1on the rate and extent of cellular

expansion in this study would need to be approauhtdcaution.

While a delay in cell wall development was observe85S:ARK1sectors, it was not as severe as
phenotypes described by Groover et al. (2006) aglisich et al. (2014), and this is most likely aitesf
the experimental system used. Firstly, RNA expoesievels cannot as yet be determined when using
the ISSA system because tissue preparation fadémtification of transgenic sectors requires amf®RN
degrading histological assay. Transgene expresstween independent lines of whole transgenictplan
has been shown to be highly variable (as revieweSgdokevicius et al., 2007) and often individualthw
large experimentally induced changes in target gapeession are chosen for further analysis. In
contrast, ISSA cannot discriminate against indigldsectors (independent transformation events)dase
on target gene expression changes and consequehéyg, phenotypic data from randomly selected
sectors are combined for analytical purposes, amynor overall average change in the phenotype of
interest may be observed. Secondly, differentiaticross the cambium is an intricately coordinated
process (Catesson & Lachaud, 1993, Lachaud €989, Larson, 1994) and it is possible that, dué¢o
close proximity of non-transgenic tissue and thatiresly small size of a sector, intercellular safjiimg
may have compensated for or reduced the impadtafges irARK1expression at the local level.
Numerous plasmodesmata create links between cao@island allow for short distance transport of
signalling molecules preferentially across theabhsdurface providing symplastic connections between
cells of similar developmental stage (Burch-Smithle 2011). Accordingly, signals from non-
transgenic cells could have influenced the difféegion of adjacent transgenic cells in order tantan
coordinated xylogenesis. Conversely, 3B8K1is not likely to act cell autonomously and couévé
been transported outwards from the sector intotreamsgenic tissue influencing fibre developmerd in
decreasing gradient. Finally, it might also beljkthat cells displaying more severe phenotypeg ma

have been purged from the cambium through preftdotnover. These possibilities are not mutually

12



exclusive and it is conceivable that all or soméhefn are responsible for the moderate phenotypes

observed when using ISSA.
35S::ARK1 fibres fail to mature prior to dormancy

Dormancy is a coordinated ‘arrest’ of plant grovthpreparation for adverse environmental conditions
and is characterised by two distinct stages, eat-emdo-dormancy (Lang et al., 1987). Eco-dormancy
precedes endo-dormancy and is reversible in resgorghort term growth promoting signals, whereas
endo-dormancy is not, and requires specific comaitj like for example periods of cold weather, for
growth to be reinitiated. Cessation of cambiaivitgt autumn bud development and moderate cold
tolerance are characteristic of eco-dormancy whaé senescence and abscission in the case of
deciduous plants and maximal cold tolerance isadtaristic of endo-dormancy. At the cellular and
molecular level, plasmodesmata connections betwezistematic cells are blocked restricting cell to
cell transport through symplastic pathways (Rinnal.e¢ 2001) while significant down-regulation or
complete lack of expression of key genes involveahéristem maintenance and cell division (Zheng et
al., 2013, Espinosa-Ruiz et al., 2004) as welhaensitivity and/or negative regulation of cambial
regulators auxin and GA (Schrader et al., 2003aBret al., 2007, Baba et al., 2011) are obseradd a
thought to be involved in the process of cambiabkation. Movement through eco- and endo-dormancy
has been demonstrated to be stage-specific andispeclecular responses have been described batwee

these stages (Espinosa-Ruiz et al., 2004, Balla 2041)

The presence of fibres with significantly thinnetl avalls closest to the cambial surface in some
35S:ARK1sectors suggests that these cells did not fulfgr@ntiate prior to the onset of dormancy and
this is likely a result of dormancy mechanisms ddarg cambial development and differentiation in a
coordinated way. This finding highlights two pdsdsiregulatory control mechanisms relating to canbi
cessation during dormancy. Firstly, that dormaneghanisms act in a comprehensive fashion on a range

of regulatory pathways that promote cambial agtjyeven counteracting the effects of key regulators

13



when intentionally mis-expressed. Secondly, they tct either post-transcriptionally or on dowrestne
targets ofARK1as it is not likely that the 35&RK1transgene would be directly regulated by dormancy
signals. Evidence of epigenetic control duringndancy in the cambial zone has pointed to potential
chromatin remodelling which would support the latteechanism (Karlberg et al., 2010, Conde et al.,
2013). In addition, the large differences in egll thickness that we observed and the low frequerh

this phenotype suggests a link between timing ofmdmcy initiation, the developmental state of fibre
cells andARK1expression. The exact mechanism for this remaigkear but a tipping point seems

likely to exist, at which a cambial cell at a vexgrly stage of development influenced by high lewdl
ARK1 ceases differentiation immediately in respotasdormancy signals or develops at a such a slow

rate during the onset of eco-dormancy that iteedéfitiation is retarded.
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Figure Legends

Figure 1: Sequence showing removal of phloem and tting of sample in preparation for SEM. A 1
mm thick sample containing a transgenic sectoeliscséed (a) and the phloem and cambial zone iggeel
off (b), leaving only xylem tissue (c). This expsshe cambial surface and the longitudinal appearah
the transgenic sector (d) (3-dimensional view). $ample is then sliced transversely with a double-
edged razor blade through the middle of the s€ejdeaving a smooth surface for imaging. A smatl ¢
is made into the centripetal surface to help idgtitie sector tissue when viewed under SEM (fx x
xylem; p = phloem; cs = cambial surface; blue aggenic sector (GUS-stained); grey line = trangvers

cut; thick line = cambial zone

Figure 2: Average cell wall thickness of 35S::ARK&nd GW-control transgenic fibre cells

compared to adjacent non transgenic control fibrebased on position from the ‘cambial surface’ in
samples harvested after three monthsCell wall of fibres transformed with the 358RK1vector
(ARK?1) resulted in reduced cell wall thicknessilorés at most positions investigated when comptred
the non-transgenic adjacent cells (a) while noiaamt differences where observed between GW-obntr
(GUS only) and adjacent non-transgenic fibres@eJl numbering starts with ‘Cell 1’ (1) being clés¢o
the cambial surface (c). P-values were determir@d paired t-tests comparing the transgenic and
adjacent non-transgenic control fibore means wighificance reported for values belaw 0.05 denoted

with *. cs = cambial surface

Figure 3: Images showing how transgenic tissue is identifiedhd scanning electron micrographs of
both ARK 1 transgenic tissue and adjacent non trargenic tissue near a dormant cambium Colour
photograph of samples (a) where a cut is madeafresvs) on the centripetal surface is used to iffent
transgenic GUS positive tissue (blue arrows) imeagy electron micrographs (b) and compare this to
adjacent non transgenic tissue (green arrows). R{Asector (¢) where immature fibre cells with

relatively thinner cell walls where identified imdiately next to the ‘cambial surface’ (white arrows

20



when compared to adjacent non transgenic tissual{dje cells containing thinner cell walls at the
cambial surface were not observed (black arrows).Wssel, F = fibres, cs = cambial surface, doate

= 50um (for both images).
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Supplementary Materials

Supplementary Table 1- Average cell and lumen width in both the tangmind radial plane
(including standard errors) for both the 3&K1and GUS only vectors and adjacent non-transgenic
tissue.

Supplementary Table 2— Average cell, lumen and cell wall area (inclgdgtandard errors) for both the

35::ARK1and GUS only vectors and adjacent non-transgessicd.
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