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ABSTRACT

Fiber harvested from flax phloem tissue is a renewable resource with promising uses in eco
friendly composites. Most molecular and cellular research toldesfocused on later stages of

fiber differentiation including the development of the fiber celllwa&On the other hand, the
molecular mechanisms that govern specification of fibers are largely unknown. All phloem fibers
in flax are formed during primary growth. Therefore transcription factors enriched in the shoot
apices are likely to govern fibadentity, and therefore fiber yield. In this study, | used RB&EY

to compare the gene expressionrthe apical region (AR) of the shoot apex which contained the
apicatmost 0.5mm of the stem and basal region (BR), which contained the entire stem except for
theapicatmostl cm. AR included the SAM and its immediate derivatives whereas BR represented
all stem and vascular tissues at later stages of differentiation. TheSeiAtudy identified 349
putative transcription factors that are preferentially exg@esn the AR including 18 MYBs and

nine NACs. MYBs and NACs have bessvealedo berequired for thevascular cell identityn

other species. A total of 240 putative MYBs and 182 predicted NAC domain genes were identified
within the wholegenome sequence of flax. Phylogenetic analysis of the flax Nex@ gamily
revealed that twalistinct subfamilies were largely expanded.xFked a higher proportion of
R2R3MYB than most of other sequenced plant species. Analysis of the expression data in public
database indicated that the majorityLlosMYBsand LusNACswere expressed in wide range of
tissues with low expression level whidefew others were particularly abundant in some specific
tissues. Transcript expression profiling of thesNACsn the VNS subfamily in 12 different flax

tissues suggested tHaisSNAC28andLusNAC125vere highly expressed in developing fibers.



A previousy uncharacterizedrabidopsisgene,At3g05980 encodes a predicted protein of 245
amino acids (27.6 kDa). This protein does not contain any annotated domains, and its predicted
secondary structure consists mostly of disordered coils. It has one ¢lelaédyl paralog in
Arabidopsis At5g19340 Homologs ofAt3g05980are found in all eudicots examined, but not in
any other taxa. There are four highly conserved amino acid motifs within the protein. Using qRT
PCR and GUS reporter assays, | found thatstapts of At3g05980were highly expressed in
immature embryos and the micropylar endosperm, as well as petals, and apices of shoots and roots,
andatrichoblasts Transcripts were highly induced by cold treatment, but not by other stress or
hormone treatents. These results were consistent with expression patterns previously reported
in public databases. | produced kadsfunction (LOF) mutants of this gene, using CRISPR/€as9
mediated gene editing, as well as overexpression (OX) lines using ti@aBB%promoter. LOF

lines were morphologically indistinguishable from wiigpe, but OX lines had minor defects,
including cotyledon epinasty, and slight shortening of both plant height and silique length. Neither
LOF nor OX differed from WTin toleranceto freezing. In the absence of cdtéatment, LOF
mutants had increased transcript abundance of the -saedscoldresponsive gene RD29,
compared to WT, but expression patterns of five other-dgonsive genes were largely
unchanged in LOF, comparedwdld-type, both before and during cold treatment. Translational
fusions ofAt3g05980with fluorescent proteins were localized to peroxisomes. However, assays
of peroxisomal function, including dark growth of seedlings, and sensitivity4dB and IBA,

were similar between LOF, OX, and WT. Furthermore, fatty acid profiling of seeds did not show
any difference between the genotypes. TAtBg0598@&ncodes a eudicapecific,peroxisomaly
localized protein with transcripts that are coiducible, andenriched in specific tissues

(particularly rapidly growing tissues), but this gene does not appear to be required for normal



morphology, peroxisomal function, or cold tolerance responses. The immediate future task will

be to examine phenotypes in doublatants of botiAt3g05980and it paralogAt5g19340
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Chapter 1. Literature review

1.1Flax

Flax (Linumusitatissimuis a eudicot crop grown primarily in temperate regions of the world
(Rubilar et al, 2010)It belongs tothe family Linaceae and the order Malpighialegium

is composedf approximatelyl80 speciegMcDill et al., 2009 Sveinsson et al., 2014As a

slender herbaceous plant, flax can grow up to 1.2 meters tall. It bears lanceolate leaves and blue
flowers. Its fruit is a small, round, dry capsuk® 5nmin diameter, containing up to ten brown or
yellow seeds (depending on cultivar type). Flax seeds have a glossy surface, and are typically 4

mm length( N1 ¢ letaly 214)

Flax is grown for its either stem phloem (bast) fibers or its seeds. Due to their great length and
high tensile strength, flax phloem fibers are currently used as a valuable material in production of
textiles,high-quality papers and reinforcing composgitelymers(Deyholos, 2006)Flax seeds are
enriched in a number of components that are beneficial for our health, such as dietary fiber which
benefits our digestive health, and om&datty acids which can improve our brain functi@arter,

1993 Rubilar et al., 2010Rabetafika et al2011) Flax seeds also the richest source lajnan,

which is beneficial for cardiovascular system and has reported anticancer furkdtinrseedil

is also an important ingredients of paints, varnishes and lindi8umgh et al., 2011)

Domesticated flax is thought to have been derived ftamam bienneMil, a wild flax species
(Diederichsen & Hammer, 199%u & Allaby, 2010 Uysal et al., 2010)They share certain

common characteristics such as blue flowers, strong stems and 15 pairs of chromosomes. These



two species can be crossed and the progenies are fertile. The botanical origin of flax is believed to

be either the Indian subcontinent or Mediterranean EagVavilov, 1951)

1.1.1 Linseed or fiber flax

Flax cultivated fo seeds and fibers are usually of different varieties, and they are named linseed
and fiber flax, respectively. Through divergent selection for thousands of years, linseed and fiber
flax have gained considerably different morphology, physiology, anatordy agmonomic
properties. Linseed cultivars are usually shorter, more branched and produce more and larger seeds
On the other handiber flax tends to be tallerandless branchedut produces more and higher
quality fibers. Linseed cultivars are grownthe continental climate region of Canada, China,
India, the United States and Argentina while fiber flax cultivars are grown in the cool climate areas
such as some areas of China, Russia and Western E(Regely et al., 2009)Linseed
cultivarsproduce fibers as well but these fibers are undesirable due to their low yield, inferior
quality and short lengthnlfact, fibers are deemed a nuisance for linseed varieties since they are
prone to be stuck in the harvesting or processing machine. Recently, developing a use for linseed

straw has become an active area of research

1.1.2 Cultivation history of flax

Flaxis one of the oldest plants domesticated by humans. The earliest evidence of fiber flax use is
30,000yearold knotted wild flax fibers discovered in Dzudzuana Cave, located in the foothills of
the Caucasus, Geordigvavadze et al., 2009By contrast, linseefflax is assumed to have been
originally cultivatedasfood resourcen Fertile Crescentegion, based on discovery of seeds

with increasesizewerefoundat theTell Ramad archeological site 8yria (Vanzeist &

Bakkerheeres, 1975Dver the last two cent@s, flax cultivation had experienced a dramatic



decline due to the rise in cotton, jute cultivation and appearance of synthetic fibers and oils.
In theearly2000s, cultivation of flax resurged in part because some biologically active

components in its sde were proven to be beneficial to human heg@yholos, 2006)

1.1.3 Flax as a research model

Flax is not only valued for its industrial application and health benefits, but it has also been used
as a research model to study plant cell gnpywhloem development and cell wall formation. For
instancemembers of the flax genukiGumspp.) have been used historically as models for the
study ofshoot apical meristemSAMs, Esay 1942) In contrast to fibers produced in many other
plant species, flax phloem fiber cells undergexgensivejntrusiveelongation and they are large

and grouped into bundles and are therefore easier to isolate. In addition, the cell elongation and
secondary cell wall thickening of flax phloem fibers are spatially and temporally separate
(Gorshkova et al., 20Q0&orshkova et al., 2005Mdditionally, flax has some other desirable traits

that make it attractive to scientists: ijgtreated aa diploid with a smallgenome (approximately

373 Mb). The flax genome was sequenceddh2Zzhrough wholegenome shotgun sequencing,
releasingsequences ¢13,384 putative genes, whicdouldbe aligned t®3% of the published flax

ESTs and 86% oArabidopsis thaliangenes, suggesting a gocaveraggWang et al., 2012)i)

The growth gcle of flax is relatively short, around 100 days including a vegetative period of 45
50 days, 1525 days of flowering and a maturation period of480days; iii) Flax is highly self
pollinating. The outcrossing rate is as low as 0.3 to 2.0% under narmahstances and remains

1 to 5% even when the flax plants are grown in close proxifDityman, 1938)

Various forward or reverse genetic approaches are available in flax, providing important tools for

gene function anadys Since its initial application to flax two decades agrpbacteriumnduced



transformation has become an indispensable tool in flax functional genomics réseziaghen,
1989) An EMS mutant population with high mutant rate (1/41 kb) was generated in flax and a
TILLInG (Targeting Induced Local Lesions IN Genomes) platform based on endonuclease
ENDO1 was developed. This population contains a total&44independent Rifamilies, of
which 10,839 individual plants from 4,033 M2 families have been phenotyped and 1,552 families
(38.5%) were visually abnormal. All the available flax mutant phenotype data can be found in

UTILLdb (http://urgv.evry.inra.fr/UTILLAD. Othernext generation sequenchigsed mutant

identification approaatsarebeing developeah this and other EMS populatio(Shantreau et al.,
2013 GalindoGonzélez et al., 2015Recently, a VIGS (Virusnduced Gene Silencing) method
has been reported in flax, which will acceterghe functional characterization of individual

candidate geng€hantreau et al., 2015)

Meanwhile, numerous studies describing transcript profiling a@atiproteomic data associated

with flax fiber differentiation, seed development or stress responses have been (Beasbd
Deyholos, 2007Roach & Deyholos, 2008 u et al., 2014Dash et al., 2014Hotte & Deyholos,

2008 Day et al.2013 Hradilova et al., 2010)A high-resolution consensus genetic map has been
established for flax from three mapping populations which include 770 ordesdders in 15

linkage groups spanning 1,551 cM. On average, there is one marker per 2.0 cM. 670 molecular
markers from the consensus genetic map has been anchored to the flax physical map and 204 of

the 416 flax fingerprinted contigs were cove(€tbutier et al., 2010Cloutier et al.2012)


http://urgv.evry.inra.fr/UTILLdb

1.2 Flax phloem fibers

1.2.1 Plant fiber cells

Fibers are present in many vascular plants and are defined as sclerenchyma with an elongated
shape (the ratio between cell length draimeter ranging from 50 to @0 or even more), tapered
ends,and a secondary cell wall up to 15 pm in thickness. The main role of plant fiber cells is to
provide mechanical support for the plant bd@yegireva et gl.2015) Fibers can be found in
various @gans such as root, stem, leaves and seeds. Those existing in the primary body may be
derived from the procambium such as in cereals, palms, reeds and bamboo, or from the ground
meristem such as in the outer interfascicular sectors drddgdopsispith. Others in secondary

plant body are derived fromascularcambium(Esau,1965) Fibers are one of the longest plant

cells. Generally, the longest fibers are those produced in the proiimem while the shortest are

those present in the secondary xyl#rahn, 1982Chernova &Gorshkova, 2007)The quality of

fibers is primarily determined by their strength and flexibility, which again depend on their cell
length and cell wall compositiofi’he maincell wall components of plant fibers are cellulose,
hemicellulose and ligninand the quantities of these components vary between different plant
species, different plant parts and plant ages. Cellulose is the strongest and stiffest component of

fiber (Ramamoorthy et al., 2015)

Phloem fibers are the most commercially valuable fibers. Phloem fibatain more cellulose
(up to 90%) and much less lignincarylan than other types of fibers, resulting in its higher tensile
strength and flexibilityPhloem fibers are mostly used in the production of textile while recently
there has been a surge in using phloem fibers to replace the fiberglass in compasiteasdn

lies in the fact that natural fiber based composites have lower density, better mechanical and



acoustic properties, higher processing properties and neatilaalanceThe major phloem fiber

crops are flax, ramie, hemp, jute and kgiRdmamoorthy et al., 2015)

1.2.2 Flax phloem fiber differentiation

Flax phloem fibers are found in the primary phloem poles@fthle, and they are arranged into
bundles of 1240 cells(Ageeva et al., 2005Flax fibers are unique because of their great length
and extremely thick cell wa({lGorshkova & Morvan, 2006PPhloem fibers of flax originate from

the shoot apical meristem during primary growth. When the procambitiratiformed, the cells

which will become future phloem fiber cannot be distinguished. In flax, sieve tubes and companion
cells mature earlier than fibers and after their maturation, fibers continue to become widen and
elongate. The elongating and expagdibers gradually intrude between surrounding cells, which
may damage sieve tubes and companion cells. Flax phloem fibers differentiate in a gradient along
the length of the stem, and their development can be divided into three general stages: (i)

specfication; (ii) cell elongation; (iii) cell wall thickeninfGorshkova et al., 2003)

1.2.2.1 Ontogeny and specification of flax phloem fibers

Specification of phloenfibers occursin the apicalmost0.5 mm of the flax stemsinceyoung
phloem fiberscanbe anatomicallydistinguished at 0-80.5 mm from the stem tipAgeeva et al.,
2005) How fiber cell identity is specified remains elusive. This is partially due to the fact that
studyirg the fiber initiation with the classic biological methods is difficult. When we can see fiber
cells, the cellular factors specifying fiber identity may have already completed their activity.
Currently, biochemical or moleculgenetic markers of early piem fibers are not available, and

therefore identification of the fibers at their earliest developmental stages has to rely on their



characteristic positions and morphological features including elongated shape and broader

diameter.

However, through stydng model plants such as Arabidopsis, poplar and zinnia cell culture, a lot
of information has been achieved about the molecular network regulating vascular initiation, and
these findings mainly focus on the paptbium or cambium establishmend speciftation of

xylem or phloem as a whole or xylem differentiat{&eviewed by OhasHto and Fukuda 2014)
Briefly, the canalization of auxin fluxes results in the procambial cell specification, and the
procambial cells divideericlinallyto give riseto the procambium tissue. The procambium tissue

undergoes a series of differentiation events and forms specialized xylem and phloem cells.

Auxin flow initiates procambial cell differentiation

Exogenous application of the hormone auxin hag Ibaen known to trigger vascular tissue
initiation, and | ater in 1981, a model named
This model proposed that auxin produced in apical meristems initially moves towards the root and
in undifferentiatedcells through diffusion. This directional auxin flow induces some cellular
changes of the recipient cells which allow rapid auxin flow. Gaealization ofauxin flow in

narrow cell files then establishes a local auxin maximum and initiates vasculas frissuation
(Jacobs, 195%5achs, 196%achs, 1981)This hypothesis was later confirmedrbgny molecular

genetic studiegRuthardt et a).2005 Scarpella et al.,20Q08Venzelet al., 2007 Wenzel et al.,

2007)

In Arabidopsis, studying mutants with defettsrascular tissue formation or patternisigowed
that many genes previously reported to be involved in auxin biosynthesis, transport and signaling

were critical for vascular tissue initiation or patterning (ReviewedafncDelgam et al.,201Q)

(



For example, lossf-function mutation in MONOPTEROS (MP) gene, also known as auxin
response factor 5, led to a highly reduced leaf vein system and misaligned tracheary elements in

the inflorescence stems and lea{@srleth & Jirgens, 199®rzemeck et al., 1996Y1P activates

the expression of PINFORMED1 (PIN1) gene, an auxin efflux carrier. MutatidPiNi or
treatment of plants with NPAlteredthe veimgatieins im or o f

leaves (Mattsson et al., 199%ieburth, 1999)

Further research supports the importanc®Bfin vascular differentiation MP up-regulates the
expression oATHB8(a HD-ZIP 11l transcription factor), a pasie regulator of procambial and
cambial cell proliferation as well as xylem differentiati@aima et al., 2001)Four other HD
ZIPIlI transcription factors activated by MP &@€HB15/CORONACNA), PHAVOLUTA(PHV),
PHABULOSA(PHB), andREVOLUTA(RE\). These act redundantly withTHB8to promote
xylem mother cell proliferatiorfOhashilto & Fukuda, 201Q) MP expression is stimulated by
auxin (Wenzel et al., 2007)Apart from this, MP induces the expression of TARGET OF MP 5
(TMO5), TMO7, and TMOG, transcription factors proingtprocambial cells initiation in embryo
(Schlereth et al., 2010YMO5 forms dimeric complex with LONESOME HIGHWAY (LHW).
The TMCB- LHW complex immediately follow the feedback»an signaling loop comprising
PIN1, MP and ATHBS8 during the initiation of procambium precursor cell differentigbashi

Ito & Fukuda, 201Q)

Cytokinin signaling acts to regulate the balance b&teen procambial maintenance and
xylem/phloem differentiation

Cytokinin plays a key role in promoting procambial cell formation and mainten@faxeden leg
(wol), a Arabidopsis mutant of a cytokinin receptor, forms additional protoxylem vessels through

procambial cell differentiationMé&ahoénen et al., 20@$. This gene encodes a histidine kinase

8



known as CRE1 or ATHK4, which is preferentially expressed in the procan{Méimnen et al.,
2000) Mutation of three cytokinin receptors (ATHK2, ATHK3 and ATHK4) simultaneously
results in ectopic protoxylem formatighahonen et al., 20@. CKI1, another histidine kinase,
was also revealed to mediate the procambium/cambium activity through cytokinin signaling
pathway(Hejatko et al., 2009)Cytokinin receptors act tether with downstream components,
such as histidineontaining phosphotransfer factors. A cytokinin signaling inhibitor, AHP6
(ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER PROTEIN6) was revealed to be
specifically expressed in the protoxylem and positively reaguf@otoxylem differertiation
(M&honen et al., 20@). On the othehand, AHP6 was found to ben #P-targeted gene and

therefore it isauxindependen(Bishopp et al., 2011)

A mobile peptide hormone is involved in procambial /cambial cell maintenance

TDIF (TRACHEARY ELEMENT DIFFERENTIATION INHIBITORY FACTOR), a phloem
cell-produced peptide encoded ®i E41andCLE44 moves apoplasticallyto procambial/cambial
cells where it is perceived by TDR (TDIF RECEPTOR), a leudicte repeat (LRR) receptor
like kinase. After TDR perceives TDIF, expression of WOX4 (Wglated homeobox4) is
activated. WOX4, a transcription factor expressed in procambiaabidopsis and cambial cells
in Populus plays a central role in regulating procambial or cambial cell maintef@obeader et
al., 2004 Ji et al., 201Q)The TDIF-TDR complex is also involved in the prohibition of xylem

differentiation(Hirakawa et al. , 2011)

Differentiation of procambial cells into xylem cells
Brassinostaidswere reported to promote xylem differentiatiopstimulating the expression of
HD-ZIP 11l transcription factor¢Ohashilto & Fukuda, 2003Motose et al., 2004 As mentioned

previously, several HEZIP IlI transcription factors, includingHB, PHV, REV, CNAandATHBS,

9



act redundantly to positively regulate the xylem specification from procambial cells. Transcripts
of these HBZIP 11l transcription factors are known to be negatively regulated by miRNA165 and
MiRNA166, whereaSHORTROOT (SHR})SCARECROW (SCR) transcriptiofactor complex

induces the expression of MIRNA165 and miRNA166.

Initiation of xylem cell differentiation

Several NAC domain transcription factors are known to regulate xylem differentiation.
Specifically, VND6 (Vascularelated NAGdomain 6) and VND7 irduce the metaxylem and
protoxylem vessel differentiation, respectively. Overexpression of VND6 and VND7 induce the
ectopic differentiation metaxylem and protoxylem vessel respectively, from both vascular cells
and nonvascular tissuékubo et al., 2005)Likewise, SND1 (Secondary Walhssociated NAC
Domain Proteinl) and NSTINAC Secondary Wall Thickening Promoting Factorl) genes in
NAC domain transcription factor family are proven masegulatorsof the initiation ofyber

differentiation(Mitsuda et al., 2007)

Phloem development

In comparison with the great progress obtained in understanding the regulation of xylem
development, far less is known about the dpe@gulatory factors involved in the developmental
commitment to phloem cell fateALTERED PHLOEM DEVELOPMENT(APL) is the first
identified phloendevelopment regulator. Mutation APL led to formation okylem-like cells at

the phloem positions arattopic expression of this gene inhibited the xylem develop(Benke,
Thitamadee, Mahonen, Hauser, & Helariutta, 2008)indicated thatAPL gene positively
regulated phloem differentiation while negatively regulated the xylem differentiatd@45and
NAC86are two known target genes of APL produced during phloem different{&ionota et al.,

2014) Two polar membranassociated proteins, OCTOPUS (OPS) and BREVIS RADIX (BRX)

10



were found to promote sieve elementitliy and its maintenan¢&odriguezVillalon et al., 2014)
The CLAVATA3/EMBRYO SURROUNDING REGION45 (CLE45) peptide is a negative
regulator of protophloem differentiation and it funcsdoy interacting with BARELY ANY

MERISTEM3 (BAM3) receptotike kinase(Depuydt et al., 2013)

1.2.22 Phloem fiber elongation

After specification, flax fibers elongate extensively to become one of longest plant cells (around
77 mm in some varietiedohanty et al., 2000/t the early stages of fiber elongation, fibers grow
symplasticallywith the surrounding tissues. Flghloem fibers undergoing symplastic growth
have several characteristics: i) they have flat ends and cell diameters that are approxiihately 4
pm; i) they haveanelongated shape and readily transmit light because of their large vacuole; iii)
they usuallyhave elongated nuclei and may be multinucleate due to the occurrence of karyokinesis
(Ageeva et al., 2005At the end of symplastic growth, flax phloem fiber grows to approximately

70-100pm in length(Snegireva et al., 2010)

Later, fibers undergo an extensive cell elongation through intrusive growth. During intrusive
growth, fibers grow faster in longitudinal orientation than the surrounding cells. Therefore, they
intrude the surrounding cells and penetrate the middle laifiedbu, 1965)Fibers penetrate the
neighboringc e | | s b ys @®imilarié k n & le feréhed atrbeth ends, implying that during

the intrusive growth, flax phloem fibers elongatéath directions. Flax phloem fibers with this
type end can be first identified at 3600um below the shoot apex. During the intrusive growth,
diameters of flax phloem fibers also increasgeral foldand the total cell volume may increase
many thousandfold (Gorshkova et al., 2012 he intrusive growth of flax phloem fibers start

before the surroundinzglls finish their symplastic growth and the whole internode stop elongating

11



(Ageeva et al., 2005)The intrusive elongation of flax phloem fibers occurs through diffused

growth, during whib their whole surface expaiégeeva et al., 200%50rshkova et al., 2003)

Fiber cell intrusive elongation involves two processetensive cell vacuolization and cell wall
extension. Cell enlargement could be initiated by changes of turgor pressure or cell wall
extensibility. However, there is still not yet definitive data to indicate whether changes in turgor
pressure or cell whlextensibility are the determinant facdoof initiation or termination of

intrusive fiber elongatiofGorshkova et al., 2012)

The hormone gibberellin has long been known to promote the differentiation and elongation of
fibers in both xylem and phloem. However, exogenous application of gibberellin promotes the
elongation of other cells and internode gjation to the same extent as the fibers, suggesting that
ability of gibberellin to the promoting elongation is not specific to the fif@mshkova et al.,

2012) Recently, gibberellin was found to have a specific function in fibergakion and it was
reported to upregulate the genes encoding enzymes involved in pectin degradation in aspen. The
intrusive growth of fibers is accompanied by the splitting of middle lamellae which resembles
wound reactions induced by pathogen attack, whilemitwend effect is not induced during fiber
intrusive growth. Fibers undergoing intrasielongation does not expregsund response marker
genes and somegenesop eci fically induced Dbly3glucanases , I
genes, are not significantly induced during fiber intrusive grof®bach & Deyholos, 2007

Snegireva et 8120109 Gorshkova et al., 2012)

12



1.2.23 Secondary cell wall thickening of flax phloem fibers

Flax phloem fiber cell elongation lasts for several days. After this, fibers start to deposit thick

secondary cell wadl These two stages are spatially separated. The transition point between them

is calledthe snap pointwhich is a locatioralong the stemThe snap point can be first identified

in 3 weekold plants by manual detection. Fibers below the snap point have higher mechanical

strength which make flax stexharder to be manually torn. As plant grow, the snap pagrates
apically but it finally disappears when the stem growth ceases and plants start ta flaweer

occurs in 7 weelold flax (Gorshkova et al., 2002\geeva et al., 200%negireva et al., 2010)

The outermost fibers in flax sterare the first to developecondary cell wadl and thisprocess
occurs even before all traef protophloem sieve elemestiavedisappeared. The secondary cell
walls of flax phloem fibers are of the gelatinous type and at the early stage of depasiion,
composed of two layersan inner heterogenous and lelyspacked galactaenriched layer (Gn
layer), and an outemore homogenous gelatinelas/er (Glayer). Laterthe Grrlayer is gradually
transformed intdhe G-layer. When mature, flax phloem filsaarealmost completely composed

of G-layers (Gorshkova & Morvan, 20Q65orshkova et al., 2004)

The gelatinous secondary cell walis several other characteristigsit containsa high amount
of crystalline cellulose, usually 8@0%. Thispropertyis partially attributed to the modification of
galactan. During the transition from @ayer to Glayer,galactarundergo partial hydrolysis and
become a relatively smaller molecule whichigtly bound to cellulose microfibrilgVikshina et
al., 2009 Gurjanov et al., 2008 Additionally, Roactet al.f o u n d t-dalactosidade activity

within the precursor Glayer is a determining factor for this procés®ach et al., 2011)i)
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cellulosemicrofibrils in G-layer are almost paa | | e | to the fiihehes 6 |
mature, the thickness of-layer can reach 10 pior more while cell wall of general plant cells is
only 0.1 pm in thickness; ant¥) they do not contain or only contain trace quantity of xylans
and lignin. All these unique characteristics contribute to the high mechanical strength of flax

phloem fiber{Gorshkova et al., 2010)

1.3 Gene expression pattern in planshoot apical meristem

In higher plants, albf the aboveground structures are generated from the shoot apical meristem
(SAM), which serves as a stem cell reservoir. The SAM can be generally divided into three
different regions: the central zone (CZ) mesat the summit of the shoot apex, the peripheral
zone (PZ) surrounding the CZ and the underlying rib zone (RZ). Stem cells are located in the CZ,
where they produce daughter cells by asymmetric cell divisions. One of their daughter cells
remains as aain cell while the other one will be displaced into the PZ whevél differentiate

into various specialized cell types and will be recruited into lateral organogenesis. In the past
decade, shoot apex transcriptomes have been described in varioupgtseg,sncluding maize,

pea, soybean, ricdrabidopsisand chickpea, but the transcriptome analysis of the flax shoot apex
is still lacking(Emrichet al., 2006Wong et al.2008 Wang et al., 20L14aerizadelet al.2009

Jiao et al., 20Q09radavet al.,2009 Singh & Jain, 2014Moreover, although extensive transcript
profiling data about flax fiber development has been published, these have all focused on later

stages of developme(ay et al., 2005Roach & Deyholos, 20QRoach & Deyholos, 2008)

1.4 This research

The goal of this research is to identify key regulators of phloem fiber specification, which, based

on examples (e.g. xylem specification), are likely to include particular transcription f@<iins
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et al., 2005Yamaguchi et al, 2010&amaguchi et al, 2010bBecause anatomical data indicates

that phloem fiber specification occurs very near the SAM, we targeted the shoot apex for this
analysis. We compared the gene expression patterns in therapg&.5 mm of the shoot apex

to the mature and matertissues located more basally within the s{&hapter 2) Additionally,
because NAC and MYB transcription factors have been found toaplegyportant role in plant
vascular cell differentiation,derformed a phylogenetic and expression analysis of NAC and MYB
transcription factors in flax (Chapter 3 and ChapteYa@maguchi et al.2008 Ohashilto et al.,

201Q Zhong et al. 200%; McCarthyet al.,2009) Finally, | also characterized arabidopsis

gene of unknown function (Chapter 5) that has a flax ortholog that was enriched in the shoot apical

meristem as reported in Chapter 1.

1.4.1The importance of this research

This study will provide insight into the transcriptome of the flax shoot apernaydlso point to
candidate transcription factors that govern the specification of flax phloem fiber identity. Even
though it is difficult, exploring the molecular mechanisms underlying fiber initiation may have
enormous economic impact and it will aisarease our understanding about cell differentiation

and tissue patterning.
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Chapter 2. RNA-Seqganalysis of theshoot apex offlax (Linum usitatissimun) to

identify phloemfiber specification genes

2.1 Introduction

All of the postembryonic, abowgrourd structures of seed plants are generated from the shoot
apical meristem (SAM), which acts as a reservoir of stem cells. Members of the flax genus
(Linumspp.) have been used historically as models for the study of SAdds (194 Cultivated

flax (Linum usitatissimurpis grown in more than 50 countries for its seeds or its stem phloem
(bast) fibers Rubilar et al., 2010 Due to prolonged intrusive growth, and a highly crystalline
cellulosic secondary wall, flax phloem fibers are among the longest and strongest cells in plants
(Mohanty et al., 2000 In flax, all phloem fibers are derived from primary growth in the shoot
apex. Specification of phloem fibers occurs in the apitast 0.5 mm of the stem, since young
phloem fibers can banatomically distinguished starting D045 mm from the shoot apex
(Gorshkova et al., 2003The molecular mechanisms that govern fiber identity are almost entirely
unknown Gorshkova et al., 20)2Also, in contrast to the significant progress obtained in the past
decade toward understanding xylem differentiation, informatiooutalihe phloem fiber
differentiation is very scarcdRfbel et al., 2016 In the past decade, shoot apex transcriptomes
have been described in various plants, inclgdmnaize, pea, soybean, rice, Arabidopsis and
chickpea, but none of these produce significant primary phloem fidétsy et al., 200AVong

et al., 2008Haerizadeh et al., 2009iao et al., 2009 adav et al., 2009Vang et al., 201 Most
molecular and cellular research on flax fiber has thus far focused on later stages of development

(Day et al., 2005Roach and Deyholos, 200Feinart et al., 2010
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Differential transcript expression data from thegiom of the shoot apex in which fiber
specification occurs would complement other approaches (e.g., mutant screening) aimed at

understanding primary phloem fiber differentiation.

2.2 Materials and methods

2.2.1 Plant materials

Flax (i.e., linseed) plant& (usitatissimuni. cv. CDCBethuneRowland et al., 2002vere grown

in potting mix in an environmental chamber at 22°C, with a cycle of 16 h light and 8 h dark, as
previously described \Wang et al., 2012 Fourteendays afer germination Figure2-1A),
approximately 0.5 mm of the apieadost part of each stem (the apical region, AR) was dissected
under a Leica S6D stereo microscopkyiaible leaf primordia were removed, and the tissue was
frozen in liquid nitrogen. Aepresentative dissection, visualized under an environmental scanning
electron microscope, is shown in Fig@é&B, and transverse sections of a shoot apex,
corresponding to the apical and basualst tissues sampled, are shown in Fig@ré€, 21D.

Shoot apices were similarly dissected from approximately 200 plants and pooled prior to each
RNA extraction. After collecting the shoot apex, the remainder of the stem (i.e., the basal region,
BR) from 1 cm below the shot apex to the stem base waslialsected, stripped of leaves, visible
lateral branches and axillary meristems, and frozen in liquid nitrogen. In this waye statas

from at least six plants were pooled for each RNA extraction. For-Bdi\of the AR, samples
were harvested from fodmological replicates (i.e., four sets of plants that were grown spatially
and temporally independently from each other), and tissues obtained from two biologically

independent replicates were used for the BR. For-BRR, three additional, independent
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biological replicates (i.e., different plants than those used for-BBd# were obtained from each

of the AR and BR

2.2.2 RNAextraction, sequencing and data processing

RNA from each biological replicate (Section Plant Materials) was extracted separitebsyR

Micro Kit and RNeasy Plant Mini Kit were used to isolate RNA from the AR and BR samples,
respectively. Extracted RNA was then digested with TURBOBNAe e E Kit t o r emo
contamination and their quality was evaluated using a RNA 6000 &tapon an Agilent 2100
Bioanalyzer. Total RNA was delivered to the service provider, BGI, where each biological
replicate was sequenced separat®hgo(dT)-coupled magnetic beads were used to isolate poly

A+ mRNA, which was used as a template for cDNA synthpai®ed by random hexamers,
followed by second strand synthesis udigoli DNA Poll. Doublestranded cDNA (Qiaqak

PCR Purification Kif, was sheared with a nebulizer, end repaired, and ligated to Illlumina PE
adapter oligos, and the products ssede¢ed by gel purification to produce 200 bp fragments.
These were PCR amplified through 15 cycles to prior to sequencing using an Illlumina HiSeq 2000
with 90 bp, pairegend reads. The quality of tlkample during processing prior to sequencing was
monitoredusing the Agilent 2100 Bioanalyzer and ABI StepOnePlus-Rima¢ PCR System.
Because the sequencing output for samples AR2, AR3, and AR4 was slightly lower than expected
(9.6 million reads output per sample), additional aliquots of each of these threlessarape
sequenced in three additional runs. Raw reads from all runs were filtered to remove adapter
sequences, contamination, and dquality reads, and the filtered raw reads were deposited in the

SRA archive. Each of the nine paired read files wereagi@d to SRA iffiastgformat.
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To quantify the relative abundance of transcripts in the shoot apex (AR) as compared to the
remainder of the stem (BR), the clean sequencing reads described in Section RNA Extraction and
Sequencing were mapped to the fleterence genomaAang et al., 201;2downloaded from
Phytozome 9 as Lusitatissimum_200.fa) using TophBt2pfell et al., 2012 and the accepted

hits were used as input for cufflinks, with default parame#dtpotential splicing isoformsvere

treated by cufflinks as representing the same transidngptesulting assembliegere merged and

with the reference genome annotation (downloaded from Phytozome 9 as
Lusitatissimum_200_gene.gff3) withuffmerge and finally Cuffdiff was used to calculate

normalized differential transcript abundance between the samples.

2.2.3 gRT-PCR

Reference gersused in the gR-PCR analysisvereselected by comparing the expression stability

of nine housekeeping genes (Listed in Appendix1) in the AR and BR following the previous
description(Huis et al, 2010) Reattime PCR was performed in Applied Biosystems 7500 Fast
Realtime PCR System following the manufacturer's protocol. Each amplificagetios was 10

el and consisted of 0.4 €M of each -plddilutedr , 5
cDNA. Threshold cycles (£ were determined through 7500 Fast Software. The PCR program
used was as follows: 95°C for 2 min, 40 cycles of 98fCLO s and 60°C for 30 s, then 72°C for

30 s and 72°C for 3 min; fluorescence data was collected at 60°C. Data were analyzed using the
2' ®@r method(Kenneth & Schmittgen, 2001Primer sequences used are listed inAppendix

2.
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2.2.4 Gene Ontology analysis of the differentibl expressedyenes

Gene Ontology enrichment was performed for the AR preferentially expressed genes and BR
preferentially expressed genes by the Singdtaichment Analysi¢SEA) in agriGO V2.0 using

the following parameters: hypergeometric test, Yekutieli ntaliting adjstment, significance

level 0.05, 5 minimum mapping entries, Plant Slim G@net al., 2017)All the flax transcripts

in Phytozome v11.Qereused as backgrour{@oodstein et al., 2012)

2.3 Results

2.3.1 Analysis of gene expression in the AR and BR of flax stem

Regulators governing phloem fiber specification are assumed to be expressed in the shoot apical
meristem because these regulators should operate before phloem fibers can be anatomically
distinguished. To investigate the expression patterns of genes in the shoot apical meristem, |
investigated gene expression in two different segments dissected fiole flax stems from

which leaves and leaf primordia have been removed: (i) the apical region (AR), which was
comprised of the 0.3nm apicalmost stem segment, and (ii) the basal region (BRlchv
comprised the region from 1.@& below the shoot apextioe base of stem. The AR was expected

to contain cells undergoing specification as fibers, while the BR was expected to contain fibers at
various stages of differentiation. A total of four biological replicates of AR and two biological
replicates of BR we sequenced. After sequencitige adapter sequences, contamination, and
low-quality readswere filtered. As a result, a total of 9.6 to 2dlion high-quality clean reads

were obtained from each sample and these clean reads were then mapped tgémoiffexby

Tophat2 (Table 2; Wang et al., 2012
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Furthermore, we qualifietthe relative abundance of transcripts in the shoot apex (AR) as compared
to the remainder of the stem (BRy cuffdiff and we found 179franscripts ad 2011 transcripts

were specifically expressed in the AR and BR respectively, whi|8438transcripts were
expressed in both AR and BR. Moreover, transcripts for 6207 genes were revealed to be
significantly @ < 0.05) more abundant in AR compared to BRJ 4405 of these were enriched

at least Zold in the AR. Conversely, transcripts for 8388 genes were significayty(05) more

abundant in BR compared to A&hd 7901 of these were enriched at leasi@in the BR.

2.3.2 Quantitativereattime PCR analysis ofdifferential transcript abundance

To evaluate the accuracy of the differential transcript expression measurements that we, obtained
we used qRIPCR to measure transcript abundance in independently grown replicates of the same
tissues that weresed for RNASeq. In order to select an appropriate reference gene for the qRT
PCR, GeNorm was used to determine the expression stability of nine commonly used reference
genes among tissues assayed in our stddis(et al., 2010 GADPH and ETIF5A were found to

be the most stable, and ETIF5A gene chosen arbitrarily from this pair as the interimal c
(Appendix 3. Thirteen genes were selected for gRTR, as anndependent validation of the
accuracy of the RNAeq results (Figure-2). These genes were selected in part because they were
all transcription factors from genenfidies that could be potentially associated with early
differentiation events in the shoot apex including specification of vascular/phloem idghtiy (

et al., 206; Kalve et al., 2014Rybel et al., 2016 As shown in Figur@-2, the RNASeq and
gRT-PCR analysis showed highly consistent expression patterns for the 13 genes tested. We
therefore conclude that that RN#eq data presented here accuratefyresents differences in

transcript expression between the shoot apical region (AR) and the bulk of the stem (BR).
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2.3.3 & enrichment analysis of differentially expressed transcripts

2.3.3.1 AR preferentially expressed genes

To further understand the rfation of the differential gene§ene Ontology (GO) enrichment
analysis was performed for the AR preferentially expressed genes and BR preferentially expressed
genes respective. 61 significantly enriched GO terms were identified in the AR preferentially
expressed genes based on FDR<0.05, including 21 in terms of biological process, 13 in terms of

molecular function, 27 in terms of cellular component (FiguBa2Figure 23b).

These 21 enriched GO terms in biological process mainly belong to threedgjgréss: metabolic
process, cellular process and developmental process (Fi@ae Phe specific metabolic process
overrepresented in the AR preferentially expressed genes were nitrogen compound metabolic
process f§-value=9.97e43), translation -value=4.77e38), and DNA metabolic processp{
value=8.19e19) whereas the cellular process terms mainly pointed toward cell gycle (
value=3.2e17) and cellular metabolic procesg-\alue=7.02e28) which was again pointed
toward the translation and DNA metalmolprocess. Furthermore, the enriched GO terms in
developmental process categories were anatomical structure development and multicellular

organism development (Figure3a).

In terms of molecular function, the predominant GO terms were structural naslectivity (-
value=3.63e38) and nucleic bindingpfvalue=3.6338) including DNA and RNAbinding (Figure

2-3a). The 27 overrepresented cellular component GO terms included many high level GO terms
which defined very great range (Figur8i2). However, through examine the specific localizations

under thesbigh-levelterms on the hierarchical graph generated by agriGO2, | found that the gene
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products of ARenriched genes were mainly located in the ribosomealue=1.34e42),

cytoskeletonfg-value=2.46e10) and nucleugpfvalue=1.1732).

2.3.3.2 BR preferetially expressed genes

On the other hand 1 significantly enriched GO terms were identified for the genes prefelgntial
expressed in BR. The most predominant biological process GO term was photosypthesis (
value=9.85e20) while GO terms including gengin of precursor metabolites and energy, lipid
metabolic process, localization establishment as well as transport were also revealed to be
significantly overrepresented in the BR enriched genes (FigdjeAs shown in Figure-2, two

GO terms in cellulacomponents (thylakoid and membrane) and molecular function (transporter

activity and catalytic activity) were overrepresented in theeBRched genes.

2.3.4 Transcription factors significantly more enriched in the AR

Analysis through PlantTFDB preded that 373 and 43%ranscriptionswere preferentially
expressed in AR and BR respectively, including 27gecific genes and 58 B$pecific genes
(Jin et al., 2017)These transcrtpn factors belongdto 46 families and 11 familidgladmembers
preferentially expressed in AR but not BR, including ABRBBR-BPC, CPP, E2F/DP, FAR1,
GRF, HBPHD, Si1Falike, SRS, STAT and LFY (Figure-2; Appendix 3. Notably, theflax
genomads predicted teencode onlywo STAT transcriptiorfactors in total,and both were found
to be ARenriched (Figure -%). Furthermore, genes in AP2, B3eBPand NFYC family were
also highly upregulated in the AR (Figuré&) In contrast, bZIP, C2H2, Dof, W&, NAC, ERF
and the HSF families were significantly enriched in the BR (Figesg spection ofall AR-
enriched transcription factors found that 49 transcription factors encoding genes were at least 16

fold more enriched in the AR compared to BR (T&b®.
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2.4 Discussion

In this study, we compared the gene expressions in the AR and BR of the flax stem {8eBNA
The aim of this analysis was to identify transcriptional regulators of phloem fiber specification,
considering that phloem fiber catlentity specification occagrin the shoot apical meristem.
Inspection of the data showed that several markers of shoot apex tissues were highly enriched in
the AR sample. For examplBROTODERMAL FACTOR(PDF1) transcripts have been reported

to be expresed exclusively in the L1 layer of meristems and the protoderm of organ primordia
(Abe et al., 1999 In our results, transcripts of putati?®F1 genes (Lus1000735Lus10031390,
Lus10010941) were at least 19ddd more abundant in AR than BRZhang & Deyholos, 2016
Similarly, CUP-SHAPED COTYLEDONCUC) genes are required for SAM function and organ
separation Hlassonet al., 201). Transcripts of three putativ@UC genes (Lus10041924,
Lus10005537, Lus10013205) were at leasffal® more abundant in AR than BR; two other
putative CUC genes (Lus10037106, Lus10003458) were not detected in either sample. As a third
example the SHOOT MERISTEMLESS (STM) transcription factor is essential for SAM
formation and maintenancEr{drizzi et al., 1996 a putative STM gene (Lus10030003) was 4.8
fold enriched in the AR sample compared to BR. Conversely, several markers of late
differentiation were more enriched in the BR compared to the AR. For exadifile ULOSE
SYNTHASE ACESA genesCESA4, CESA7andCESA8are associated with secondary wall
synthesis Chantreau et al., 2015 We observed transcripts of flax genes annotated
asCESA4(Lus10008225, Lus10008226), aB&SA8Lus10007296, Lus10029245) to bdeatst
125+fold enriched in the BR compared to the AR (no CESA7 genes were identified in the original
flax genome annotation used in this study). Another -esthblished marker of xylem

differentiationis XYLEM CYSTEINE PROTEINASEXCP2 Avci et al., 2008. The two putative
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flax XCP2genes (Lus10030722, Lus10013204) were enrichedd@6n the BR compared to the
AR. Thus, expression of at least some welbwn marlers of early and late stem development

were observed in patterns that matched expectations.

GO enrichment analysis indicated that genes involved in DNA metabolism and the cell cycle were
overrepresented in the AR preferentially expressed genes. Thlatied to the active cell division

found in the shoot apical meristem and this finding was consistent with what was previously
reported(Yadav et al., 2009)Besides, genes involved in translation were also revealed to be
significantly enriched in the AR. | found among the 273-é&Riched genes involved in translation,

233 had the same molecular function: structural constituent of ribosome. This was ressiocabl

AR included many constantly dividing meristematic cells and ribosomes were therefore largely
abundant in the AR required for protein synthesis. Besides, as reported previously in pea shoot
apical meri stems, Onucl eus 6ntedr ceallular 6compbnere o me 6
classifications and O6nucleic acid binding6 an

molecular functions for the enriched geifiesing et al., 2009)

GO enrichment suggested that the BR preferenteédfyressed genes were dominated by genes
associated with photosynthesis and the thylakoid compartment (FigirePhotosyntheas-
relatedgenes have been reported to have lower transcript abundance in the pea shoot apical
meristem compared to the nrareristematic tissug¥Vong et al., 2008)it was indicated that only
nontmeristem cells in plants have the photosynthetic machiféeyning, 2006)Meristem cells

are heterotrophicsince they only contain proplastids, which lack the thylakoid structure of

functional chloroplasts and they do not comtztlorophyl and express the proteins required for
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photosynthesigFleming, 2006) As found in previous reporf e nes i nvol ved i n Ot
6generation of precursor metabolites and enei
significantly enriched in the meristem containing AR compared to the nonmeristematic tissue BR
(Liang et al., 2009) Checking the specific AR nri ched genes in dégener
metabolites and energyd6 categories found that

the photosynthesis.

This study found 33 transcription factors significantly more enriched in the AR compared to the
BR and 49 of them were 16 times more abundant. Based on the function of their Arabidopsis
orthologs, some of these 49 genes might be involved in the flax shoot apical mevistetioh

(e.g. Lus1004192}4 shoot apical meristem maintenance .(d.gs1000265,7 Lus10016809
Lus10032098Lus10026432L.us10005282L us1001396@ndLus10001238 epidermal cell fate
determination I(us10014933 Lus10023568Lus10007648 and floral organ development (e.qg.
Lus10039214 Lus10035029and Lus10016732). However, the function of most of the
transcription factors significantly enriched in the AR were not yet characterized and these genes
may also have an important function ateld to meristem maintenance or organogenesis.
Meanwhile, the 349 ARenriched genes should contain some transcriptional regulators of flax

phloem fiber specificatianFurthercharacterization of these genes will be necessary.

2.5 Conclusions

This study ha compared the transcriptomic difference between the AR and BR region of flax and
this will improve our understanding of SAM function and maintenance in gefeaalscripts of

90% of genes were detected in both AR and BR. 14,595 (35%) genes were @hffgrexpressed
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between AR and BRA total of 6207 transcript§including 373 transcription factors) were
significantly more abundant in the AR. These genes deserve further investigation to uncover the

molecular mechanisms underlying primary phloem fib&#eEntiation.
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2.6 Figuresand tables

Figure2-1 Plant tissues used f&NA-Seqlibrary construction(A) A 14-dayplant at the time of
dissection. (B) Environmental scanning electron micrograph of an unfixed, dissected shoot apical
region (AR), representative of the tissue used for RNA extraction®)Transverse sections
through the apical (C) and basal (D) lismbf the shoot apical region (AR), showing extent of
morphological differentiation at time of RNA extraction. Plants used for RNA extraction did not
contain the leaf primordia seen in (D). Scale bars (A) 1ciD)(B 50 & m.
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Table2-1 A summary of the RNASeq data.

Sample| SRA read clean mapped | of of mapped
Accession | orientation | reads reads mapped | reads, #
reads, #| discordant
aligned
to
multiple
loci
AR1 SRR105661¢ left end 18737601 17521982 1322985
right end 18737601 17401016 1307125
pair 18737601 16547868 1206086| 277915
AR2 SRR105662( left end 9653298 | 9055491 | 1137842
rightend | 9653298 | 8954883 | 1123304
pair 8514534 | 1065943| 239296
SRR1056621] left end 9655838 | 9056753 | 1142941
rightend | 9655838 | 8952853 | 1127935
pair 8510856 | 1069985| 238369
AR3 SRR1056627 left end 9647100 | 9068825 | 808752
rightend | 9647100 | 8960836 | 795159
pair 8526247 | 739690 | 206678
SRR10566237 left end 9652208 | 9070825 | 806840
rightend | 9652208 | 8961837 | 793980
pair 8525212 | 738322 | 206728
AR4 SRR1056624 left end 9659902 | 9041639 | 781706
rightend | 9659902 | 8924493 | 767587
pair 8493377 | 712478 | 177096
SRR105662F left end 9666281 | 9048163 | 781482
rightend | 9666281 | 8927476 | 766501
pair 8496385 | 711739 | 176566
BR1 SRR1038487 left end 18811289 17715907 1282625
rightend | 18811289 17526289 1260744
pair 16878680 1191166| 301986
BR2 SRR1421517 left end 22066254 20798802 1704912
rightend | 22066254 20813734 1708057
pair 19897998 1610722 383886
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Figure 2-2 Ratio of transcript abundance in the stem apical region (AR) compared to the basal

qRT-PCR
region (BR), as measured by gl’FCR and RNASeq on independently grown tissues.

B RNA-Seq

I

VIIHIIII

T T T T

o =] w < ™~ o

=

(leseqyjeoide) juswiyouua pjoj z6o|

T
14
O

30



-log10(-value)

protein binding ]

|
__
nucleoside-triphosphatase activijjys——
|—

hydrolase activity, acting on et nnhydrides,

in phosphorus-cont

motor activity |

binding ]

structural molecule activity]

anatomical structure developmejfyiss=

developmental proces =

protein metabolic proces$

cellular protein metabolic proces|

DNA metabolic procesg

primary metabolic proces

=

macromolecule biosynthetic procegs

cellular metabolic proces

=

gene expressio

cellular macromolecule metabolic proce:ps

nitrogen compound metabolic proce$f,

0 5 10 15 20 25 30 35 40 45

o

Figure2-3a. QO terms (Biological Process and Molecular Function) significantly enriched in the AR preferentially expressed genes.
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Figure2-5 Differential expression patterns of different transcription factor families in flax AR and
BR.
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Table2-2 Transcription factors with over 1f6ld more abundant in AR than BR.
Notief 60 i nnfinityc at es

FPKM log2(fold_chang
TF ID Family (AR) FPKM (BR) e AR/BR) g _value
Lus10002657 AP2 17.8611 0.0529 -8.3992 0.0343
Lus10038135 ZF-HD 83.1918 0.5731 -7.1816 0.0072
Lus10037668 GRF 81.3636 0.6441 -6.9810 0.0154
Lus10040453 | MYB_related| 1907.7400| 18.3992 -6.6961 0.0003
Lus10015902 bHLH 45.8242 0.5461 -6.3909 0.0005
Lus10033441 GRF 67.5686 1.0211 -6.0482 0.0003
Lus10007147 ZF-HD 135.6130 2.2800 -5.8943 0.0003
Lus10013205 NAC 21.6260 0.4813 -5.4898 0.0021
Lus10011559 GRF 88.8187 2.1356 -5.3781 0.0003
Lus10004688 TALE 94.6156 3.3132 -4.8358 0.0003
M-
Lus10016809 | type MADS 8.5552 0.3061 -4.8048 0.0062
Lus10039303 B3 40.8492 1.6464 -4.6329 0.0003
Lus10032098 B3 18.0971 0.8001 -4.4994 0.0003
Lus10026432 TALE 59.5062 2.6867 -4.4692 0.0003
Lus10017434 B3 26.5536 1.2609 -4.3964 0.0003
Lus10019275 GRF 97.2257 4.6230 -4.3944 0.0003
Lus10011558 GRF 95.1001 4.6204 -4.3634 0.0003
Lus10035093 G2-like 12.3215 0.6329 -4.2830 0.0022
Lus10001238 TALE 16.2423 0.8568 -4.2446 0.0024
Lus10040256 TALE 132.3690 7.1855 -4.2033 0.0003
Lus10039214 MYB 7.6462 0.4154 -4.2022 0.0296
Lus10014302 ZF-HD 2.8567 0.1718 -4.0559 0.0377
Lus10037670 AP2 4.1253 0.0000 inf 0.0003
Lus10000747 B3 1.1021 0.0000 inf 0.0003
Lus10012046 B3 12.7802 0.0000 inf 0.0003
Lus10012226 ERF 4.1387 0.0000 inf 0.2108
Lus10014345 ERF 3.1392 0.0000 inf 0.0003
Lus10015653 ERF 37.4187 0.0000 inf 0.0003
Lus10032882 GRAS 4.6761 0.0000 inf 0.0003
Lus10014380 GRF 115.8940 0.0000 inf 0.0756
Lus10030800 HD-ZIP 3.8459 0.0000 inf 0.0003
Lus10009336 LBD 2.5880 0.0000 inf 0.0003
Lus10016732 LFY 1.0584 0.0000 inf 0.0003
M-
Lus10028214 | type MADS | 10.0320 0.0000 inf 0.2251
M-
Lus10035029 | type MADS 2.2205 0.0000 inf 0.4331
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Lus10016139 MYB 3.3814 0.0000 inf 0.0003
Lus10018518 MYB 2.8838 0.0000 inf 0.0003
Lus10021428 MYB 10.6303 0.0000 inf 0.0003
Lus10038092 MYB 30.9376 0.0000 inf 0.0003
Lus10007643 | MYB_related| 6.8005 0.0000 inf 0.0089
Lus10014933 | MYB_related| 2.9425 0.0000 inf 0.0606
Lus10023568 | MYB_related| 1.8089 0.0000 inf 0.0661
Lus10041924 NAC 11.7809 0.0000 inf 0.0003
Lus10018283 Trihelix 41.1782 0.0000 inf 0.0003
Lus10027398 Trihelix 3.6627 0.0000 inf 0.0003
Lus10031672 Trihelix 5.3463 0.0000 inf 0.0003
Lus10005282 WOX 2.2659 0.0000 inf 0.0003
Lus10013960 WOX 5.5696 0.0000 inf 0.0003
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Chapter 3. Genomicwide characterization of the MYB transcription factor

superfamily in flax

3.1 Introduction

MYB domain proteins are one of the biggest transcription factor families in pladtabidopsis

9% of transcription factors belong to this famiBiechmann et al., 2000} his gene family has a
onebillion-yearold history and is represented in genomes of all major eukaryotic lin@agaz

et al.,2000) The oncogene-MYB, a determinant of avian myeloblastosis, is the first named MYB
transcription factofKlempnauer et al.1982) Three types of MYBelated genes {MYB, A-
MYB and B-MYB) were subsequently discoreslin vertebratesand they were revealed to play
important roles in cell differentiation, proliferation and apoptd¥igeston, 1998) The first
characterized MYB gene in plants 42a maysC1, which regulates anthocyanin biosynthesis

(Avila et al, 1993)

MYB proteins are defined based on the conserved MYB Eialing domain (MYB DBD) at
their Niterminus. The MYB DBD is composed of imperfect repeats of an approximate5350
amino acid region and each repeat forms a Hedli-loop-helix seconday structue that binds to
the major groove of the target DNAipsick, 1996 Stracke et aJ.2001) Several conserved Trp
residues present in the MYB DNBinding domain are important for its specibinding to target
DNA (Nagadoi et al., 1995However, the sequences at thee@ninus of MYB proteins are highly

divergent(Jiang et al.2004; Kranz et al., 1998)
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The MYB superfamily is classified into four major types based on the number of MYB repeats:
1R-MYB (also called MYBrelated proteins), 2RMYB (R2R3-MYB proteins), 3RMYB
(R1IR2R3MYB proteins), and 4RMYB (atypicatMYB), containing one, two, three and four
repeats of the MYB motif, respectively. All the known MYBs in animals areVBfB. Most
higher plant genomes described to date tepmroximately five 3SRMYB genes, which have a
conserved role in cell cyelregulation(lto, 2005 Haga et al., @07, Rosinski & Atchley, 1998
Kranz et al., 1998ubos et al., 2010 However, 2RMYB is the major MYB typen plants, with

most genomes encoding at least 100 of these genes (e.g. A2dbidopsis and 192 irmpoplar,
Wilkins et al.,200). These are involved in diverse biologi and physiological processes, such
as cell morphogenesis, meristem formation, cell cycle regulation, hormone signaling, secondary
metabolism, abiotic and biotic stragsponsegBaumann et al., 200Tto et al., 2001Abe et al.,

2003 Dai et al., 2007Deluc et al., 2006Johnson & Dowd, 200De Vos et al., 2006)4R-MYB

is the smallest group, and has only one menmbmany plant genomes. Furthermore, the function
of plant 4RMYB is still unknown(Dubos et al 2010. MYB-related proteins were suggested to
be involved in circadian regulation, cellulanorphologies secondary metabolism, organ
morphogenesis, phosphate starvation as well as chloroplast develgpmenal., 2009 Pesch &
Hulskamp, 2009Simon et al.2007 Dubos et al., 20Q& ersteter et al. 2001, Waters et al., 20Q9

Rubio et al., 2001)

The MYB transcription factor family has been comprehensively analyzed in many plant species

such as Arabidopsis, soybean, rice, grape and p(tiacke et al., 20QDu et al., 2012Yanhui
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et al., 2006 Matus et al.2008 Du et al., 2013Wilkins et al., 2009 By contrast, only limited
information has been obtained about MYBs in flax even though genomic sequences of flax have
been release@Huis et al., 2010Wang et al., 2012 In addition, our lab is interested in
understanding the mechanisms regulating flax cell wall formation and vascular differentiation,
which may also involve MYBs. For example, Arabidopsis MYB46 and MYB83 were revealed to
function as key regulators oéllulose, hemicellulose, and lignin biosynthesis in vessels and xylary
fibers (Zhong et al., 2008 Zhong & Ye, 2012)In this study, | have performed a gencmiee
identification of MYB domain protein in flax and analyzed the gene structures, phylogeny and
expression patterns 8R-, 3R and 4R MYBs. A separate, large groud\wYB -related protein®

were beyond the scope of this study. | am specifically interested to learn whether MYBs have roles
in flax phloem fiber cell identity specification. We assumed that transcriptionabtegs of flax
phloem fiber celbpecificationshould be abundant in the shoot apex, therefore | have investigated
theLusMYBghatshowed preferential expressions in the AR compared to the BR from the RNA
seq dataset described in Chapter 2 of this thesis. Further functional studies of thege.genes
throughmutant analysis) may help to decode the genetic basis of primary phlzeEmidgntity.

Taken together, this study may provide important clues for future research on the functions of

MYB in flax growth and development.

3.2 Material and methods

3.2.1 Materials
Refer to Section 2.2.1 for the methods to grow plants, collect sangpizact RNA and prepare

cDNA.
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3.2.2 Genomiewide identification of MYB transcription factors in flax genome

All the 43,384 protein sequences in the flax whole genome shotgun assembly were downloaded
from Phytozome v. 11.0h{tps://phytozome.jgi.doe.gov/pz/portal.himlVang et al., 2012
Goodstein et al., 2012Protein sequences of all tAeabidopsisMYB transcription factors were
obtained fom TAIR 9.0 fittps://www.arabidopsis.org¥anhui et al., 2006Stracke et al., 2001)

BLASTP program in BLAST package 2.3.0+ fif://ftp.ncbi.nlm.nih.gov/blast/execut

ables/blast+/LATESY was used to querprabidopsisMYB transcription factors against the

43,384  predicted flax  proteins  downloaded  fromphytozome v  11.0

(https://phytozome.jgi.doe.gov/pz/portal. nynHits with E-values> 101° and redundant rstwere

manually removed. The resulting protein sequences were further analyzed through PROSITE
server (http://prosite.expasy.org/prosite.html) to confirm the presence of MYB d{@astro et

al., 2006) Any proteins witmon-MYB conserved domains were excluded. The molecular weight,
isoelectric point and amino acid lengths were calculated using Sequence Manipulation Suite

(http://www.bioinformatics.org/sms2/protein  mw.hyml

3.2.3 Phylogenetic analysis
Sequences dArabidopsis thalianandPopulus trichocarp2R-, 3Rand4R-MYB proteins were

downloaded fronTAIR (https://www.arabidopsis.organd a previous study conducted by Chai

(Chai et al., 2014jespectively. Tie fulFHlength amino acid sequences of fl&rabidopsisand
poplar MYB transcription factors were aligned using the multiple sequence alignment program
MUSCLE with the default parameters and the phylogenetic tree was constructed using neighbor

joining mehod using Mega 5.@ith the following parameters: Poisson correction, uniform rates
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and pairwise gap deletion mo¢iedgar, 2004Tamuraet al., 2011) The bootstrap value applied

was 1000. The phylogenetic tree was then rooted at theomd

3.2.4 Metaanalysis of flax MYB gene expression

3.2.4.1 EST identification

The coding sequences (CDS)LafsMYBswere used as queries to search the flax EST database
(accessed Mar 2017; 286,856 sequences) in NCBI by BLASTn. Only ESTs with at least 95%

identity toLUsMYBCDS were selected.

3.2.4.2 Microarray

Microarray datasstwith accession numbeGSE21868 and GSE29345 were downloaded from
Gene Expression Omnibus (GEQ@ttp://www.ncbi.nlm.nih.gov/geo/) GSE21868 measured
transcribed abundance in leaves (L), roots (R), stem inner tissue at vegetative stage (SIV) or green
capsulestage (SIGC), stem outer tissue at vegetative stage (SOV) or green capsule stage (SOGC),
as well as embryos of 10, 20 and 40 days after flowering (designated as E1, E2 and E3 respectively
Fenartet al., 201). Transcript expression was also compared between two different flax cultivars,
Drakkar and Belinka. The former genotype produces better fibers and has higher resistance to
Fusariumoxysporunia fungal pathogerFenart et al., 2000GSE29345 compared expression of
genes in different parts of flax stem, including internal stem tissues of either the whole stem (WSI),
upper stem (USI), mitle stem (MSI), or lower stem (LSI); and external stem tissues of the whole
stem (WSE), upper stem (USE), middle stem (MSE), and lower stem H.3& et al., B12).

Probes used in these microarray studies were designed based on EST sequences

(https://urgi.versailles.inra.fr/Species/Flax/Downlestjuencgs These ESTs were queried
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against the 187 putativeisMY Bgene coding sequences (CDS) by BLASTN. Only those with 90%
length match to theusMYBCDS and the sequence identities, not less than 95% were considered.
The cutoffE-valuewas 10'°. Heat maps wercreated using the mean RMWrmalized, averaged
genelevelsignal intensity (log2) values of all the biological replicates by MultiExperiment Viewer
(MeV v4.9, http://www.tm4.org/-mev.html). Genes were hierarchicatijustered with Pearson
correlation and the single clustering method. The log2 signal vales beermeancentered

before clustering. This involves taking the mean expression value for each gene or transcript, and
subtracting it from each expression valaethat gene or transcript. The mean value will then be

Zero.

Expression of flax MYB genes were also investigated in an unpublished microarray dataset
performed in our laboratory studying gene expression profiles in five stages of flax stem
developmen(To, 2013) Tissues were collected from 3 weeks old flax plants from which all leaves
had been removed. Stem segments of 1 cm were dissected from five different parts of flax stem:
the shoot apex (T1), 1 cstem segment above the sy@pnt (T2), at the snap point (T3) and
below the snap point (T4) and the 1 cm stem segment from bottom of flax stem in which phloem
fiber cells have deposited thick secondary cell wall (T5). Probes were aligned to the published
whole genome shotgun assembly of flax by BLASTN analysis and only those 100% identical to
the flax MYB genes CDS were analyz@fang et al., 2012)Log-normalized signal intensities

were used to make heat maps by MeV v4.9 (http://www.tm4.org/mev.html). To find the
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differentially expressedusMYBsdn at least one of these five segments, away ANOVA with

Tur k ey 6 scomparisonsvapplertormed

3.2.4.3 RNAseq
Expression patterns d&usMYBswere analyzed in the normalized RM#&q dataset published by
Kumar et al(Kumar et al., 2013)Iin addition, | compared the expressialues of putative flax

MYB genes in the RNAseq data | have described in Chapter 2 of this thesis.

3.2.4.4 gRTPCR

gRT-PCR analysis was conducted to confirm expression of severalbdRdant MYB genes
discovered in the RNA&eq analysis. Three indepentigrgrown replicates of AR and BR were
utilized in analysis an&8TIF5Awas used as an internal contiRefer to the Section 2.2.3 for the

method to conducjRT-PCR. Data was analyzed using®®¢ {Livak & Schmittgen, 2001)

method.Primer sequences used are displayed i\pEendix 2

3.3 Results

3.3.1 Identification of MYB transcription factors in flax genome

To identify MYB transcription factors in the flagenome, BLASTP was run locally to query the
ArabidopsisMYB domain proteins against the 43,384 putative flax prot@ivang et al., 2012
Stracke et al., 20Q0Iyanhui et al., 2006)The PROSITE program was then used to check the
presence of complete MYB DBDs in each prot@igrist et al., 209). From this process, a total
of 240 putative flax MYB transcription factomsere identified, including 53 encoding MYB

related protein, 179 encoding 2RYB, 7 encoding 3RMYB and 1 encoding 4R1YB (Appendix
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4). Additionally, nine MYBdomaircontainirg proteins that also containesbn-MYB domains
were excluded from this study. The predidtesMY Bswere distributed on 137 separate scaffolds
and consisted of 191 to 1350 amino acids, with molecular weight of 21.22 to 149.28hDa.
isoelectric point raged from 4.37 to 10.76Appendix 5. A similar range ofMYB protein size

was reported impple (Malus domesticaCao et al.2013)

3.3.2 Phylogenetic analysis

To classify the predicted MYBs into groups based on similarities in their amino acid sequences,
have constructed a Neighbelwining phylogenetic dendrogram using tauk-lengthamino acid
sequences of MYB proteins fromrabidopsis flax andPopulus(Figure 31). Populus trichocarpa

is arelatedtaxon of flax in the Malpighiales order, aAdabidopsis,a more distantly related
species, was selected becafAsabidopsisMYBs werewell characterizedKatiyar et al., 2012
Yanhui et al., 2006)Since the total number of MYBs from these three spetgstoo big to
display in the phylogenetic dendrogram, | chose not to include véY&ed genes in the
subsequent analysd&ased orthedendogramin figure 31 anddatafrom Arabidopsis | clustered

the MYB family proteins into 18 clade¢Dubos et al., 2010a)All 18 clades included
representatives from all three species, with the exception of clade 11 which did not include any
ArabidopsisMYB proteins, indicating that MYBs in this clade may have been obtained in
Malpighiales after divergence from the last common ancestoAsathidopsisor they might have

been lost fromArabidopsisduring theevolution (Table 3L). This patternsuggested that genes

this clade might have a specialized function in Malpighiales. We also noticed that clade 12 was

largely expanded in flax andopulus In flax, 160 out of the 187 MYBs appeared as duplicate
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pairs in the phylogenetic tree, which is consistent with ante(®@9 MYA) whole-genome

duplication event in fla{Wang et al., 2012)

3.3.3 Metaanalysis of flax MYB gene expression
| collected information on transcript expression of LusMYB genes from existing data sources
including ESTlibraries, microarrays, and RN8eq experiments. These data are summarized in

the Table 2.

3.3.3.1 Identification of LusMYB ESTSs in the NCBI

To find transcriptional evidence for the putative flax MYB genes, and explore their expression
patterns acrossssues, | searched flax ESTs datasets available at NCBI. ESTs were found for 71
out of the 186 flax MYB genes and only a single EST representative was detected for half of them
(Table 33). The greatest number of ESTs were found.tmMYB13965) andLusMYB140(63)

and their ESTs were only detected in seeds. High numbers of ESTs were also found for
LusMYB10§15) andLusMYB7%13). The vast majority of the ESTs for these two genes were
detected in cotyledon embryo and torpedo stage seedActeat. (1-2) ESTs ofLusMYB108&nd
LusMYB75vere detected in endosperiiber-enrichedissue, and mature embryo but not in other
EST libraries. Meanwhile we found nine ESTs were found éeMYB44and eight of these were
detected in the seed coat at torpedo stage@h of LusMYB90wvas found only in leaves while

four MYBs (LusMYB83LusMYB43LusMYB42andLusMYB87 only had ESTs present in stems.
Another subset of MYB gened.sMYB10]1 LusMYB182 LusMYB184 LusMYB174 and

LusMYB183only had ESTs observed in stem peelsMYB47LusMYB4&ndLusMYB131vere
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only detected in flowers, whereasisMYB33and LusMYB8lonly had EST detected in fiber

enriched tissue.

3.3.3.2 Expression of LusMYBs in microarray datasets

To further charact&ze patterns of LUusMYB expression, | investigated flax MYB genes in two
previously published microarray datasets (GEO accessions GSE21868 and GSE29345). These
experiments measured global transcript abundance during embryo and stem development, also
compare expression in stems of twiber-type cultivars (Belinka, Drakkar) that differ fiber

guality and disease resistance. From these data, expression profiles of 22 LusMYB genes were
obtained (Figure -2; Figure 33; Fenart et al., 201Muis et al., 2012)As shown in Figure-2,
LusMYB56was enriched in the seeds-1b days after flowering and ithe stem, it was more
abundant in the xylem enriched internal stem tiss&égufe 3-2; Figure 33). By contrast,
LusMYB1474was specifically enriched in more maggeeds, 2(B0 days and 480 days after
flowering (Figure 32). Within the stemL.usMYB147accumulated more transcripts in the internal
tissues of the upper stem (Figur8B3LusMYB172vas also highly expressed in the seed$@0

days after flowering although its transcripts in the leaves were also abundant (FRuwithin

the stemLusMYBL72 expression was obviously much higher in the phl@mched external

tissues of the whole stem, upper stem, middle stem or lower stem (FigurdtgeeLusMYBs
(LusMYB45LusMYB174ndLusMYB7¢ showed particularly high expression levels in the inner
tissues of the flax stem at both the vegetative stage and green capsule stage &igOretBe

other hand, the remaining 15 fl&R'Bsdid not seem to be enriched in any one tested tissue (Figure

3-2; Figure 33). However, within the stenhbusMYB182appeared to have high expression levels
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in outer tissues of the upper and middle part of flax stem and internal tissues of lower stem (Figure

3-3).

Meanwhile, as demonstrated in the Figur@, 3everal flax MYB genes showed differential
expression levelsni Drakkar and Belinka, such as three obviously more abundanDmakkar
(LusMYB36 LusMYB45and LusMYB18) and two more enriched iBelinka (LusMYB161

LusMYB90.

| have also investigated the expression of LusMYB genes in an unpublished microarray study
which explored gene expression patterns in five stages of flax stem development. Probes used in
this study were designed based on a draft of flax genome and gjtenaht, 326 of them were
aligned to 163.usMYBs| retrieved the expression data for these 326 probes and searched these
data for those with differential expression in at least one of the five distinct stem segments. As a
result, only seven probes corresging to LusMYB gene showed differential expression in at least
one of the five different segments representing five different developing stages of flax stem. Three
out of these seven LusMYB gendsi$MYB127LusMYB12%ndLusMYB113 showed similar
expresion patters, with expression peaks in the stem segment collecting from just above the snap
point and further down the stem (Figurd 3rable 34a,b). The snap point was a defined transition
region on flax stem. Flax phloem fiber in the stem below thagion stard to deposit thick
secondary cell wallGorshkova et al., 2003l ikewise,LusMYB148vas also enriched in the stem

just above the snap point but its expression was lowest in the stem just below the snap point.

LusMYB118wvas enriched in thensot apex, whilkusMYB33howed peak expression in a more
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matue stem tissue (4 to 5 cm below the shoot apex). MoreawsMYB51was enriched in the
most matuetissue analyzed in this study, and phloem fibers in which have already possessed thick

secondary cell wall.

3.3.3.3 RNAseq

Analysis of a previously published RNgeq datgdKumar et al., 2013ndicated that most MYBs
showed very low transcript abundance while a few MYBs specificaltyraalated very high
transcript abundance in globular and heart embkysNYB140 LusMYB13%nd LusMYB54,
anther (LusMYB9 LusMYB145 LusMYB156 LusMYB131 LusMYB130Q LusMYB129 and
LusMYB163, root LusMYB10Q and leaf LusMYB11landLusMYB81 Figure 35a; 35b; 35c;

Appendix 6.

Expression of the 187 putative LUusMYB genes were examined in thedelijAata described in
Chapter2 of this thesis. Among these 1BdsMYBs 18 were significantly (q<0.05) enriched in

the AR compared to the BR and dPthem were above-fbld more abundant in AR. In addition,
three flax MYBs were only detected in the AR but not in the BR (Tafig By contrast, 33
LusMYBswere significantly (q<0.05) more highly expressed in the BR compared to the AR.
Among them, 21vere above two times more abundant in the BR and 11 were not detected in the

AR (Table 36).
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3.3.3.4 Verification of LusMYB gene expression in the AR and the BR by gRIPCR
Transcript abundance of eight MYB genes that showed at least two timesiodanein the
AR of the RNAseq analysis were confirmed by ¢fRCR. As shown in Figure-@, quantitative
real timei PCR further revealed that all these eiyhtBswere enriched in the AR compared to
the BR. Attempt to measure the abundandeusMYB3aoy gRT-PCR failed due to the lack of a

specific primer.

3.4 Discussion

MYB transcription factors are broadly represented in eukaryotes and they have large numbers and
diverse functions in plants. In this study, | have identified 240 MYB domain proteins from flax
including 53 MYBrelated proteins, 179 R2R8YB, seven R1IR2R31YB and one 4RVYB. As
observed in other plants, flax has many more RER®s than other MYB typeg¢Wong et al.,

2016 Wang et al., 201,5Wilkins et al, 2009 Zhai et al., 2016)The number of RZR®IYB in

flax (179) is expanded compareddmbidopsig126) and is close tBopuloudrichoparpa(192),
however, flax (74.58%) has higher proportion of R2Z®R8B than Arabidopsis(55.02%) and
Populustrichoparpa(46.83% Stracke et al., 200Dubos et al., 2000 The proportion of R2R3

MYB genes in flax appeared to be higher than all the other plants in which MYB have been
genomicwidely characterized except Asian peAppendix 3. TheLusMYBswith two, three or

four repeats were characterized in this stddyese LusMYBs were revealed to consist of 191 to
1350 amino acids, with molecular weight of 21.22 to 149.23 HDa. isoelectric point ranged
from 4.37 to 10.76. These ranges are comparable to the findings in other plant(¥zoias et

al., 2012 Yanhui et al., 2006Cao0 et al., 20L3He et al., 2016)
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Expression bflax MYB transcripts were investigated through a scrutiny of publically available
ESTs, microarray and RNAeq database. Through thesw®alysis | have found experimental
evidence for transcriptions of all the putative 18/ @MYBsand the vast majority dfusMYBs
were expressed atvery low transcriptional levels. This was consistent with the generally low

transcript abundance of transcription factors.

3.4.1 MYBs and flax seed development

Some flax MYBs might have a role in seegldlopmentLusMYB13%ndLusMYB14(had the
highest number of ESTs detected among alLteMYBsand their ESTs were observed in seeds
only. We found most of their ESTs were derived from the globular embryo, heart embryo or
torpedo embryo (Table-3). RNA-seq analysis confirmed that these two genes were preferentially
transcribed in embryos at globular and heart stage. In the phylogenetitusd&yB139and
LusMYB14Qclustered together as duplicatgenes in Clade 8igure 31). Their orthologue in
Arabidopsis(AtMYB103 is a transcriptional regulator of anther development, cell wall thickening
in xylem tissues and ttgyringyl lignin biosynthesigZhu et al., 2010Zhonget al, 2008) Based

on theexpression profiles ofusMYB13%nd LusMYB140 we assumed that these two MYBs
might play some roles in the early stages of flax seed development. Additionally, both microarray
and RNAseq analysis indicated thiaisMYB147andLusMYB172vere exclusively emched in
mature seeds, an indicative of their roles in late stage of seed development (Rg&pp8ndix

6). In addition,LusMYB56was suggested to be specifically enriched in the young seed$ (10
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days after floweringFigure 32). Therefore, | hyptiesized that this gene might be also associated

with seed development.

3.4.2 MYBs and flax xylemdifferentiation

Expression profiles of three MYB&sMYB174LusMYB45andLusMYB7§ indicated that they
might play roles in xylem differentiation. Among all the tested EST libratissMYB174had
only a single EST observed and it was derived from the stem peels andd@\salysis again
suggested that it was enriched in flebem(Talde 3-3; Figure 35c). Besides, analysis in both
microarray datasets GSE21868 aB&E29345showed thatLusMYB174was preferentially
transcribed in the inner part of flatem (Figure &; Figure 33). SomeArabidopsisMYBs in the
same clade dsusMYB174vere known to be involved in lignin, xylan and cellulose biosynthesis
(Leeet al, 2009 Zhong et al., 2008Beyond that, microarray and RNgeq analysis showed that
transcripts oLusMYB45andLusMYB76wnere particularly accumulated in the inner tissues of the
flax stem at both the vegetative stage and green capsule stage (FRjuBe;3Appendix .
Arabidopsiorthologs of LusMYB78AtMY B46andAtMYB83 were reported to regulate the lign
and secondary cell wall biosyntheg#hong et al., 2006 McCarthy et al., 2009Sakamoto &
Mitsuda, 2015and orthologs ofusMYB45AtMYB43andAtMYB2(Q were also involved in lignin
biosynthesis(Zzhao & Dixon, 2011) | assumed that these flax MYBs might regulate the

transcription of cell wallelated genes during flax stem xylem formation.

3.4.3 MYBs might be involved in flower development
ESTs of three MYBsL{usMYB47LusMYB4&ndLusMYB13) wereonly detected in flowers but

not the other EST libraries and the phylogenetic anapjatsedall three genes i€lade2 (Table
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3-3; Figure3-1). Thisresultmotivated me to check the expression of all flax members in this clade.
RNA-seq analysis suggestttht eight out of the 18 genes in the cladeusMYB47LusMYB48
LusMYB131LusMYB49 LusMYB130 LusMYB129 LusMYB96 LusMYB9% were specifically
enriched in the anther (Figuresd, 35b, 35¢). ManyArabidopsisgenes in this clad&{MYB21
AtMYB24andAtMYB57 AtMYB81 AtMYB33 AtMYB65 AtMYB120 AtMYB97andAtMYB10)
were reported to be involved in anther/pollen developni@heng et al., 2009) Meanwhile,
AtMYB78and AtMYB108 two Clade2 members and their cotton and tomato orthologs were
revealel to play important roles in plant pathogifens€Mandaokar & Browse, 2008/1engiste

et al.,2003 Cheng et al., 201&bugamaret al.,2009) MYB108wasalsoreported to b&volved

in the jasmonatenediated stamen and pollen maturatioMrabidopsis(Mandaokar & Browse,
2008) LusMYB146ndLusMYB145flax orthologs ofAtMYB78and AtMYB108 were found to

be significantly induced bffusariumoxysporunt. sp lini and they both showed a preferential
expression in antheG@alindoGonzalez & Deyholos, 2016)predict that these flaM'YBspossess

roles in anther development and biotic stress.

3.4.4 Some MYBs were selected as candidates of fiber cell identity determination regulator

An ArabidopsisMYB genehas been reported to regulate vascular cell specificé@ionke et al.,

2003) 18 LusMYBs were found to be significantly (q<0.05) enriched in the ARpawed to the

BR by RNA-seq and some of these 18 genes were potential to act as transcriptional regulators of
flax fiber specification. | have summarized functions of theabidopsisorthologs inAppendix

8. Six AR-enriched MYBs belorigg to the 3R-MYB type have a conserved role aell-cycle

regulation (Appendix §. Their abundance in the AR should not be linked to phloem fiber
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specification since intense cell division and mitosis occur in shoot BpsilYB26a member of
clade 11, was not detied in stem and therefore mesariched in the AR than BR (Figurel3
Table 35).1 foundCladell appeared to be Malpighialsgecific since it contained 11 flax MYBs,

9 poplar MYBs and no Arabidopsis MYBs (Figurd 3Table 31). However, although theNR\-

seq data published by Kumar et al. showedltbaMYB26vas not expressed in stebusMYB26
accumulated its highest expression in réqigendix §. There is no other data available for us to
make inference about functions of this claOet of these 18§enes] . usMYB36andLusMYB181
were suggested to be preferentially accumulated in two contrasting vabetikkarandBelinka
(Drakkar produces better quality fibers th@elinka Figure 32). | have attempted to check
cellular localization of these MYBandidates by in situ hybridization but | failed to obtain specific

signals.

3.5 Conclusiors

A total of 240 putative MYB genes were identified from flax genome. They were clustered into
18 distinct groups. Flax had a higher proportion of RRR@ than most of other sequenced plant
species. Through analysis of the expression data in public database, this study had found
experimental evidence for transcriptions of all the putative 187 flax MYBs. The majority of
LusMYBswere expressed in wide rangetisisues with low expression level while a few others
were particularly abundant in some specific tissues. The large size of MYB family in flax suggests
that they have diversified functions, however, to further examine their biological function in flax

dewelopment, analyses with knock out mutants will be necessary.
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3.6 Figures andtables
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Figure 3-1 Dendrogram of MYR. Full length of MYB protein sequences froArabidopsis
thaliana (AtMYBSs), Populustrichocarpa(PtMYBs) andLinumusitatissimun(LusMYBs) were

used in the analysis. MUSCLE was used to conduct multiple sequence alignment and the
dendrogram was constructed using Neighbaning algorithm by MEGA $Edgar, 2004Tamura

et al, 2011) Bootstrap test was applied and replicated 1,000 times. The leaf labels of LUusMYBs,
AtMYBs and PtrMYBs were denoted in red, black and blue respectively.
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Table 3-1 Membership details of each LusMYBubgroup.Lus Linum usitatissimum At
Arabidopsis thaliangPtr: Populus trichocarpa,;

Clade Lus At Ptr
1 7 6 8
2 18 15 15
3 1 2 2
4 12 7 10
5 13
6 10
7 16 12 7
8 18 12 25
9 14 9 10

10 10 10 31
11 11 0 9
12 16 8 15
13 8 7 6
14 13 6 8
15 5 7 4
16 10 9 8
17 4 6
18 6 7
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Table3-2 Data sources of tHeusMYBsexpression profiles demonstrated in this study.

Data Type

Description

Reference

EST

286,856 Sanger sequenced ESTs isolétech: embryos a
five stages of developmergi¢bular, heart, torpedo, cotyled
and mature staggsseed coats at globular and torpedo sta|
endosperm (pooled globular to torpedo stagiayver; leaf;
etiolated seedlings; three stem tissues incluttiagutefiber-

bearing tissues of flastems harvested at the nfldwering

stage stem and stem peel (consisting of epidermis, cor
tissue, phloem, developing fiber and cambial tissues) harv

from fourweeksold flax;

(Venglat et
al., 2011 Day

et al., 2005)

Microarray

GSE21868; oligonucleotide probes hybridized to RNAM(
roots (R), leaf sample at green capsule stagestem inner
tissue at vegetativeage (SIV), stem outter tissue at vegetal
stage (SOV), stem inner tissue at green capsule stage (9
stem outter tissue at green capsule stage (SOGC), embr
10, 20 and 40 days after flowering (designated as E1, E
E3 respectively); stems of Belinka and Drakkar (fiver-type

cultivars that differ irfiber quality and disease resistance);

(Fenatt et al.,

2010

GSE?29345; oligonucleotide probes hybridized to RNA fr(

internal tissues of the whole stem (WSI), upper stem (U
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Microarray

middle stem (MSI), or lower stem (LSI); external tissues of
whole stem (WSE), upper stem (USH)iddle stem (MSE)

and lower stem (LSE);

(Huis et al.,

2012)

Microarray

oligonucleotide probes hybridized to RNA from: the sh
apex (T1); 1cm stem sewgnt above the sngmint (T2); 1cm
stem segment at the snap point (T3); 1cm stem segment
the snap point (T4); and the 1 cm stem segment from bg
of flax stem, in which phloem fiber cells have deposited t

secondary cell wall (T5);

Unpublishel

RNA-Seq

Compare transcript expression patterns in two segments
vegetative stem of 14d flax plants, from which all visi
leaves had been removed. The segments were: (i) the
region (AR) of the shoot apex, which contained the ap
most0.5 mm of the stem, including the SAM and its immed
derivatives; and (ii) the basal region (BR), which containec
entire stem except for the apigabst 1 cm, and therefol
represented all stem and vascular tissues at later stag

differentiation as compared to the AR;

Chapter 2 of

this thesis

RNA-Seq

investigate transcript abundancesmbryos at five stages

developmentdlobular, heart, torpedo, cotyledon and mat
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stage} seed; anther; ovary; mature flower; root; stem; le

etiolated seedlings;

(Kumar et al.,

2013)
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Table3-3 EST profiles of LusMYB gene&E: globular embryo; HE: heart embryo; TE: torpedo
embryo; CE: cotyledon embryo; ME: mature embryo; EN: endosperm; GC: globular seed coat;
TC: torpedo seed coat; ES: etiolated seedling; LE: leaf; ST: stem; PS: stem peel; FL: flower; F:
fiber enriched tisse at midflowering staggVenglat et al., 201;1Day et al., 2005)

G|H|T]|C
Gene Name| E E E | E
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Figure3-2 Expression profiles of flaklYBsin previously published microarray dataset GSE21868
(Aug et al., 2015)Red indicated high abundance whileieindicated low abundance. Rissues
analyzedvere root (R), leaf (L), outer stem tissues at the vegetative stage (SOV), outer stem tissues
at the green capsule stage (SOGC), inner stem tissues at the vegetative stage (SIV) , inner stem
tissues at the green capsule stage (SIGC), seedslat ddys #er flowering (E1), 2680 days

after flowering (E2) and 460 days after flowering (E3Aug et al., 2015)B: Expressions of
LusMYBsvere compared in two contrasting flaxtovars, Drakkar an@ellinkarespectively. The

heat map was generated using RiMdrmalized, average log2 signal values by MEV (Multi
Experiment Viewerhttp://www.tm4.org/me). Genes were hierarchically clusterecgéd on the
expression pattern using Pearson Correlation distance matrithargingle clustering method

The log2 signal values has been meantered before clustering. This involves taking the mean
expression value for each gene or transcript, andagintg it from each expression value for that
gene or transcript. The mean value will then be zero.
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Figure 3-3 Transcript abundance dfusMYBsin previously published microarray dataset
GSE29345 (Huis et al., 201Bed indicated high abundance wiblaeindicated low abundance.

WSE: external (i.e. phloem and cortex enriched) tissues of the whole stem; WSI: internal tissues
of the whole stem; BE: external tissues of the upper stem; USI: internal tissues of the upper stem;
MSE: external tissues of the middle stem; MSI: internal tissues of the middle stem; LSE: external
tissues of the lower stem; LSI: internal tissues of the lower stéenheatmap was generated

using RMAnormalized, average log2 signal values by MEV (Multi Experiment Viewer
http://www.tm4.org/mey. Genes were hierarchically clustered based on the expression pattern
using Pearson Correlation distance matrix and the singlerwhgsteethod. The log2 signal values

has been meagentered before clusteringhis involves taking the mean expression value for each
gene or transcript, and subtracting it from each expression value for that gene or transcript. The
mean value will then beero.
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Figure3-4 LusMYBsshowed differential expression in at least one of the five different segments
examined in flax stem microarray. Data were obtained from (To, 2013).

Table3-4a Signal intensities of the seveénsMYBsshowed differential expression in at least one
of the five different segments. Data were obtained from (To, 2013)

Gene name T1 T2 T3 T4 T5
LusMYB127 8.73597| 17.89426| 12.67487 11.28712| 7.876578
LusMYB129 4.188584| 8.019055] 6.556034| 5.282254| 4.613198
LusMYB113 3.995833] 7.124993| 5.822584| 4.558507| 4.332315
LusMYB118 10.05013  9.854898 8.53373| 5.958522] 7.642319
LusMYB51 3.096649 5.290823| 6.573896| 6.985857| 8.417082
LusMYB33 8.012695 8.23443| 9.730631] 14.24072] 9.745688
LusMYB148 66.9445| 70.03235 43.30971 49.85328 61.50595
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Table 3-4b Statistical details for the seven genes differentially expressed in one of the five studied flax tissues in flax stem
microarray studyData were obtained fro(fTo, 2013) A two-way ANOVA test was conducted followed by a Tukey's multiple
comparisons test using GraphPad Prism 7.00. * depetatue between 0.0Q.05; **denoteg-value between 0.000.01;

***denotesp-value between 0.0000.001; ****denotesp-value <0.0001; & (not significant) denotgsvalue >0.05;

LusMYB127 | LusMYB129 | LusMYB113| LusMYB118 | LusMYB51 | LusMYB33 LusMYB148
0g10550.t1|sl | g1704.t11|sl | g18848.t1|sl| g34592.t11|sl | g47442.t11|sl | g21765.t11|sl | g32699.t1|sl
954989 16081643 783818 10121047 90-125 745781 642-681

T1vs. T2| *¥*** il *x ns ns ns *

T1vs. T3] *** ns ns ns o ns P

T1lvs.T4|ns ns ns ok hokk *kkk okokk

T1lvs. T5| ns ns ns ns Fkkk ns Fkkk

T2 vs. T3 | **** ns ns ns ns ns Hkkk

T2 VS. T4 *kkk * ns **k%k ns *kkk *kkk

T2 vs. TH| **** ** * ns *% ns Kkkk

T3 vs. T4| ns ns ns ns ns Fkkk Fkkk

T3 vs. TH| **** ns ns ns ns ns =

T4 vs. TS| ** ns ns ns ns Kk *kk
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Figure 3-5a Expression profiles ofEusMYB.-60 in 13 different tissues (Kumar et al., 2013).
Tissues examined including globular embryg®)( heart embryo (he), torpedo embryo (te),
cotyledon embryodg), mature embryo (me), seeds (sd), anthers (an), ovakigs{ature flower

(f1), root (rt), stemgi), etiolated seedlings (es), leaves (Rgd indicated high abundance while
green indicated low abundan&genes with no expression in all the tested tissues were shown as

grey.
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Figure3-5b Expression profiles dfusMYB1-120in 13 different tissues (Kumar et al., 2013).
Tissues examined including globular embrge)( heart embryo (he), torpedo embryo (te),
cotyledon embryodg), mature embryo (me), seeds (sd), anthers (an), ovakigsi{ature flower

(f1), root (rt),stem 1), etiolated seedlings (es), leaves (R2d indicated high abundance while
green indicated low abundanGenes with no expression in all the tested tissues were shown as

grey.
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Figure3-5c Expression profiles diusMYBL.21-187in 13 different tissues (Kumar et al., 2013).
Tissues examined including globular embrge)( heart embryo (he), torpedo embryo (te),
cotyledon embryodg), mature embryo (me), seeds (sd), anthers (an), ovaxigsi(ature flower

(f), root (rt),stem 61), etiolated seedlings (es), leaves (Rgd indicated high abundance while
green indicated low abundan@enes with no expression in all the tested tissues were shown as

grey.
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Table3-5 18 flax MYB genes were significantly moadundant in the AR compared to the BR.

Data were obtained from the Chapter 2 of this théss.no data.

Gene Name FPKM (AR) FPKM (BR) | log2(fold change AR/BR)| g value
LusMYB34 7.65 0.42 4.2 0.03
LusMYB36 22.33 1.63 3.78 0
LusMYB149 4.7 0.49 3.25 0.018
LusMYB141 45.83 6.52 2.81 0
LusMYB35 8.99 1.46 2.62 0.002
LusMYB142 39.44 6.72 2.55 0
LusMYB187 21.91 6.6 1.73 0
LusMYB181 18.83 5.85 1.69 0
LusMYB102 9.24 3.45 1.42 0.013
LusMYB172 49.79 19.73 1.34 0
LusMYB171 40.27 17.91 1.17 0.024
LusMYB175 17.16 8.01 1.1 0.003
LusMYB179 19.39 11.25 0.79 0.016
LusMYB180 7.84 4.68 0.75 0.013
LusMYB162 7.64 4.96 0.62 0.038
LusMYB61 10.63 0 NA 0
LusMYB26 2.88 0 NA 0
LusMYB66 3.38 0 NA 0
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Table3-6 33 putative flaxMYBswere significantly enriched in the BR compared to the AR.

Data were obtained from the Chapter 2 of this théss.no data.

NGaer?z FPKM (AR) | FPKM (BR) | log2(fold change AR/BR)| q value
LusMYB87 0.46 28.97 -5.98 0.002
LusMYB114 0.32 10.69 -5.07 0.048
LusMYB10 1.19 32.7 -4.78 0
LusMYB44 0.96 21.01 -4.45 0.005
LusMYB81 4.22 58.67 -3.8 0
LusMYB9 3.66 32.44 -3.15 0
LusMYB4 7.09 51.76 -2.87 0
LusMYB28 1.08 7.74 -2.85 0.007
LusMYB107 0.9 5.94 -2.72 0.001
LusMYB125 1.56 8.03 -2.37 0.001
LusMYB43 3.54 16.9 -2.26 0
LusMYB128 1.53 7.29 -2.26 0.001
LusMYB117 0.51 2.31 -2.17 0.03
LusMYB46 0.62 2.65 -2.1 0.04
LusMYB127 4.67 16.36 -1.81 0
LusMYB108 16.01 51.98 -1.7 0
LusMYB75 12.31 39.15 -1.67 0
LusMYB101 3.16 0.88 -1.64 0.003
LusMYB126 2.99 9.26 -1.63 0.003
LusMYB120 6.39 18.31 -1.52 0
LusMYB12 6.39 16.86 -1.4 0.005
LusMYB140 27.34 42.56 -0.64 0.025
LusMYB174 0 17.45 NA 0
LusMYB78 0 14.28 NA 0
LusMYB170 0 13.25 NA 0
LusMYB84 0 11.59 NA 0

69




LusMYB82 0 7.62 NA 0
LusMYB113 0 7.58 NA 0
LusMYB76 0 5.1 NA 0
LusMYB80 0 3.98 NA 0
LusMYB29 0 3.34 NA 0
LusMYB154 0 3.3 NA 0
LusMYB79 0 2.66 NA 0
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Chapter 4. Genomewide characterization of the NAC transcription factor family

in flax

4.1 Introduction

The NAC (NAM, ATAF1/2 and CUC2) domain gene family is a group of plgpmecific
transcription fators with a conserved NAM domain in thet&fminus(Ernstet al, 2004 Olsen,
et al, 2005) It is one of the largest transcription factor families in the plant kingdom, containing
105 genes irArabidopsis thaliana140 genes imice (Oryza sativd and 163 genes in poplar
(Populus trichocarpaOoka et al., 2003Jensen et al., 20161u et al., 201Q) NAC proteins are
important for various aspects of plant growth and developnmeeityding: plant shoot apical
meristem developmenf{Takada et al, 2001 Hibara et al., 2006) floral organ formation
(Sablowski & Meyerowitz, 1998)ateral root developmefXie et al.,200Q He et al., 2005)seed
developmen(Sperotto et al., 2009)eaf senescend&uo & Gan, 2006)embryo development
(Duval et al.,2002) cell cycle controlKim et al., 2006) nutrient remobilizatior{Uauy et al,
2006) shoot branching determinati@dao et al., 2007)hormone signalingXie et al., 2000and

response to various ahiostressegPuranik et al.2012)and biotic stres@/Nang et al., 2009)

Several NAC proteins in the VN¥ND-, NST /SND andSMB-related proteins) subfamily have
been found to regulate differentiation of xylem vessels and fiber ceflsainidopsisand some
other plant specieKubo et al., 20050htani et al., 201;1Hussey et al., 2011For example,

VASCULARRELATED NAGDOMAING6 (VND) genes VND6 and VND7 genes regulate
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metaxylem and protoxylem vessel formation, respectively, ilthbidopsisprimary rod (Kubo

et al., 2005Yamaguchi et al., 2008)

Based on the above information, we assumed that 8bh@s may be involved in phloem fiber

cell identitydetermination in flax. Additionally, although large amounts of information have been
uncovered about NAC domain proteins, most of thsearclstudied NACs in model plants such
asArabidopsis rice andpoplar(Olsen et al., 20Q5)Jensen et al., 201§ amaguchiet al., 2010
Zhong et al.,201Q Ohtani et al., 20L1Nakashima et al., 2007)n contrast, very limited
knowledge has been obtained about NAC proteins in flax. To facilitate future studies ef NAC
mediated gene regulation in flax, and possible crop improvement through manipuatifigeft
differentiation, | sought to perform genomade identification of flax NAC domain genes and

characterize this family through analysis of its phylogeny and expression profiles.

4.2 Materials andmethods

4.2.1 Sequences identification
To identifythe NAC proteins in flax, | usedrabidopsisNAC protein sequences retrieved from

TAIR (https://www.arabidopsis.orp/as queries in BLAST alignments against the 43,384

predicted flax proteins available from Pbgome (https://phytozome.jgi.doe.gov/pz/portal.html).
BLAST package 2.3.0+ was used and only sequenceswiilues less than 18° were saved for

further analysis. The redundant sequences were then manually removed. To further confirm that
these sequences represented NAC proteins, all the putative sequences were then analyzed by the

Hmmsearch program in HMMERS3 and Pfam progréitip://pfam.xfam.org/}to validate the

presence ch NAM domain (Pfam02365) at the-fdrminus of amino acid sequend¢&sn et al.,

2015). The amino acid length, molecular weight and isoelectric point of putative flax NAC
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proteins were calculated using Sequence Manipulation Suite

(http://www.bioinformatics.org/sms2/protein_iep.hiiStothard, 2000)

4.2.2 Phylogenetianalysis

Thefull-lengthsequences of flaXjrabidopsisandpoplarNAC proteins were aligned by MAFFT
7.0 andIQ-TREE was applied to construct a phylogenetic tree ugiagnaximum likelihood
method (Katoh & Standley, 203; Nguyen et al. 2015) The besfit substitution model was
automatically chosen biQ-TREE by Bayesian (BIC) The branch supports were assessed by

bootstrajg with 1000 replicategMinh et al, 2013) The tree was rooted at the midpoint.

4.2.3 Tissuespecific expression analysis

4.2.3.1 EST

EST libraries in NCBI were queried by BLASTn to find evidence for the transcription of putative
flax NACs(accessed May 2017; 286,856 sequend@n)y ESTs showing identity >99% to the

coding sequences were accepted.

4.2.3.2 Microarray

Microarray datasstwith accessiomumbers GSE21868 and GSE29345 were downloaded from
Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/). GSE21868 examined
expression in leaf (L)roots(R), stem inner tissue (xylem enriched) at vegetative stage (SIV) or
greencapsule stage (SIGC), stem outer tissue (phloem fibers and cortex enriched) at vegetative
stage (SOV) or green capsule stage (SOGC), as well as seeds at yelhg4y8 after flowering,
designated as E1), middle €30 after flowering, designated as Ef)matue stage (4660 days

after flowering, designated as H3nart et al., 20)0This project also compared gene expression
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between two contrasting flaoultivars, Drakkar and Belinka. Drakkar produces better fibers and

has higher resistance kausarium(a fungal pathogerthanBelinka(Fenart et al., 2030

GSE29345 compared gene expression in external and internal tissues of the whole flax stem
(abbreviated as WSE and WSI respectively), of the upper stem (abbreviated as USE and USI
respectively), middle stenaljbreviated as MSE and MSI respectively) and lower stem (LSE and

LSI respectively) Probes used in these two microarray studies were designed based on the EST

sequenceshftps?/urgi.versailles.inra.fr/Species/Flax/DownlesdquencesHuis et al.,, 2012)

EST probes were queried against putative NAC gene coding sequences (CDS) by running a local
BLASTN program. Only those with 90% length match to the CDS and the sequence identities not
less than 95% were considered. The cutefBiie wasl0'°, Heat map were then created using

the mean RMAnormalized, averagegenelevel signal intensity (log) values of all the biological

replicates by MultiExperiment Viewer (MeV v4.Bitp://www.tm4.org/-mev.html). Genes were

hierachically clustered with Pearson correlation.

Transcript abundance of genes was also examined in a microarray dataset produced by our lab.
This microarray study compared the gene expression levels in-tiresegments collected from

the stem of 3veeksold flax, including 81 cm (T1), 23 cm (T2), 34 cm (T3), 45 cm (T4) and

8-9 cm (T5) from the shoot apex. Phloem fibers inTi2and T3 were undergoing intrusive growth

while in T4 and T5 demonstrating thick secondary cell wall. Probes were desigmeddoaa
published draft of flax genon®Vang et al., 2012 Probes were aligned to the coding sequences

of predictedlax NACs and only those with identity greater than 95% andgilie less than 18

were used in the further analys{3o, 2013) Two-way ANOVA with Tuk ey 6 s mul ti
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comparisonsvas therperformedto find theLusNACswith differential expression in at least one

of these five segments.

4.2.3.3RNA-Seq
Transcript patterns of NACs were analyzed in a previously published &/ datas€Kumar et
al., 2013) Additionally, | have analyzed the expression patterndA€sin the AR and BR using

the RNASeq data presentedn Chapter 2 of this thesis.

4.2.3.4 qRFPCR

Transcript abundance of selectd&Csin the AR and BR were compared through quantitative
real timePCR. Flax plantl{. usitatissimuncv. CDC Bethune) growth, tissue collection, RNA
extraction, cDNA synthesis as well as gRTR performance and data anaysiere the samas

describedn Section 2.2.1.

| also checked the expression patterns of VNS subfamily members across 12 different tissues by
gRT-PCR. Five tissues were collected from @nenthold plants, including early fibers (EF),

early xylem (X), rots (R), leaves (L), early cortical peels (ECP). The other seven tissues were
collected from twemonthold plants, including senescent leaves (SL), late cortical peels (LCP),
late fibers (LF), late xylem (LX), flowers (F), flower buds (FB), green bolls (&Bg flax cultivar

CDC Bethune was used. GADPH was used as an endogenous @duatsoét al., 2010)Primer

sequences used were listedAimpendix 2
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4.3 Results

4.3.1 Identification of NACsin flax genome

ThroughBLASTP analysis, a total of 182 putative flax NAC proteins distributed on 126 separate
scaffolds were identified. These proteins consisted of 56 to 677 amino acids, with an average
length of 345amino acids. The isoelectric point ranged from 4.21 to 10A@pdndix 10. All

these 182 putative flax NAC proteins were confirmed by HMMER3 and Pfam to cartéhi

domain (Pfam domain PF02365).

4.3.2 Phylogenetic analysis

To classify the putative flaNAC proteins based on sequence similarity, | construateakamum
likelihood phylogenetic dendrogramsing proteirsequences of NACs from flayabidopsisand

poplar (Figure 41). Arabidopsiswas selected since it wascammonlyused model plant and
currently most functional information of NAC transcription factors has been obtained from studies
in Arabidopsis(ShahnejaBushehriet al.,2016 Lee et al.,2017 Nakano et aJ.2015) On the

other handpoplar was chosen because it was in the same order (Malpighiales) as flax and the
genome sequences of poplave been well annotatdduskan et al., 2006)VT+F+G4 was
suggested by IREE as the bedit substitution model for these sequences and tbexef was
applied to construct the phylogenetic dendrogfabascal et a.2005) Based on thphylogenetic
analysisand data fronPopulus | divided NAC domain proteins into 17 separate clades (Table 4

1; Hu et al., 201Q)Clade 8 was the biggest one and had 31 members in flax p2plerand 12

in Arabidopsis Flax members were represented in all the clades excepted clade 3, which
comprised a singlérabidopsismember ANACO006 Table 41). Clade 1 and 4 appeared largely

expanded in flax (Table-4). Interestingly, clade 2 had around RB.Csfrom flax and poplar
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respectively with ndArabidopsisrepresentatives, suggesting the&Csin this clade might have
acquired important functions in Malpighiales (Tabl&)4Additionally, we found most flaklACs
appeared in pairs, which were probably produzgthe previously reported genome duplication

(Figure 41; Wang et al., 2012

Based on the phylogenetic tree, the flax VNS subfamily had 17 memlfikers ib3 inArabidopsis
and 16 inpoplar (Clade 12 in the Figure-#). The 17 flax VNS genes included eigiNDs
(LusNAC136, LusNAC28, LusNAC125, LusNAC42, LusNAC20, LusNAC46, LusNAC10 and
LUsNAC16D, six NSTs(LusNAC151, LusNAC36, LusNAC161, LusNAC14&NALC66and

LusNAC163 and threesSMBs(LUsNAC89LusNAC122andLusNAC6).

4.3.3 Metaanalysis of LUuSNAC gene expression

Studying spatial and temporal expression patterns of genes can supply useful information about
their functions. To make some inferences about functions of flax NAC genes, | explored their
expression abundance in existing EST, microarray and -BBi\ datasets. The data sources

investigated are described in the Tabi2. 3

4.3.3.1 ESTs of.usNACs

To find out which of the putatiieusNAG were transcribed, | searched for ESTs of ¢aciNAC

in NCBI (https://blast.ncbi.nlm.nih.gov/Blast.¢gAs a result, ESTs were identified for 49 out of
the 182 putative flax NAC genes, and EST4d.as6NACswere observed in all the sampled tissues
(Table 41). Thisresultsuggests thdtusNACsare involved in a great range of developmental and
physiological process. However, only a few ESTs were detected fetr shohe 49LusNACs
exceptLUusNAC104 which had 28 ESTs detected, of which 27 were derived from libraries of

developing embryo with the remaining one from endosperm (Tabje 4
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4.3.3.2LusNACsexpression analysis in publicly available microarray datasets

As described above, only a minoritylaisNACgenes were represented in the publically available
EST databases. To obtain a more complete picture of NAC expression patterns in flax, | further
performed a comprehensive expressamalysisof LUSNACgenesin two previously published
microarray dataset§SE21868and GSE2934%Aug et al., 2015Huis et al., 2012)Expression
profiles of 36 flax NAC genes wenbtained while no data were found for the remaibugNACs
(Figure 42; Figure 43). This low coverage was reasonable since probes of these arrays were
designed based on the ESTs but not the genomic data. Through analyzing gene expression in
GSE?21868, w found a number diusNACswere enriched in specific tissues. For example, six
LusNACsshowed preferential expression in the flax inner stem tissues, includsgAC46
LusNAC160 LusNAC87 LusNAC66 LusNAC3land LusNAC121(Figure 42). LUsNAC66
LusNAC3 andLusNAC12lwere abundant in the inner stem tissue at the vegetative stages while
LusNAC87Avas enriched in the inner part of the stem from green capsule stage (FRjui@nt

the other hand,usNAC46andLusNAC160vere enriched in the inner tissuestod flax stem at

both stages (Figure-2).

Furthermore, manyusNACsdisplayed especially high expression leveldeaaves, including
LUsNACS LusNAC16 LusNAC39 LusNAC143 LusNAC29 LusNAC25 LusNAC33 and
LusNAC126QFigure 42). Moreover,LusNAC26vas found to be particularly abundant in the seeds
at 1015 days after flowering andusNAC137had the highest transcription abundance in root
(Figure 42). Meanwhile,LusNAC2%had apparently more transcript abundance in the flax cultivar

Belinkacomparedo Drakkar(Figure 42).
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Microarray dataset GSE29345 explored the expression patterns of genes in six parts of flax stem,
including external tissues of the upper stem (USE), the middle stem (MSE), the lower stem (LSE)
and the whole stem (WSE); interriesues of the upper stem (USI), the middle stem (MSI), the
lower stem (LSI) and the whole stem (WSI). The external tissues of flax stems are phloem and
cortex enriched while the internal tissues of flax stems are xgtaimnhed. In flax, the stem tissues

and cell walls show a developmental gradient along the length of the stem from the top to the
bottom. In the internal part of flax stem, this developmental gradient consists of the formation of
primary xylem and then layers of secondary xylem, which sachessive layer of xylem tissue
undergoing secondary cell wall thickening as well as extensive lignification. In contrast, in the
external part of flax stem, the upper tissues were associated with phloem fiber elongation and the
middle part was the stgobint of secondary cell wall formatidGorshkova & Morvan, 2006 A
heatmapconstructed using the expressidata from this analysis indicated thlatisNAC29
transcripts werenriched exclusively in the inner tissues of the lower part of the stem. As found

in the dataset GSE21868, transcripts LafsSNAC46 LusNAC160 LusNAC87 LusNAC66
LusNAC3landLusNAC12lwereparticularly enriched in thener part of flax stem as compared

to the external part (Figure2). Among them]usNAC3laccumulated the highest transcription
abundance in thimternal tissue of the upper stem, wHilesNAC31] usNAC10GndLusNAC46

were found to be enriched in the inner tissue of the entire length of the stem (F&ure 4

| also analyzed putative flax NAC transcription factors in a microarray produced by our lab that
investigated the transcript abundance of genes in five diffédr@m regions of flax stem.
Expression data for 128 out of the 182 putative LUSNACs were checked in thispshlibsyere

not present for the remainder of the other 54 flax NAC genes (data not shown)). Among the 128

LusNACs detected, only three gendsugNAC182 LusNAC67 and LusNAC16) showed
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differential expressions in at least one tissue (Taldle Zhis study showed thaisNAC182vas
obviously enriched in the shoot apex, with decreasing expression as the stem got mature (Figure
4-4). LusNAC161had hghest expression level in the stem just below the snap point whereas

LusNAC6Avas most abundant just around the snap point (Figdje 4

4.3.3.3 RNASeq

A previously reported RNASeq study measured the transcript expressidusNACSn 13 flax
tissuesand 167 putativeusNACswvere detected in at least one of the tissues exar(kedar et

al., 2013) Overall, theLusNACsshowed diversified expression patterns among these tissues. A
majority of theLusNACswere expressed in all onanyof the tissues tested but their respective
transcript abundance was rather low (Figw®a4 45b; 45c; Appendix 1). However, several
LusNACsaccumulated very high transcript abundance in specific tissues, including/&NACs
(LUSNAC32 LusNAC68 LusNAC115andLusNAC128 that were clearly enriched in the mature
embryo, seven specifically enriched in the antheusNAC175 LusNAC5]1 LusNACG62
LusNAC133LusNAC26, LusNAC3and LusNACG63, three particularly abundant in the flower
(LUsNAC43, LusNAC144andLusNAC166pand two exclusively enriched in le@gfusNAC95 and
LusNAC163Figure 45a; 45b; 45c; Appendix 1). Additionally, | found 43 of the 16RIACs
tested (26.5%) peaked their transcript abundance in embryo, 35 (21.6%) in flower and 29 (17.9%)

in antherand 21 (13%) in stem (Figure54; 45b; 45c; Appendix 1).

We were interested to find fldAXACswith transcript expression patterns that correlated with flax
phloem fiber specification. To find potential candidates, we analyzed expressions paftos
in the RNASeq data described in Chapter 2 of this thesis. As a result,.ushNACswvere found

to be significantly more enriched in the apical region (AR) compared to the basal region (BR) by
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the RNASeq (Table 46). Among them, seveNACswere alove two-fold enriched in AR and
transcripts obneNAC (LUsNAC6% was only detected in the AR but not in the BR (Tab®.4
Inversely, 3ONACswere revealed to be significantly more abundant in the BR compared to the
AR, among which, 17 were aboveédd BR-enriched and nineusNACswere detected in the BR

but not in the AR (Table-8). NACsnot detected in the AR or BR indicated that they might either
notbetranscribed or transcribed at low abundance in the corresponding tissue. Alternatively, they

mightbe transcribed during a different developmental stage.

4.3.3.4 qRTPCR

4.3.3.4.1 Confirm the expression patterns of several ABnriched LusNACsby gRT-PCR

As described above, ninaisNACswere found to be more abundant in the AR compared to the
BR by RNASeq (Table %6). Because the AR was expected to contain genes that regulated flax
phloem fiber specification, | wanted to use gRTR to confirm expression of genes in this region.

| was only able to measure transcript abundance for eight of the nireidengfied by gRTPCR

since nogenespecific primes were obtained fotusNAC651 measured transcript abundance in
three regions: the AR, BR, and 1 cm below the AR. | checked the 1 cm region between the AR
and BR because genes enriched in this areaexgected to be related to phloem fiber cell
elongation but not cell specification. As indicated in Figufe 4RT-PCR analysis suggested that

all of eight NACs tested showed preferential expression in the AR as compared to either the BR

or the 1 cm segmebelow AR.
4.3.3.4.2 Analysis of thexpression patterns oLusVNSgenes in 12 flax tissues by gRPCR

Due to the important roles of VNS genes in vascular differentiation and secondary cell wall

development, | have further investigated their expressiofilgs in 12 different flax tissues by
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gRT-PCR. Overall, genes in this subfamily showed diverse expression pgEmume 47). All
the VNS subfamily members were detected in roots while |dzadthe lowest numbers of VNS

genes detected (only 13 odtly genes were detectdeigure 47).

Among the flaxVNDs LusNAC136was specifically expressed in the late xylem whereas
LusNAC28and LusNAC125were most abundant in early fibersusNAC10 LusNAC160
LusNAC4endLusNAC20were preferentially expressed in the early xylem whilsNAC42had
a low expression level in all the tested tissues except in root. Meanwhile, lalis¥iBlDsexcept

LusNAC136vere enriched in root (Figured).

All six flax NST/SNDsappeared to be enhed in the root, vascular tissues of the stem and
reproductive tissues examindéigure 47). Specifically, LusSNAC66and LusNACl46were
exclusively abundant in the green bolls whil@isNAC164 LusNAC161 LusNAC36 and
LusNAC15-howed high expression levéisflowers, green bolls, flower buds and roots. Beyond
these LusNAC161andLusNAC36were also found to be enriched in the xylem. The difference
wasLusNAC16iwas enriched in both early and late xylem whisNAC36vas abundant in the

early xylem only(Figure 47).

All the threeLusSMBgenes were most enriched in the roots and they showed overall lower
expression levels comparedltosVNDsandLusNSTsDifferent withLusVNDsandLusNSTsthe

flax genes in the SMB family tended to be expressed only iressaueqFigure 47). For
example,LUsNAC89was only detected in roots and late xylem whetagNAC122was only
transcribed in roots, early cortical peels, late cortical peels, godsrand flower budsTranscripts

of LusNACG6lwere not detected in gg fibers and leave@~igure 47).
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Combining the data in Figure¥4and 47, | found that the duplicated gene pairs in VNS

subfamily tended to have consistent expression patterns with respect to the tissues tested, like
LusNAC28/LusNAC125usNAC46/LusNAC2QusNAC36/LusNAC151LusNAC10/LusNAC

160. This suggested that genes produced through genome duplication tend to maintain their
functions during evolution. Meanwhile, some duplicated gene pairs showed very different
expressions patternsuch at.usNAC122 /LusNAC§9suggesting that after duplication they

might have experienced s#inctionalizationor neofunctionalization.

4 .4 Discussion

NAC domain proteins are plaspecific transcription factors that play important roles in many
aspect of plant development as well as environmental responses. Here, we have identified 182
putative NAC domain proteins in the flax genome, one of the largest known NAC fa{Jiitiex

al., 2014 Shao et a).2015) Through phylogenetic analysis, they were classified into 17 different
clades (Figure4). Clade 1 andlade4 were apparently expanded in flax comparefrebidopsis
andpoplar, indicating thatNACsin these two clades might have evolved some linspgeific

roles. To date, thArabidopsisand poplar genes in these twadd¢s have not been functionally

characterized.

4.4.1 Flax genes in the VNS subfamily

The dendrogram indicated that the flax VNS subfamily had 17 members, WNDS, 6 NSTs
and 3SMBs (Clade 12 ofigure 41). The gene numbers in each group veen@parable to those
found in poplarwhich had eighNDs four NSTsand fourSMBsrespectivelyYao et al., 2012)

Comparative genomics identified VNS genes in many plant species and found their nusber wa
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not significantly associated with genome size or the presence of woody {igkuest al.,2012)
On the other han&/ao et al. compared the numbeAdfiDs NSTsandSMBsin 19 plant species

and found that 17 species had mgiDsthanNSTsandSMBs(Yao et al., 2012)

| checked the expression patterns of theseLG3VNSsin 12 flax tissues. Among them,
LusNAC136was specifically expressed in the xylem, andAitabidopsisortholog, VND7 was
suggested to regulate the xylem differentiation in réagure 47; Kubo et al., 2005) This
suggested thatusNAC136may have a specific role in regulating stem xylem differentiation.
BeyondLusNAC136four other VND genes appeared to be involved in xylem tissue differentiation
in both flax stem and root, includingisNAC10, LusNAC160, LusNACddLusNAC2QFigure

4-7). In contrast, two other VND genes includibgsNAC28andLusNAC125might be involved

in regulating secondary cell wall formation in stem phloem fiber since both of them had highest
expression levels in stem phloem fiber (Figwg)4As with theLusVNDsmany flax NST genes

were also enriched in the stem vascular tissuasNAC164, LusNACl16land LusNAC26d

roots LusNAC164, LusNAC161, LusNAC36, LusNAG1Hbwever, we found all the flax genes

in the NST group were strongly expressed in the reprodutitisees, for instance, some were
revealed to be enriched in the flowd&u$sNAC164, LUsNAC146, LusNAC36 and LusNAg151
green capsulesLsNAC164, LusNAC146, and LusNAL6G6d flower buds LUsNAC164,
LusNAC161, LusNAC36 and LusNACL5Ihese expression paths were consistent with the
previous findings. INArabidopsis genes in the VND groups were preferentially expressed in
xylem vessels and they regulated the root and shoot xylem vessel cell differentiation, while genes
in NST groups were suggested toulage the differentiation of secondary cell wall containing
cells other than xylem vessels, including interfascicular fidé&T1l and NST3, anther

endotheciumNST1andNST3 and silique cells (NST1 and NST3hong et al.2006 Zhong et
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al., 2007b; Mitsuda et al., 200/Kubo et al., 2005Mitsudaet al.,2005 Mitsuda & OhmeTakagi,

2008) However, in poplar, rice and maize, both Vidbd NST genes were expressed in vessels
and fibers(Zhong et al., 201,(Zhong et al., 2011)By contrast, the three SMilated genes in

flax had overall low transipt abundance; they were shown to be obviously more enriched in the
root. The Arabidopsis SMielated genes were revealed to be expressed in the root cap and induce
the ectopic secondary cell wall deposition when overexprg¥gg@msen et al., 2008Bennett

et al., 2010)Meanwhile, compared to the xylem and phloem fiber expression of poplar VNDs and
NSTs, thepoplarSMB group genes were only expressed in root tis&lesng et al., 201;,@htani

etal., 2011) Altogether, flax VNDs might be involved in vascular tissue differentiation in root
and stem while NSTs might be involved in the secondary cell walls of many tissues. However,
SMBs might have a role in flax root. All these indicated thatWi& genes might have conserved

roles with their homologs in other plant species.

4.4.2LusNACswith a potential role in phloem fiber specification

The RNASeq analysis described in Chapter 2 identified 9 NACs that were more abundant in the
AR of flax stems compared to the BR (Tabi&)4 Their enrichment in the AR was confirmed by
gRT-PCR (Figure 4). These NACs that were enriched in the shoot ap@xbe associated with
specification of phloem fiber cell identity, or with many other processes. For instasteAC93
andLusNACG6%re orthologues of CUC (CUBHAPED COTYLEDON) protein, a transcriptional
regulator of postembryonic shoot meristem fororatand organ boundary formatigHibara et

al., 2006 Burian et al., 2015 .usNAC50and its duplicated genausNAC2Avere both found to

be more enriched in the AR compared to BR. However, theibidopsisortholog, SOG1 has
beenreported to beequired in actively dividing cellsince they acted as a master regulator of

DNA damage (Yoshyama et al.,,2009) Among the remaining six ARnriched NACs
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LusNAC100and LusNAC120were duplicated genes and were therefore considered to share
conserved functiond.usNAC158belongs to clade 2 in the phylogenetic dendrogram, which

consisted of 21 flax genes and 17 poglenes but nérabidopsisrepresentatives.

4.4.3 OtherLusNACspossible to be involved in the flax stem vascular tissue differentiation
Four other LusNACsLusNAC87 LUusNAC66, LusNAC34andLusNAC12}) have been found to
be specifically enriched in the iantissues of flax stem, suggesting that they might have a role in

the flax stem xylem tissue development (Figw® 4

By analyzing NAC gerein an unpublished microarray study of fivecth segments collecting
from different positions of flax stem, | dimd LUsNAC182 LusNAC67and LusNAC161were
specifically enriched in certain stem segmehtssNAC182vas most abundant inDcm below

the shootipex (Figure 4). Since the flax phloem fiber cells in this area were undergoing intrusive
elongation, we assumed thatsNAC182might be involved in phloem fiber cell elongation. NAC
domain transcription factors have been found to be involved in cell expansion through
trarscriptional regulation of genes such as cellulose synthase and aqudperies al., 2013

Jiang et al., 2014)The turgor pressurehange wasne main process of flax phloem fiber
elongation and aquaporin genes were highly expressed infditmeing tissues including flax
phloem fiber(Snegireva et al., 20i{(Roach & Deyholos, 2008Roach & Deyholos, 2008)
LusNACG6#Avas most enriched in T3-@8cm from the shoot apex) which corresponded to the snap
point (Figure 44). The snap point is a mechanicallgfinable rgion in the flax stem that is
considered a transition point of phloem fiber developr{@ntshkova et al., 2003Phloem fibers

in the stem above this point grow intrusively and do not deposit secondary cell walls, whereas

phloem fibers in the stem b&ldhis point had thick secondary cell walproposedhatLusNAC67
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might have a role in regulating secondary cell wall formation in flax phloem fiber cells. Although
LusNAC16Mwas significantly more abundant in T4 than other areas of flax stem, | found this gene
was more abundant in the xylem tissue of the flax stem and root compared to phloemR@RRT
analysis (Figure 4l; Figure 47). This might indicate that this gene olved in both phloem

fiber and xylem secondary cell wall deposition in flax stem.

4.4.4LusNACsmight be related to embryo development

In this study, | found somleusNACghat were specifically enriched in embrybssNAC10had

the most ESTs identifiednd a vast majority of them were detected from libraries of embryo
(Figure 42). RNA-Seq again showed that this gene was enriched in emByyee(dix 1).
However, EST identification indicated that this gene was most abundant in the embryos at the
torpedostage while RNASeq analysis revealed that this gene had highest expression level in the
emlryos at the heart stage (Table24 Appendix 1). This indicated LusNAC104 might be
involved in the flax embryo development. Asabidopsishomologous genedN{TL9) is reported

to regulate plant defense response@hér characterizeflrabidopsisgenes in the same clade are
involved in the pathogen defense (ANACQ09), cold stressANACO062 or cell differentiation
(ANACO068 but no embryerelated functions have yet been repoitednze et al.2014 Kim &

Park, 2007 Seo & Park, 2010)Meanwhile, the microarray data GSE21868 indicated that
LusNAC26was specifically expressed in embryos atlB0days after flowering, indicating that it
might have a re in early stage of embryo development. Furthermore, four btieMACswvere
specifically expressed in the mature embryo, includingNAC32, LusNAC68, LusNAC1asd
LusNAC12§Figure 45a, b, c). This indicated that flax NACs might be involved in déffestages

of embryo devel opment. Il n the exSpgstdysifoond dat a

five flax NACs LusNAC26 LusNAC51 LusNAC62 LusNAC133and LusNAC175)specifically
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enriched inantherand three NACs LUSNAC43 LusNAC141and LusNAC16® exclusively
abundant in flowefKumar et al., 2013)The involvement of NACs in embryogenesis and floral
developmenhave been reported before. For example NAd (no apical meristegene was
revealed to be required for the pattern formation in embryos and flowers and CUC genes were
reported to be involved in the shaggical meristem formatio(Bouer et a).1996 Takada et al.,

200% Vroemen, 2003) A tomato NAC gene (SINAM2) was involved in flowkoundary
morphology and a rose NAC (RhNAC100) was suggested to control thexpatsion in flower

petals(Hendelman et al2013 Pei et al., 2013)

In total | have found evidence for transcription of 180 of 182 predicted LusNACs with the
exception of Lus10005917 and Lus10037106. These two could either be pseudogenes or genes

with some spatial or temporal expression patterns not covered in the analysetsdata

4.5 Conclusions

This study has identified 182 putative NAC genes from the flax genome. They were clustered into
17 distinct clades and two clades (Clade 1 and Clade 4) were found to be largely expanded in the
flax. Using a combination of EST, miaway, RNASeq and qRIPPCR data, experimental
evidence was found for 180 putativesNACsThe expression data listed in this study may provide

useful information for function annotation of this gene family in flax.
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4.6 Figures andtables
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Figure4-1 Maximumtlikelihood phylogenetic tree of NAC domatontaining proteins from flax
(red leaves)Arabidopsis(black leaves)andpoplar(blue leaves)The full-length amino acid

sequences were ustxlconstruct a phylogenetic tree usingTQEE (Nguyen et al., 2015). The
numberdabdedon each node were bootstregdues.
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Table4-1 Membership details of each LusNAade Lus LinumusitatissimumAt: Arabidopsis
thaliana; Ptr: poplartrichocarpg

Clade Lus At Ptr
1 6 1 0
2 21 0 17
3 0 1 0
4 7 1 1
5 6 2 5
6 10 14 17
7 7 3 6
8 31 12 25
9 9 4 7
10 13 5 10
11 1 0 4
12 17 13 16
13 5 3 4
14 14 13 13
15 9 11 11
16 7 8 8
17 19 16 19
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Table4-2 Number of flaxNACSESTSs in various tissueSissuesxaminedare as followsGlobular embryo (GE), Heart embryo (HE),
Torpedo embryo (TE), Cotyledon embryo (CE), Mature embryo (ME), Endosperm (EN), Globular seed coat (GC), Torpedo seed coat
(TC), Etiolated seedling (ES), Leaf (LE), Stem (ST), Stem peel (PS), FlowerKiBE), enrched tissue at milowering stage (F)

(Venglat et al., 201 1Day et al., 2005)

GeneName | GE | HE | TE | CE | ME EN | GC TC ES LE ST PS FL F | Total
LusNAQO4 | 1 3 13 8 2 1 28
LusNA®2 1 1 3 1 1
LusNAC32 1 1 1
LusNAQ14 1 4
LusNAGS 1 1
LusNAQ11 2
LusNAC128 1 2 1
LusNAQ69 3 2
LusNAG 1 2 1
LusNAT9 1
LusNA®S5 2 1 1
LusNAC140 3 1
LusNACQS80 3 1
LusNAQGI4 3
LusNAG6 1 1 1
LusNAC119 3
LusNAQ45 1 1 1
LusNAQS58 1 2
LusNAQGI0 1 1
LusNAQI7 2
LusNAC49 1 1
LusNAG1 2
LusNATO0 2
LusNAT3 1 1
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Lus LusNAC174
LusNAC160 LusNAC114
LusNACS7 LusNAC44
tusNACSﬁ LusNAC104

usNAG31 LusNAC31
LusNAC121 LusNACS
LusNACS2 LusNAC16
LusNAC26 LusNACS87
LusNAC118 LusNAC156
LusNAC104 LusNAC46
LusNAC79 LusNAC45
LusNAC156 LusNAC160
LusNACS0 LusNACEB
LusNAC141 LusNAC135
LusNACA45 LusNAC92
LusNAC135 LusNAC137
LusNAC137 LusMNAC27
LusNAC44 LusNAC118
LusMNACS LusNAC167
LusNAC16 LusNAC126
LusNAC120 LusNAC29
LusNAC102 LusNAC39
LusNAC100 LusNAC25
LusNAC39 LusMNAC49
LusNAC143 LusNAC79
LusNAC174 LusNAC143
LusNAC114 LusNAC102
LusNAC29 LusNAC141
LusNAC25 LusNAC33
LusNAC33 LusNAC33
LusNAC33 LusNAC140
LusNAC140 LusNAC120
LusNAC126 LusNAC26
LusMNAC49 LusNACS0
LusNAC27 LusNAC121
LusNAC167 LusNAC100
LusMNAC12 LusNAC12

Figure 4-2 Transcript abundance dfusNACsin previously published microarray dataset
(GSE21868) (Aug et al., 2015Red indicates high abundance whereas blue indicates low
abundance. A: Tissues analyzed including: root (R); leaf (L);outer stem tissues at the vegetative
phase (SOV); inner stem tissues at the vegetative phase (SIV); outer stem tissues at the green
capsulghase (SOGC); inner stem tissues at the green capsule phase (SIGC); Seé8saty$0

after flowering (E1); Seeds 20 days after flowering (E2); Seeds-80 days after flowering

(E3); B: Expressions dfusNACswere compared in two contrasting flax toedrs, Drakkar and
Bellinka. RMA-normalized, average log2 signal values were used to prepare a heat &y by
(MultiExperiment Viewer Howe et al., 2010)Genes were clustered using Pearson Correlation
distance matrix by single clustering method. The signal values for each gene were mean centered
before clustering. This involves taking the mean expression value for each gene and subtracting it
from each expression value for that gene. The mean value will be zero.
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LusNAC44
LusNAC118
LusNAC29
LusNAC49
LusNAC26
LusNAC143
LusNAC140
LusNAC79
LusNAC121
LusNAC31
LusNAC87
LusNAC160
LusNAC46
LusNAC66
LusNACS90
LusNAC114
LusNAC27
LusNACS85
LusNAC174
LusNAC100
LusNAC120
LusNAC126
LusNACS5
LusNAC92
LusNAC104
LusNAC102
LusNAC33
LusNAC156
LusNAC12
LusNAC135
LusNAC137
LusNAC141
LusNAC167
LusNAC45
LusNAC39
LusNAC25
LusNAC16
LusNAC33
Figure 4-3 Transcript abundance dfusNACsin previously published microarray dataset

(GSE29345Huis et al., 2012RMA-normalized, average log2 signal values were used to produce

a heat map. Red indicated high abundance wiile indicated low abundance. WSExternal

(i.e. phloem and cortex enriched) tissues of the whole stem; WSI: internal tissues of the whole
stem; USE: external tissues of the upper stem; USI: internal tissues of the upper stem; MSE:
external tissues of the middle stem; MSI: internal tisefiise middle stem; LSE: external tissues

of the lower stem; LSI: internal tissues of the lower stem; RiMAmalized, average log2 signal
values were used to prepare a heat map by MEV (MultiExperiment \ieloere et al., 2010)

Genes were clustered using Pearson Correlation distance matrix by single clustering method. The
signal values for each gene were mean centered béfistering. This involves taking the mean
expression value for each gene and subtracting it from each expression value for that gene. The
mean value will be zero.
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Table4-3 Transcript abundance btiSNAC probes with differential expression in at least one out

of the five stem tissues examined. Data was obtained from (To, 2013)

Probe Name Gene name T1 T2 T3 T4 T5
035937.t1|s1141:-1181 | LusNAC161| 0.35443| 0.92048| 3.69146| 5.20481| 3.60091
g42595.11|sB02-837 LusNAC182| 10.5536| 8.12987| 6.49118| 4.95178| 1.73903
g1479.t1|sb36-671 LusNAC67 | 2.79748| 7.74971| 10.1025| 5.52504| 5.86915
12
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T1 T2 T3 T4 T5
LusNAC161 LusNAC182 LusNAC67

Figure 4-4 LusNACswith differential expression in at least one out of the five stem tissues

examined. Data was obtained from (To, 2013).
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Table4-4 Significance analysis for theusNACsamong the five m segments stuelll in flax
stem microarray study. Data was obtained from (To, 2013).

LusNAC161 LusNAC182 LusNAC67
035937.t11|slL141
1181 g42595.11|sB02-837 g1479.t1|sb36-671
Tlvs. T2 ns ns ikl
T1lvs. T3 ns * Fokkx
Tlvs. T4 *x e ns
Tlvs. T5 ns bkl ns
T2vs. T3 ns ns ns
T2vs. T4 *x ns ns
T2 vs. TS ns ek ns
T3vs. T4 ns ns il
T3 vs. TS ns *x *x
T4 vs. TS ns ns ns

A two-way ANOVA test was conducted followed by a Tukey's multiple comparisons test
using GraphPad Prism 7.00. * dengteglue between 0.0Q.05; *denoteg-value between
0.0010.01; ***denotesp-value between 0.0000.001; ****denotesp-value <0.0001; ns (not
significant) denotep-value >0.05;
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LusNAC9

LusNAC10
LusNAC11
LusNAC12
LusNAC13
LusNAC14
LusNAC15
LusNAC16
LusNAC17
LusNAC18
LusNAC19
LusNAC20
LusNAC21
LusNAC22
LusNAC23
LusNAC24
LusNAC25
LusNAC26
LusNAC27
LusNAC28
LusNAC29
LusNAC30
LusNAC31
LusNAC32
LusNAC33
LusNAC34
LusNAC35
LusNAC36
LusNAC37
LusNAC38
LusNAC39
LusNAC40
LusNAC41
LusNAC42
LusNAC43
LusNAC44
LusNAC45
LusNAC46
LusNAC47
LusNAC48
LusNAC49
LusNACS50
LusNAC51
LusNACS52
LusNAC53
LusNACS54
LusNACS55
LusNAC56
LusNACS57
LusNACS58
LusNACS59
LusNACGE0

Figure4-5a Expression profiles dfusNAQ-60in 13 different tissues (Kumar et al., 201Bjey
were as follows: globular embrygd), heart embryo (he), torpedo embryo (te), cotyledon embryo
(ce), mature embryo (me), seeds (sd), anthers (an), ovaxigsr{ature fower (1), root (rt), stem

(st), etiolated seedlings (es), leaves (le). The Mev_4 9 0 was applied to draw the hi¢ddweap

et al., 2010)Red indicated high expressiwhereas blue indicated low expression. Genes with no
expression in all the tested tissues were shown as grey.
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LusNAC6E1
LusNAC62
LusNACG63
LusNAC64
LusNACGE5
LusNACG6
LusNAC6E7
LusNACGE8
LusNACG69
LusNAC70
LusNAC71
LusNAC72
LusNAC7Y3
LusNAC74
LusNAC75
LusNAC76
LusNAC77
LusNAC78
LusNAC79
LusNACS80
LusNACS1
LusNACB82
LusNACB83
LusNAC84
LusNAC85
LusNACS86
LusNAC87
LusNACS88
LusNACB89
LusNAC90
LusNAC91
LusNAC92
LusNAC93
LusNAC94
LusNAC95
LusNAC96
LusNAC97
LusNAC98
LusNAC99
LusNAC100
LusNAC101
LusNAC102
LusNAC103
LusNAC104
LusNAC105
LusNAC106
LusNAC107
LusNAC108
LusNAC109
LusNAC110
LusNAC111
LusNAC112
LusNAC113
LusNAC114
LusNAC115
LusNAC116
LusNAC117
LusNAC118
LusNAC119
LusNAC120

Figure4-5b Expression profiles dfusNA®1-120in 13 different tissues (Kumar et al., 201
They were includingglobular embryode), heart embryo (he), torpedo embryo (te), cotyle
embryo €e), mature embryo (me), seeds (sd), anthers (an), ovaxigsr(ature flowerf{), root
(rt), stem §f), etiolated seedlings (es), leaves (le). The Mev_4 9 0 was apptiegitdhe hea
map(Howe et al., 2010)Red indicated high expression whereas blue indicated low expre
Genes with no expression in all the tested tissues werenshogrey.
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LusNAC129
LusNAC130
LusNAC131
LusNAC132
LusNAC133
LusNAC134
LusNAC135
LusNAC136
LusNAC137
LusNAC138
LusNAC139
LusNAC140
LusNAC141
LusNAC142
LusNAC143
LusNAC144
LusNAC145
LusNAC146
LusNAC147
LusNAC148
LusNAC149
LusNAC150
LusNAC151
LusNAC152
LusNAC153
LusNAC154
LusNAC155
LusNAC156
LusNAC157
LusNAC158
LusNAC159
LusNAC160
LusNAC161
LusNAC162
LusNAC163
LusNAC164
LusNAC165
LusNAC166
LusNAC167
LusNAC168
LusNAC169
LusNAC170
LusNAC171
LusNAC172
LusNAC173
LusNAC174
LusNAC175
LusNAC176
LusNAC177
LusNAC178
LusNAC179
LusNAC180
LusNAC181
LusNAC182

Figure4-5c Expression profiles df usNAC20-182in 13 different tissues (Kumar et al., 2013).
They were including: globular embrygdj, heart embryo (he), torpedo embryo (te), cotyledon
embryo €e), mature embrydme), seeds (sd), anthers (an), ovar®g, (mature flower f{), root

(rt), stem §t), etiolated seedlings (es), leaves (le). The Mev_4 9 0 was applied to draw the heat
map (Howe et al., 2010)Red indicated high expression whereas blue indicated low expression.
Genes with no expression in all the tested tissues were shown as grey.
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Table 4-5 LusNACswith significantmore transcripts in the AR compared to the BR. Data was
obtained from Chapter 2 of this thesis.

Gene Name | FPKM (AR) | FPKM (BR) log2(fold_change AR/BR) | q_value
LusNAC93 21.63 0.48 5.49 0.002
LusNAC158 22.43 3.17 2.82 0
LusNAC50 17.88 3.06 2.55 0
LusNAC100 23.1 5.45 2.08 0
LusNAC120 24.44 7.08 1.79 0
LusNAC27 19.44 6.19 1.65 0
LusNAC92 55.1 24.19 1.19 0
LusNAC114 18.71 10.46 0.84 0.005
LusNAC65 11.78 0 NA 0
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Table4-6 LusNACssignificantly more enriched in the BR compared to the AR. Data was obtained
from Chapter 2 of this thesis.

Gene Name | FPKM (AR) | FPKM (BR) | log2(fold change AR/BR) g_value
LusNAC169 0.68 27.07 -5.32 0.001
LusNAC119 1.1 41.48 -5.24 0
LusNACS83 0.68 17.25 -4.67 0
LusNAC99 0.31 7.18 -4.52 0.034
LusNAC10 0.65 10.25 -3.99 0.001
LusNAC125 0.74 11.27 -3.93 0
LusNAC181 0.45 4.35 -3.27 0.03
LusNAC132 0.71 6.69 -3.23 0
LusNAC28 0.48 4.14 -3.09 0.01
LusNAC29 0.24 1.78 -2.88 0.046
LusNAC19 0.31 2.12 -2.77 0.01
LusNAC180 0.35 2.21 -2.64 0.045
LusNAC16 2.83 16.91 -2.58 0
LusNAC126 14.26 80.21 -2.49 0
LusNAC140 3.11 14.86 -2.26 0
LusNAC143 4.76 15.2 -1.68 0
LUusNAC175 29.77 80.5 -1.43 0
LusNAC86 4.03 7.76 -0.95 0.02
LusNAC69 6.35 11.46 -0.85 0.011
LusNAC59 4.29 7.13 -0.73 0.045
LusNAC49 9.15 14.46 -0.66 0.029
LusNAC12 0 2.42 NA 0
LusNAC33 0 2.97 NA 0
LusNAC36 0 21.29 NA 0
LusNAC38 0 3.03 NA 0
LusNAC40 0 5.82 NA 0
LUusNAC74 0 1.48 NA 0
LusNAC109 0 3.92 NA 0
LusNAC151 0 11.27 NA 0
LusNAC161 0 65.15 NA 0
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Figure4-6 Validation of the expressions of eight selectedé&Riched_.usNACdy qRT-PCR.
Error bars denoted standard derivations.
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LusNAC136
LusNAC28
LusNAC125
LusNACI10
LusNAC160
LusNAC46
LusNAC20
LusNAC42
LusNAC1c4
LusNACE6
LusNAC146
LusNAClEl
LusNAC36
LusNAC1S51
LusNACL22
LusNACES
LusNACel

NST/SND

SMB-related

Figure4-7 Transcript abundance of VND, NST/SND and SMB orthologue genes in 12 dif
tissues analyzed by gqRICR.Delta- Ct (Cr of target gene minus+®f endogenous controls
values were used to produce a heat map. Blue indicates high expression level virdie aiees
low abundance. Grapdicatedno transcripts detected. Riots;L: leaves; EF: early fibers; LF
latefibers; EX: early xylem; LX: late xylem; ECP: early cortiga¢els LCP: late corticapeels;

F: flowers GB: greerbolls; SL: senescent leaseFB: flower buds ;
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Chapter 5. Functional analysisof an uncharacterizedArabidopsisgene,

At3g05980

5.1 Introduction

In my study of flax shoot apex transcript expresqidinang & Deyholos, 2006 | identified a
predicted flax gend,us10041215which had transcripts that were 53 times more amitridahe
shoot apex as compared to the remainder of the stem. The 207 aa protein entodé0®41215
does not contain any conserved domains that
Conserved Domain Databag€inn et al., 2016; MarchlerBauer et al., 2015)However,
Lus1004121%as been assigned to an unnamed PANHHiEotein family, PTHR31723F2
which includes two genes from Arabidopstg5g19340and At3g05980 as well as genes from
several other eudicotéMi et al., 2017) Indeed, whenLus10041215is used to query the
Arabidopsis proteomeéit5g19340and At3g05980are the best BLASTP matchesv@ue 5.4 x
102% 3.9 x 10, respectively). Because functional genetic analysisrabidopsisis faster and
easier than in flax, | chose to characted8g05980in Arabidopsis.This gene was selected
becaus&t3g05980vas shown by the microarray dateeifPBrowser to be enriched in the shoot

apical meristem, where@¢5919340abundace in the shoot apical meristem was relatively low.

5.2 Materials andmethods

5.2.1 Plant materials
All the seeds used in this study were in the Columbia-QZbhckground. Arabidopsis plants were
grown at 22°Cwith a cycle of 16 h light and 8 h dark. The surfaterilizedArabidopsisseeds

were vernalized for 4 days at 4°C in darkness before being sown on 1/2 X MS medium. The 1/2 X
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MS medium as referred to throughout this thesis contains 1/2 strength Mur&sbigeg (MS)

basal medium, plus 0.7% (w/v) agar and 1% (w/v) sucrose.

5.2.2 In silico analysis

The gene structure, amino acid length, molecular weight and isoelectric point of At3g05980 were
obtainedfrom the Arabidopsis Information Resource (TAIRSarciaHernandez et al., 2002)
Signal peptide and transmembrane domain analyses were conducted by SignalP 4.0 and TMHMM
Sewer v 2.0respectively(Peterseret al, 2011 Krogh et al, 2001) The presence of annotated
conserved domains was checked usinghBoasite and PfartBigrist et al., 2009 Coggill, et al.,

2015) The subcellular localization of At3g05980 was predicted using several commonly used web
servers, including PSORT, WoLF PSORT, PlaiRLoc, TargetP, MultiLoc2, SUBA3 antLoc

(Nakai & Horton, 1999Horton et al., 200/Chou & Shen, 20L,Emanuelsso et al, 2007 Blum

et al, 2009 Hawkins & Bodén, 2008Briesemeister et al201Q Tanz et al., 2013)

5.2.2.1 Homologs Identification and conservation anasjs

BLASTP was used to align At3g05980 to the predicted proteins froNirgfiplantae genomes
available aPhytozome v12.tlatabase using the default settings, except thatvhkie threshold

was set at <IP (Goodstein et al., 2012Multiple sequence alignment of all the At3g05980
homologs was conducted using ClustalWW and MAFFT with default parameters and full protein
sequencefEdgar, 2004Katohet al.,2009) The conserved motifs among these protein sequences

were identified using the MEMEuite(Bailey et al., 2009)

5.2.2.2 Phylogenetic analysis
A neighborjoining phylogenetic tree was constructed using MEG&AS the multiple sequence

alignment produced by MAFFT described abfvamura et al., 201 Bnd the Dayhoff aminacid
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substitution model. Dayhoff model was selected in this study $ivecenost widely used amino

acid substitution matrices are based as mmodel(Henikoff & Henikoff, 1992) Gaps or positions
missing residues were deleted from pairwiseatlic¢ estimate. Default values were used for the
remaining parameters. Branch support was determined using bootstrap with 1000 replicates run

under same search parameters.

5.2.2.3At3g05980expression prediction
In silico expression profiles oAt3g05980were extracted fronthe eFPBrower 2.0 in the Bio
Analytic Resource for Plant Biology server (BAR) and Genevesti@dimmermann et al2005

Waese et al., 2017)

5.2.2.4 Ceexpressed analysis
The names of the top 300 genesespressed witht3g05980wnere obtained frolATTED-II and
input into the Bingo application in Cytoscape v 3.5.1 to conduct Gene Ontology enrichment

analysis(Obayashi et al., 200 Bhannon et al., 2003)

5.2.2.5cis-acting regulatory elements prediction

The entireupstreamintergenic region upstream of the initiation codomAt8g05980(2,799 bp)was
input into PLACE, PlantCARE and AGRISr cis-acting regulatory element identificatigkenichi et

al, 1999 Rombauts et gl.1999 Yilmaz et al., 2011) The Arabidopsisgenome sequence was
downloaded from Phytozome v12.1 and the occurrence of eaelenient inArabidopsisgenome was
counted using Bioperl scrip(Stajich et al., 2002)A onetailed Ztest was used to determine whether a

cis-element was significantly enriched in the88g0598Qromoter compared thié whole genomgrhe

Arabidopsis Genome Initiative, 2000Jhe formula used was as follovdh ——— |, where
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indicated the frequency of a certain-element in the promoter sequencgwias the frequency of a

certain ciselement in the genome, ang\W\as the length of the promoter fragment.

5.2.2.6 Protein 3D structure and function pediction
The 3D structure of At3g05980 was predicted ushTASSER, and this server predicted the

function of this protein based on ttep-ranked3D model(Zhang, 2008)

5.2.3 At3g05980 expression pattern analysis

5.2.3.1 Promoter: GUS fusion study

All the intergenic DNA sequence upstream of the start codoAt®§05980(2799 bp) was
amplified from Arabidopsiswild-type (Col-0) plants using pmers with Hindlll and BamHI
restriction sites (HindIHAt3g05980promoterF: CCCAAGCTTGGTTATAATATTTTATGTGG;
BamHIAt3g05980promoterR: CGCGGATCCTTCTTCTATTGTGATGAAG). The resulting
PCR product was purified with Wizard® SV Gel and PCR GldprSystem (Promegand then
subcloned into the TOPO TA Cloning® vector before transformedintmli Top10 competent
cells. Plasmids were extracted using Plasmid Miniprep Kit (Qiagen) and then digested with Hindlll
and BamHI. The digestion products were then cloned hgosame site of the pRD420 vector
(Datia et al.1992) Theconstruct was then introduced indoabidopsiswild-type plants (CaeD)
throughAgrobacterium tumefacieridV3101 by floral digClough & Bent, 1998 At3g05980pra:

GUS transgenic seeds were selected on 1/2 X MS medium containing 50 pg/ml kanamycin.
Expression of theGUS gene was studied in the> Generation of theAt3g05980pra: GUS

transgenic [ants. More than 10 progeny of each of 10 independent primary transformants were
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analyzed. pRD410 transformants carrying a CaMV G@i8i8: fusion and pRD420 transformants

carrying uidA with no promoter were used as positive and negative controls, respectivel

For histochemical GUS staining, seedlings or tissues of transgenic plants were vacuum infiltrated
in ice-cold 90% (v/v) acetone for 2 minutes before incubatio2@tC for 30 min. Samples were

then washed twice with 50 mM NaHR(@H7.2) and incubateith GUS staining solution (0.2 %
Triton X-100, 10 mM EDTA, 50 mM NaHPOpH 7.2, 2 mM KFe(CN}, 2 mM Ks Fe(CN) , 2

mM X-gluc) at 37°C for 2 days. After successive incubation in 30% ethanol @ngdnd FAA

(50 % ethanol, 5 % formaldehyde, 10 % glaaegtic acid) overnight, tissues were transferred
into 70% ethanol for final storage. Samples were then observed with an Olympus BX51

microscope and photographed with an HDEID digital camera.

5.2.3.2 qRTPCR

For gRTPCR testing of hormone responsivene$At3g05980 Arabidopsis CaeD wild-type
plants of seven days after sowing (DAS) were incubated in 10 uM ABA (abscisic acid), 5 uM IAA
(3-indoleacetic acid), 5 uM BA @enzylaminopuring 10 uM MeJA (methyl jasmonate), 1 uM

BR (brassinogtroid), 20 uM ACC (Z-aminocyclopropand-carboxylic acid), 1 pM GAS3
(gibberellic acid3 potassium salt). For gRACR testing of the responsivenes\t8g0598Q0

salt, osmotic and cold stress, 7 DAS (days after sowwilg)-type Arabidopsis plants were
transferred tahe liquid MS mediumHKalf-strengthMS basal medium plus 1% sucrose) with 0.2

M NacCl or 0.3 M mannitolCold treatment was done by transferring seven DAS plants to the MS
liquid medium and incubated in the 4°C. Samples for all the treatment were codledtéd 3 h,

6 h, 12 h and 24 h after incubation.
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For qRT-PCR analysis of tissegpecific At3g05980expression, shoot apices and inflorescence
apices were dissected frofmabidopsisWT plants at 18 DAS and 23 DAS respectively, under a
dissecting microsmpe. The Arabidopsis at 18 DAS had ten visible rosette leaves-arftbial
primordia at stage-8 (Smyth et al. 1990) The shoot apices sample contained some leaf tissues
or floral primordia that could not be dissected entirely from the shoot BpexDAS seedlings

had two cotyledons but true leaves had not emerged, while 7 DAS seedling had the first two true
leaves Wsible. Rosette leaves, cauline leaves, siliques (green siliques) and four flower samples
(stage 12, 13, 14 arikb/16) were taken from ormaonthold plants.Flower stages were assigned
according t o (Ca&iLashbroak,e200B)Robts wee ecollected from plants at 18
DAS. Three biological replicates of eatibsue were collected in liquid nitrogen and stored at

80 °C until use. RNA was isolated using RNeasy Plant Mini Kit and then treated with TURBO
DNA-f reeE Ki t t o r e mo V@00 dpétthophotdmetdl aamd cald Agdept 2100
Bioanalyzer were used to check the RNA quality. The cDNA was then synthesized with a First
Strand cDNA Synthesis Kit and OligoTH 18 primer Each PCR reaction had three biological
replicates and three technicaplicates. Redime PCR was performed in an Applied Biosystems
7500 Fast Redime PCR System. Each amplification reaction was 10 pl and consisted of 0.4 uM
of each primer, 0.25 X SYBR Green, 1 X ROX, 0.075 U Platinum Taqg, 0.2 mM dNTPs and 2.5 ul
16 X dluted cDNA. Threshold cycles (¢ were determined through 7500 Fast Software. The
ArabidopsisActin 2 and EFla genes were used as endogenous cof@néchowski, 2005Each
sample had threaological replicates and three technical replicates. Data were analyzed using the

o gp£method(Zhanget al.,2015) Primers sequences used in this study were as follows:

At39g05980gPCRAS: TTTAGAGACGGITCAAAGACG;
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At3g05980gPCRS: GAGAAGGAGATACGAGGTCCAA,
At3g05980gPCRAS2: AGGACAGTGTCGTCTTTGTCTCC;
At3g05980gPCRS2: TTCGCTGCGTCCTCAAGTGAAC;

Actin2AS: TGAGAGATTCAGATGCCCAGAA;

Actin2S: TGGATTCCAGCAGCTTCCAT;
EF1AAS: TGAGCACGCTCTTCTTGCTTTCA;
EF1AS:GGTGGTGGCATCCATCTTGTTACA;

The specificity of primers was checked using BLASTN to align them tétakidopsisgenome
sequences in the NCBI nucleotide database and by examining the migration of the PCR products

using agarose gelectrophoresis.

5.2.4Subcellular localization

To create transgenic plants overexpressing a-&iBB05980 fusion protein, the CDS (coding
DNA sequenckeof At3g05980 was first PCR amplified from the cDNA of WT Arabidopsis using
BamHI and Xbal incorporating primers (BamHI -At3g080CDSF:5'
CGCGGATCCTCATGGTTTTAGAGACGGTTTC 3 XbaAt3g05980CDSR:5'
CTAGTCTAGACTAGGCGCGTCTCTCTACT 3'). The amplicon was then digested with
BamHI and Xbal, and was ligated into the BamHI and Xbal dedigested pCsGFPBT vector.
The resulting construcisere then transformed in#. tumefacien$sV3101 through freezéhaw
method and the positive transformants were transferred int@iafdidopsisplants through floral

dipping methodClough & Bent, 1998 Transgenic plants were selected on the 1/2 X MS medium
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containing 50 ng/pL Hygromycin B. sTplants from six independent lines were used for

localization analysis.

For peroxisome localization, a binary peroxisome marker plasmid (Clone namBBPMas
obtained from TAIR and transformed into homozygous 36&P: At3g05980transgenic plants
usingA. tumefacien€sV3101. In this marker, mCherry (a red fluorescent proteicludes the
peroxisome targeting signal 1 (PTS1,-8Bgs-Leu) located at its @erminus(Shaner et al., 2004
Reumann, 2004)This marker uses a 35S pronrotgth dual enhancer elemenfdelsm et al.,

2007) The transgenic plants were selected on 1/2 X MS medium supplemented with 10 pg/ml
Basta (also known as glufosinaisnmonium or phosphinothricin)lz transgenic plants were

observed using confocal laser scanning microscope.

A modified pCAMBIA1303 vector (pCAMBIA1303m) described previously was used to create
transgenic plants overexpressing a At3g05@80P fusion protein(Khan, 2015) A DNA
fragment was synthesized by Genescript, which had Ncol and Afel restriction sites incorporated
to the 506 e n dAt3g0obadCco8lidg sequedce. dlie syinthesized DNA fragment was
then digested with Ncol and Afel and inserted into the Ncol and Afebldodigested
pCAMBIA1303m vector by ligation. The ligation product was again transformed intB. tbeli
(TOP10) competent cells. Clones grown on the LB medium added with 50 pg/ml kanamycin were
propagated. Plasmids were then extracted and sequencaditmdbat the CDS of At3g05980
protein was insertediftame to the Nlerminus of theCiFPand no mutation occurred. The correct
fusion constructs were then transformed ittumefacien$V3101 through freezthaw method

and the positive transformanteke transferred into WArabidopsigplants through floral dipping
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method (Clough & Bent, 1998 Transgenic plants werselected on the 1/2 X MS medium
containing 50 ng/ul Hygromycin B.z1Seeds of six independent lines were used for localization

analysis. & plants from six independent lines were used for localization analysis.

5.2.5 Overexpression plasmid construction

The CDS 0fAt3g0598avas amplified from cDNA of Arabidopsis seedlings using Ncol and BstEl|
tagged primers. The PCR product was cloned into the pDBRO vector and transformed into

E. coli (TOP10) competent cells. Ampicillin (50 pg/ml) was used to sedesttive clones. The
selected positive clones were then grown overnight in liquid LB medium (37°C) and plasmids
extracted from these clones were sequenced to confirm that no mutation had occurred. The
confirmed plasmids as well as pCAMBIA1303 vector waoeble digested by Ncol and BstEIl.
Digested products were separated on aaggfosegel. The At3g05980 CDS fragment as well as

a modified vector were excised from the gel and purified using a Wizard® SV Gel and PCR Clean
Up System. T4 DNA ligase was thersed to clone the At3g05980 CDS fragment into the
pCAMBIA1303 vector. The ligation product was again transformed intaEtheoli (TOP10)
competent cells. Clones grown on the LB medium added with 50 pg/ml kanamycin were
propagated. Plasmids were then ected and sequenced to confirm that the At3g05980 fragments
were correctly inserted into the pCAMBIA1303 vector. The correct plasmid were then transformed
into AgrobacteriumGV3101 competent cell by electroporation and intoAhebidopsisby floral

dipping (Narusaka et gl.2010) Transgenic plants were selected on the 1/2 X MS medium
containing 50 ng/ul Hygromycin B. Homozygous plants from theg&neration of three
independent transgenités were used for phenotyping analysis. §RIR was performed to

check the relative transcript abundance of At3g05980 in each transgenic lines compared to the

wi | d t yp ermbetyod asllescrilgpditthe section 2.2.3. Floral buds of WT plants d&nd eac
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of the overexpression lines were sampled from-feeekold plants and Effa was used as the

endogenous contr¢Czechowski, 2005)

5.2.6 ldentification of the homozygous IDNA insertional mutants

Two T-DNA insertional mutant lines were obtained from ABRC: SALK 0244881 a
SAIL_1054_GO0ZAlonso, 2003) Genotyping was pfarmed using tweprimer PCR and the nen
transformed parent control was used as a control. One PCR reaction was performed using LP+RP
and another PCR reaction using LB+RP. A produas$obtained in the LP+RP reaction for WT

or HZ lines, with no product fdiM lines. Meanwhileno productwasobtained for the HM or HZ

lines in the LB + RP reactions.

Primers used for SAIL_1054 GO02 were:

LP: TAGAACCAAAACGAGTGGTCC

RP: AAGGAGATACGAGGTCCAAGC

LB2: GCTTCCTATTATATCTTCCCAAATTACCAATACA
Primers used for SALK 024489 were

LP: GGAAGCAATTTACCTTCGGAG

RP: TTTGTCCATACCCAATAGTTTGC

LBb1.3: ATTTTGCCGATTTCGGAAC

5.2.7 Creation ofAt3g05980mutant by CRISPR-Cas9
The CRISPRPLANT online platform was used to desiggRNA targets forAt3g0598Q(Xie et

al., 2014) Those closest to the start codon (<100 bp) were sent to th@FkFasderfor off-target
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prediction and to th€RISPRscarfor editing efficiency predictioriBae et al.2014 Morenc

Mateos et al., 2015 he sgRNA targets used in this analysis were as follows:
At3g05980 target 1: GAGATACGAGGTCCAAGCAACGG

At3g05980 target 2: TGTAAGGAAGATGTCGTCAAAGG

At3g05980 target 3: TCATCTGATTTATCTGACGGTGG

At3g05980 target 4: ATCTTCCTTACACATTAGGGGG

Two constructs were made to generateAdBg05980single mutant following the previous
description, and each construct had ®t8g05980sgRNA targets inserted into the pHEE401
vector(Xing et al., 2014)Construct one ha#it3g0598Qarget 1 and target 2 inserted whereas the

construct two hadt3g0598Qarget 3 and target 4 cloned into the pHEE401 vector.

These constructs were then transformed iArmabidopsiswild-type plants (CaeD) through
Agrobacterium strain GV3101, using the floral dip metfotbugh & Bent, 1998 Seeds of §
plants were selected on 1/2 X MS medium with 25 mg/L Hygromycin, and resistant seedlings were
grown into soil. Genomic DNA of fplants was extracted ugirDNeasy Plant Mini Kit |
amplified and sequenced the fragments flanking the target sites by PfiRgaesiespecific

primers, to confirm presence of the intended gene edits.

5.2.8 Freezing assay

For coldacclimation (CA) treatments, 14 DAS Arabidopsis seedlings grown in the 2 X MS
culture plates were cultivated in a 4 °C chamber (16 h light/ 8 h @&rl)days before freezing
treatment. FononacclimatedNA) treatment, 17 DAS Arabidopsis seedlings were treated by

freezing directly. A programmable freezer was used to do the freezing treatment. Plants were
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maintained at 0°C for 1 h and then the tempgeawas reduced by 1°C / h until the target
temperature (described in the figure legend) reached. After the freezing treatment, plants were
recovered in a 4°C chamber without light for 12 h and then grown for in normal growing condition
(22°C with 16 h lght) for another 3 days. The survival rates were then determined by counting the

plants with emerging green leav@gang et al., 2017)

5.2.9 Electrolyte leakagedest

Whole seedlings were used in the electrolyte leakage test as described prédoslgt al.,

2015) Briefly, all seedlings following freezing trement were collected in a conical screap
polypropylene tube with 8 ml deionized water. The electrical conductivity W€ measured (b
Samples were gently shaken at room temperature for 15 min before measuring the EG)again (S
The samples were boiled at 100 °C for 30 min and shaken at room temperature for another 20 min
before measuring the EC again)(SElectrolye leakage was calculated using the following

formula: (ST 0)B(ST 0)S

5.2.10 Expression of coldegulated genes

Expression of six coldegulated genes was compared in the WT and the At3g05980floss
function mutant. 10 DAS WT and mutant plants grown in 1/2 X MS medium were treated at 4°C
with 16 h light/8 h dark. Total RNA was extracted from the whole seedlingscDNA synthesis

as well as gRIPCR performance were same as described in the section 5.3.3.2.
Actin2was used as the reference gene. Primers used were as follows:
CBF1-gF. GGAGACAATGTTTGGGATGC,;

CBF1-gR: CGACTATCGAATATTAGTAACTCC,;

CBF2gF. CGACGGATGCTCATGACTT,
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CBF2gR: TCTTCATCCATATAAAACGCATCTTG;
CBF3qgF TTCCGTCCGTACAGTGGAAT,;
CBF3gR: AACTCCATAACGATACGTCGTC,;
KIN1-gF TGCCTTCCAAGCCGGTCAGA;
KIN1-gr: AGGCCGGTCTTGTCCTTCAC;
RD29A-gF GCCGAGAAACTTCAGATTGG;
RD29A-gR: CCATTCCTCCTCCTCCTTTC,;
COR4#gF. CCGAGCACGGACACCAAC;
COR4#qgr: TCCACGATCCGTAACCTCTGTT,;
Actin2qF: TGAGAGATTCAGATGCCCAGAA,

Actin2gr: TGGATTCCAGCAGCTTCCAT;

5.2.11 Seed fatty acid profiling, auxin analogs sensitivity assay and sucrose dependence assay

Dry mature seeds were used for fatty acid determination. Seed fatty acids were extracted and
analyzed as previously describ@birier et al. 1999) Basically, fatty acids were first converted

into FA methyl esters in methanol solution containing 1M HCI for 2 h at 80°C. The fatty acids in
seeds were subsequently measwsdg GCMS. For auxin analog sensitivity, seeds were plated

on 1/2 X MS medium with 0.2 pg/ml 2@B, 30 uM IBA or no hormone. Hormone concentrations

were selected based @Parket al., 2013Footitt et al., 2002)Plates were grown at 22°C with 16

h light for 7 days before checking the root length. For the sucrose dependence assay, seeds were
plated on 1/2 X MS medium or on medium without 1% sucrose. Plates were transferred to the dark

for 7 days before photo was taken.
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5.3 Results

5.3.1In silico analysis of At3g05980

At3g05980consists of a single exon encoding a predicted protein of 245 amino acids and 27.6 kDa
with isoelectric point of 10.2. No signal peptide, transmembrane domain or any annotated functional
domain was detected in its protein sequencesilico analysis thragh several commonly used web

based algorithms predicted that this protein might be targeted to the cytoplasm, chloroplast, nucleus,

mitochondrion or plastid (Table b).

5.3.1.1 Homologsdentification

Querying the At3g05980 amino acid sequence agéiespredicted proteins in the 64 sequenced
plant species available at Phytozome v.12.1 by BLASFPalue <1() identified a total of 63
presumed homologs 8t3g05980and these were found in all of the 37 eudicots anal@eddstein

et al., 2012) Most species had one or twmpies, exceptKalanchoelaxiflora which had four.
However, no apparent homologsAiBg05980were detected in the surveyed genomes of monocots,
bryophytes and green algae species. Hiisencaendicates thatAt3g05980may bespecific to
eudicots. Meanwhile, keyword searching indicated that only these 63 proteins were annotated as
members oPTHR31722 SF2in Phytozome v12.1. As shown the multiple sequence alignment,
multiple highly conserved motifs exist in the proteinugsice olLus1004121%s well as its distant
homologs(Figure 51). At3g05980had only one paralog iArabidopsis,At5g19340.These two
Arabidopsis proteins shared 76.3% and 66.1% similarity and identity, respeclivislymplied that

they might have comsved functions.
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5.3.1.2 Phylogenetic analysis

A neighborjoining dendrogram was constructed from the protein sequencég3gD5980
homologs, which is consistent with grouping into three broad clades: Clade |, | afidjukig( 5

2). Whereas there wadtle support for the backbone, many derived clades were well supported
(e.g., 100% bootstraphn Clade I, three flax geneky{s10041215_us1000245andLus1001052p
formed a weHlsupported clade, suggesting that this group of genes likely originated from a
duplication that occurred after flax had diverged from the other species that were analyzed.
However Arabidopsisgenes showed a different patteAt3g05980andAt5g19340vere place in
separate subclades in Clade Il. Both genes were placed with orthologarbidopsis lyrata
Arabidopsishalleri, Boecherastricta, Capsella rubellaCapsellagrandiflora, Brassica rapaand
Eutremasalsugineum This pattern suggesd that in Brassicaceae, genes in this family had

duplication events that occurred prior to the divergence of these species (F&ure 5

5.3.1.3 Conservation Analysis

To investigate the sequence conservation of this family, | analyzed multiple seqligmoeats

of theAt3g0598thomologs. Several highly conversed regions were identified among these genes
(Appendix 12. Analysis by MEME Suite defined four conserved motifs within these proteins
(Figure 52; Bailey et al., 2009)Sequence logos of these four conserved motifs are shown in the
Figure 53 (Crooks et al.2004) It was noted that all of the homologs contained four motifs, with
the exception of two flax proteins, Lus100105k&king motif 1 and motif 2) and Lus10041215

(lacking motf 2; Figure 52).
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5.3.1.4Expression prediction

To make inferences about the functio\8g059801 analyzed its microarragterived expression
pattern using data from BARNaese et al., 2017Microarray data indicated thatishgene was
ubiquitously detected in all the 47 tissues tested, and it was preferentially accumulated in shoot
apices, petals, developing seeds, and roots (Figdad.3n root, transcripts of this gene were most
abundant imatrichoblastcells (Table 52a). GENEVESTIGATORanalyedthe expression of this
gene across 111 tissuasdrevealed that the ten tissues with the most abundant transcripts are:
root epidermadtrichoblastroot epidermis, petal, axillary shoot, root hair, replumréht@ot cap,
phloem and mesophyll cell (Figuredd). Meanwhile, transcripts of this gene were reported to be
repressed by exogenous application of the hormone ABA, amneigupated by cold (Table-2b;

5-2¢). In addition, osmotic stress reduced its e in shoots while stimulating its transcript
accumulation in root to a small extent (Tabl2d. UV-B and wounding were also reported to
possess a minor inhibitory and stimulating role on the transcriptigit3g05980n shoot (Table

5-2¢).

5.3.1.5 -expression analysis

Co-expressed genes might be involved in similar or related biological processesATU$e0-

Il to identify 300 genes that are -eapressed withAt3g05980(Obayashi et al., 2007)Gene
ontology (GO) enrichment analysis of these genes indicated that cell differentiation, carbohydrate
metabolism ad lipid metabolisrmrelatedgenes and genes with catalytic activity and transferase

activity were overrepresented among these (Figitbe(bayashi et al2009)
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5.3.1.6Cis-elementprediction

| exploredcis-elements in the entire upstream intergenic region upstreakt8g05980in three
commonly used plant cigcting reglatory elements databases (PLACE, Plant CARE and AGRIS)
and compared the frequency of eachateament in the At3g0598Qoto its frequency in the whole
Arabidopsisgenome(Higo, 1998 Rombauts et al., 199¥ilmaz et al., 2011 The Arabidopsis
Genome Initiative, 2000Based on this analysis, | found 26-elsments that were significantly
enrichedp-val ue O 0.05) i n t he AtBgd598ane manmy ofientwere ge ni ¢
involved in the abiotic stress, including five related to dehydration and cold (MREATERD1,
MYCATRD22; ATHB2_BINDING_SITE_MOTIF; ABRELATERD1, two related to salt stress
(GTIGMSCAM4; ATHB2 BINDING_SITE_MOTIF), one assateéd with wounding
(QARBNEXTA,; Table 53; YamaguchiShinozaki,1994 Chen et al., 200Z5impson et al., 2003

Abe et al., 1997Sessa et al1993 Yoo & al., 2010 Elliott & Shirsat, 1998)Moreover, some cis
elements involved in the hormone signaling were revealed to be more abundant in this promoter,
such as RFAT (involved in auxin response), ABRE (involved in ABA respon&ADOWNAT
(involved in GA response) and QARBNEXTA (involved in JA respohiimasovet al.,1999

Hobo et al. 1999 Huang et al.2008 Elliott & Shirsat, 1998)Notably, four lightresponsive cis
elements including BOX_4, CCA1IATLHCB1, ATRIOTIF, G-BOX (CUF1) element were also
enriched in this regiofirable 53; Wang, 1997 Xie et al.,2003 Kawagoe et al.1994) Two root
expression associate8Rf8BFIBSP8BIB, ROOTMOTIFTAPOXBnd one endosperm expression
related ciselement AACACOREOSGLUB1)were also enriched in this region (Table3;5

Ishiguro & Nakamura, 199ZImayan & Tepfer, 1995Nu et al.,2000)
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5.3.1.7 Protein structure and function prediction

The function of a pr@tn is determined largely by its sequence and tbmeensional (3D)
structure. To predict a possible structure of At3g05980, | used the iterative threading assembly
refinement ITASSER Roy et al, 2010) Based on the secondary structure predicted-by |
TASSER server, At3g059800 mpr i s e | f ic e 8 -dvand, tvhilé atange [roportion

of this protein was predicted to be coil (Figur6)5The topscoring modebf At3g05980 created

by I-TASSER were shown in the Figures5but this was not judged to be significant, sinded
aconfidence score (&core)of -4.17, TM-score of 0.27 and RMSD value of AgFigure 56).

For comparison, a-Gcore of-1.5 or higher is expected to produce the correct topology 90% of
the time andhe TM-score > 0.5 usually has an accurate {®dy et al., 2010)To effectively
predict the liganeinding site and functional important residues, RMSD value of a model needs
to be in the range ofi2 A and 25 A respectivelyRoy et al.,2009) | have also predicted the

3D structure of At3g05980 using Phyr@zlley et al. 2015) but the begpredictionhad an overall

low confidence, and was not considered to be relevant to furtbsan(data not shown).

5.3.2 Tissue expression pattern analysis

5.3.2.1 gRFPCR

| used gRTPCR to measure the abundance of At3g05980 transcripts in various tissues, including

4 DAS seedlings, 7 DAS seedlings, 14 DAS shoot apices and 2irfli&®@scenceapices, roots,

rosette leaves, cauline leaves, stems, siliques as well as flowers at stages 12, 13, 14, and 15/16.
Transcripts of this gene were expressed in all of the surveyed tissues and showed highest
expression in the inflorescence apices dissectaa 3 DASArabidopsiglants.Transcripts were

also highly abundant in 14 DAS shoot apices, flowers at each of the stages tested, and siliques. In

these examined flower stag@d39g0598Chad its highest transcript abundance in flowers at stage
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13. | attemped to check the transcript abundance of this gene in the vegetative shoot apex from 7
DAS seedlings, but | failed in RNA extractidHowever the transcript levels ¢&t3g05980nere
low in 4 DAS seedlings, 7 DAS seedlings, roots, rosette leaves, cadwvesland stems (Figure

5-7).

5.3.2.2 PromoterGUS fusion study

| examined the expression pattern of At3g05980 during plant development using a piGiSter
reporter fusion. The entire 2,799 bp up-stream
Glucuronidase (GUS) reporter gene and was transformed intaypadirabidopsisplants (Col

0). Histochemical analysis was analyzed in th&dnhsgenic plants of 29 transgenic lines. At least

ten individuals from each line were examined and patterns representing most of the observed
individuals were presented here. In seedlings, GUS activity was only detected in hydathodes,
stipules and rootdVithin roots, GUS activity was detected at the tip of the radicle immediately
after germinatiorfFigure 58). In 2 DAS and 3 DAS seedlings, GUS activity was observed in the
root cap, elongation zone aadrichoblastcells in the maturation zone, but rtbe root apical
meristem (Figure ). In 4 DAS seedlings, GUS maintained its expression in the elongation zone
and maturation zone but disappeared from the root cap. Meanwhile, the distal part of the
meristematic zone was also stained (Figu8.By 8 DAS, GUS expression was only detected in

the meristematic zone arattrichoblastcells in the elongation zone of the primary root tip.
Meanwhile, GUS activity was also observed in the lateral root primordia and elongating lateral
root (Figure 58). In flowea's, GUS activity was only observed in the petals and filaments of the
opening flower (Figure 8). Meanwhile, | observed GUS staining in the embryos proper and
suspensor at globular stage embryos as well as in the micropylar endosperm of the mature green

embryos (Figure 8L0). However, | have natetectedstaining in embryos at other stages.
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5.3.3 Responses @&t3g059800 plant hormones

| used gRTPCR to measure abundance of At3g05980 transcripts in response to exogenous
application of several hormonesgA, IAA, GAs, BA, BR, ACC, MeJA). Seedlings of 7 DAS
wild-type Arabidopsisplants were incubated in liquid ¥2 X MS media supplemented with each of
these hormones at 22°C (16h light/ 8h dark) and | measured transcript expre#sidg05080

after incubatiorfor 0 h, 1 h, 3 h, 6 h, 12 h and 24 h. | used concentrations of each hormone within
ranges typically used in similar experiments in the litergtfustin et al., 20160kushima et al.,

2005 Armstrong et al..2004 Yang et al., 2017Zhanget al., 2014 Ruzicka et al., 2009)
Transcription of this gene was inhibited by ABA 24 h after treatment but was not significantly

affected by any of the othbormones applied (FigureBlL).

5.3.4 Response cAt3g05980to abiotic stresses

| have analyzed the expressionAiBg05980gene in response to salt (200 mM NaCl), osmotic
(300 mM mannitol) and cold stress (4°C) by gRTR. For salt and osmaotic stress, seedlings of 7
DAS wild-typeArabidopsiglants were incubated in liquid MS media supplemented with 200 mM
NaCl or 300 mM manitol at 22°C (16h light/ 8h dark). For cold treatment, 7 DAS seedlings were
incubated in a 4°C with continuous light. Then | measured transcript express#d8g66980

under all three abiotic stresses after incubation for O h, 1 h, 3 h, 6 h, 12 h arildd#hd that the
expression of this gene was significantly induced by salt and cold, although NaCl only altered its
expression slightly (Figure-52). Following cold treatment, the expression leveAt§g05980
enhanced rapidly and reached a peak at®18 fold and then reduced gradually tddd at 24

h.
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5.3.5 Subcellular localization of At3g05980

The identification of the native compartment of a protein is important for understanding its role. |
examined the subcellular localization of At3g05988@n in Arabidopsis roots and root hairs by
fusing the coding sequence of At3g05980 protedframe to the @erminus of GFP (green
fluorescent protein) in the pCsGFPBT vector or theeihinus ofCiFP (citrine fluorescent protein)

in the pCAMBIA 1303 ector. Both constructs were expressed under control of the cauliflower
mosaic virus (CaMV) 35S promotek. tumifacienscarrying the35S: GFP: At3g05980fusion
construct or the 35SAt3g05980:CiFPfusion construct were used to infiltrate the flowera/id -

type Cot0 plants, with unfused, 35SGFP or 35S: CiFP infiltrated in parallel as controls.zT
generation progeny (n=10) of three independent transformants of each construct were examined
using fluorescence microscopy. As expected, uniformly digtidbgreen fluorescence and citrine
fluorescence were observed in cells expressing: 8 and 35S: CiFP constructs respectively

(data not shown). However, no fluorescence signal was detected in the transgenic plants expressing
35S: At3g05980:CiFPfusion construct. In contrast, a punctéit®rescence pattern was found in

35S: GFP:At3g05980transgenic plants, and it appeared that the orgdabtedwas small and

round (Figure 51L3). The morphology and size of th&beledorganelle was consestit with the
peroxisomgMuench & Mullen, 2003)Therefore, | ceexpressed a peroxisome marker construct
mCherry PST1in Tz homozygous plants of 35SGFP: At3g05980transgenic lines. Confocal

laser scanning microscopy of root tip observation suggested that theA@gB5980fusion was
consistently cdocalized with the mCherry°ST1peroxisome marker (Figure B3; Nelson et al.,

2007)
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5.3.6 Functional genetic analysis of At3g05980

5.36.1 Morphology of At3g05980 overexpression lines

| created transgenic plants that expressed At3g05980 under control of ntgutive 35S
promoter. T3 plants (n=12) of three different lines were studied, in which transcript expression of
At3g05980 gene had increased from &2 130fold compared to wildype (Figure 514). The
overexpression lines exhibited some changes iphwogy, including epinasty of cotyledons and
leaves, shorter plant height, shorter silique length as well as abnormal silique morphology (Figure
5-15). These morphological defects were also seen in the 88g05980:GFPand 35S:CiFP:

At3g05980transgenic plants (data not shown).

5.36.2 CreateAt3g05980mutants by the CRISPR/Cas9 system

| have analyzed the two-DNA insertional mutant lines of At3g05980 obtained from ABRC.
According to the information found in TAIR, the mutant line SAIL_1054 G02 and SALK 024489
were predicted to have-DNA inserted in the 460bp and 622 bp upstream oAtBg05980 start

codon, respectively. Genotyping showed that plants in SAIL_1054 GO02 did not contBINA T
insertion while the transcript level analysis of the homozygous SALK 024489 plantsBZRT
indicated that this line was an overexpression lina élieugh the homozygous SALK 024489
plants did not show the morphological defects as shown in the 35S:: At3g05980 overexpression

lines | described in the section 5.3.5.1. (Figwkoh.

Because none of the available insertion lines had verifiableofefgsction for At3g05980, | used
the CRISPR/Cas9 system to generate-tdgsinction mutants for At3g05980. Two constructs
were created and each contained two sgRNAs. The construct one had two sgRNAs which targeted

the coding sequence 369 bp from the sta codonand 114137 bp from the start codon

126



respectively. Similarly, the construct two had two sgRNAs which targeted the coding sequence 63
-86 bp from the start codon and 1036 bp from the start codon respectively. | obtained heritable
homozygous singl mutants among -Tprogeny, and used Sanger sequencing to verify the
disruptions in their coding regions (Figurel®). Three multiple alleles were analyz&Hese
mutants (designated As3g05980 CRin this thesis) did not show any discernible morpholaigic

or growth defects compared to the WT plants.

5.36.3 Freezing assay and electrolyte leakage assay

BecauseAt3g0598Qranscripts were found to be strongly induced by cold treatment (Tahde 5
Figure 512), | performed freezing sensitivity assays aedtedlyte leakage assays usBISPR-

Cas9 losf-function mutantsAt3g05986CR), as well as 358At3g05980transgenic plants. It is
known that exposure to chillingi(05 °C) and nofireezing temperature can increase the freezing
tolerance of plants sudas Arabidopsis that evolved in temperate climates. This process is called
cold acclimationfThomashow, 1999) measured the responsiveness of plants to cold under both
cold acclimated (CA) andonacclimatedNA) condtions. For thenonacclimatedNA) freezing

assay, plants were grown at 22 °C with 16 h of light until 17 DAS, at which point they were directly
subjected to freezing treatment. For tdodd-acclimated CA) freezing assay, plants were grown

at 22 °C with 16 light until 14 DAS and then grown in 4°C cold chamber with 16 h light for three
days before being subjected to the freezing treatment. The freezing treatment for both NA and CA
assay were conducted as follows: plants were maintained under at O °f, fand. temperatures

were then dropped by 1 °C /h untB°C or -6°C for NA assay and10°C for CA. These
temperatures wer e c h @isangatalh20k/pfer freemingJl coantedthes r e p
seedling survivatate and checked the electrolyte leakage rate, which are indicators of the cell

membrane damage under stress. We found that under both NA and CA conditions, the survival
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rate and the electrolyte leakage rate of the mutants were not significantly diffene™M/T plants

(Figure 518; 519).

5.36.4 Expression of stressesponsible genes ilt3g05980

Although overall freezing tolerance was not changed in the At3g05980 mutant, it was possible that
cold-related signaling pathways were altered. The KOBEFsSCOR (coldregulated gene)
signaling pathway is the most important and best characterized cold signaling pathway in plants
(Chinnusamyet al.,2007) Three CBF gene€£BF1, CBF2andCBF3) are encoded in Arabidopsis

and play an important role in tlweld-responsivenetwork by binding to CRT/DRE cislements
(A/GCCGACQ) in the promoters aZOR genes and regulating their expresgMaruyama et al.,

2004) A recent transcriptome study indicated that mutation of CBFs mignify altered the
expression of over 3000 CORs under cold treatn(®ht et al., 2017)ICE1 encodes a MYC
transcription factor and activates the transcriptioBBF through binding to the MY C recognition
cis-elements (CANNTG) in their promotéChinnusamy et al., 2003)Jo check if the involvement

of At3g05980 in cold at the molecular Iévlecompared the expression level of six coddponsive

genes (includin@BF1, CBF2 CBF3, RD29A, KIN1, AND COR47 theAt3g05986CR mutant

and WT seedlings under cold by ¢f*CR (Figure 80). Expression of all the marker genes tested
was induced in Whfter cold treatment, consistent with the previous studies (Fig2detkurkela

& Franck, 1990 Gilmour et al., 1998YamaguchiShinozaki & Shinozaki, 19935ilmour et al.,

1992) Meanwhile, these genes were also induced inAti3g05980CR mutant, although the
induction levels of some genes were dliglibut significantly) changed compared with those in

the wild type (Figure £0). | found thaCBF1andCBF3showed higher expressionAt3g05980

CR compared to WT after undergoing cold treatment for 48 h (Figt2@) 5Meanwhile, the

expression oRD29A was significantly increased in t#¢3g05988CR mutant (compared to witd
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type) under both normal conditions and cold (Figw20h However, | found that induction of
KIN1, COR47 as well axCBF2in the At3g05986CR mutant was comparable to that in thidw

type plants (Figure-20).

5.36.5 Assays of peroxisome function

Peroxi somes ar e pr-oxidaioniofifagy aaids & plants,amn essential pracdéss b
to convert stored fatty acids into sucrose, especially during early seedling establighrakain,
2008) Mutants with compromised fatty acid oxidation have short hypocotyls when grown in the
dark in the absence of sucros@aker et al. 2006) Furthermore, 2,4DB (2,4
dichlorophenoxybutyriacid) and IBA (indole3-butyric acid), two auxin analogues have been
used to sel ect f-oxidatidneas veekk The genotypes with compramsed dattyb
a c i -okidahbion are resistant to the inhibitory ext of exogenous 2BB and IBA on growth
(Zolman et al.200Q Hayashi et a).1998) The CTS gene encodes a peroxiabWTP binding
cassette (ABC) transporter protein and transports the fatty acid into peroXRaosell et aj.
2000) ctsmutants have reduced germination potential and are resistant to auxin analod#s 2,4
and IBA (Foaotitt et al., 2002Zolman et al.2001b; Hayashi, 2002)From the publicly available
microarray data, | noted thidie transcript abundance of At3g05980 was increiasbectsmutant

(Waese et al., 2017)

Having shown that At3g05980 is localized in the peroxisome (Figi®) ,5and thaAt3g05980
transcript abundance is affected in peroxisomal mutants, | was intenestining whether
mutants ofAt3g0598Gshowed defects under dark growth, or when treated witbB,4r IBA. |
observed that hypocotyl growth of th&3g05980CR and 35S: At3g05980 on sucrelsee

medium in the dark and found no measurable changes cedoadW T (Figure £21). Furthermore,
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no significant difference in the sensitivity At3g05986CR and 35S: At3g05980 to 2/2 and

IBA was detected (Figure-%2).

Both microarray and GUS assays indicated At3g05980 transcript abundance was enriched in
devebping seeds (Figure B0; Waese et al., 2017¢o-expression analysis also predicted that this
gene might be involved in lipid metabolism (Figur&)5 To test whether At3g05980 might affect

the composition of lipids in mature embryos, | analyzed the fatty acid profile of dry, mature seeds

of At3g058B0-CRand found no significant difference compared to WT seeds (FigR83.5

5.4 Discussion

Lus1004121%vas an uncharacteriz8ex gene that was expressed 53 times more in the shoot apex
compared to the remainder of the stem, and had no functional ann¢#temy & Deyholos,
2016. This motivated me to characterize one of its Arabidopsis homot8g05980 | found

that theAt3g0598@ene family was restricted to eudicots andoeled predicted proteins normally
containing four uncharacterized conserved motifs (Fige2eAppendix 13. Its homologs were
detected in all the sequenced eudicot genomes published in Phyte¥®reThis suggests that

it encodes a function requiredendicots.

5.4.1Tissuespecificexpression patterns

| checked the expression At3g0598My gRT-PCR and found that3g0598Q0wvas transcribed in

all the tested tissues but had higher transcript abundance in shoot apexedrilopeT bud,
flowers andsiliques (Figure &). This pattern was generally consistent with what we found from

the microarray data in the electronic fluorescent pictograpRPjewhich suggested that
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At3g05980was expressed ubiquitously in a great range of tissues and it hadt leghesssion

level in the petals, shoot apex and developing seeds (FigltaeSgshmd et al., 2005)

| also characterized the tissgpecific expression profiles of At3g05980 through prom@eiS

fusions and again this gene was expressed in the flowers, including petals and filaments (Figure
5-10). Furthermore, the promoter of tljene also derived the GUS expression in the globular
embryo as well as the micropylar endosperm of the mature green embryos (Figyré&bis was
partially consistent with the findings in tled-P Brower, which showed that3g05980had a
relatively highexpression level in the embryo at the linear cotyledon stage and the micropylar
endosperm of the mature green embriiaese et al., 2017fFurthermore, both theFRBrower

and promoteGUS assay indicated that this gene was strongly expressed in the root elongation
zone and thartichobhstcells in the maturation zone of root (Tabl& Figure ). Also, the
microarray data obtained from the GENEVESTIGATOR indicated that At3g05980 gene was most
abundant in the roattrichoblastpetals and lateral root caps (Figurgld. However, |éund most

GUS transgenic lines analyzed did not show GUS staining in the shoot apex and flower buds, even
though both microarray and gqRACR study indicated that At3g05980 had high transcript

abundance in the shoot apex (Figwe; 5-10).

The difference between the GUS pattern and the other expression data sddbasnot all of

the ciselements required for the native expression of At3g05980 were included in the fragment
cloned upstream of the GUS reporter. It badn reportethat the ciselements egul at i ng a
transcription may also be located downstream or even within the transcribed(kegiész et al.,

2006 Barrett et al. 2012) Discrepancies between gHPICR and GUS analysis may also result

from the differences in the sensitivity of these two techniques.
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5.4.2Morphology of At3g05980 overexpression lines

To elucidate the function of At3g05980, | ectopically expressed this gene in WT plants under the
CaMV 35S promoter and the overexpression lines showed some morphological differences in
cotyledon shape, leaf she silique morphology and plant height compared to the WT plants
(Figure 510). Additionally, I found similar phenotypes in the plants expressing: 355P.
At3g05980 (data not shown). Based on these phenotypes, it appeared thaitfgaation
mutationof this gene might have either changed the cell proliferation or cell expansion rate.
At3g05980 was indeed highly expressed in the tissues with active cell proliferation (e.g: embryo,
shoot apex) or cell expansion (epgtal, the elongation zone of rodijament). However, the
observed morphological defects were not consistent with their expression patterns. The promoter
GUS assay showed that this gene was not expressed in leaves and cotyledons (data not shown).
Also, both the public available microarrdgta and our gRPCR analysis showed that this gene

had a very low expression level in leaf and cotyledon (Figio@ B8). In this study, a constitutive
promoter (the CaMV 35S) was utilized. Ectopic overexpression in this way may confer novel
activity on a particular protein or cause a protein with normal activity to be expressed in the wrong
tissues or at an inappropriate time. ANA insertional mutant line cAt3g0598(QSALK 024489)

proved to be an overexpression lines but no morphological defastfownd (Figure-37). This

might be due to the difference in transcript levels: The expression level of At3g05980 was
increased around five times in SALK 024489 whereas in the overexpression lines it was elevated

62 to 130 times (Figure-57; 515).

By comparison, the lossf-function mutant of At3g05980 did not show any discernable
morphological defects. This may be due to the functional redundancy with the Arabidopsis paralog,

At5g19340.These two proteins shared 76.3% sequence similarity and 66.18nseqgdentity.
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Microarraybasedexpression profile in the eFP Brower indicated that both At3g05980 and
At5919340 showed relatively weak expression throughout plant organs and developmental stages
and these two genes showed very similar expression atthanefore it was possible that they

might have overlapping functiorfg/aese et al., 2017)

5.4.3 The At3g05980 in cold stress

Both microarray and qRPCR stuéesindicated that At3g0598®&as coldinduced(Table 52c;
Figure 513). Data the GENEVESTIGATOR indicated thst3g05980genewas significantly
upregulated in the ICE1 mutagfimmermann et al., 2005)CE1 was an important regulator of
cold-induced transcriptome and freezing tolera(Cainnusamy et al., 2003Meanwhile, four
most common coldrelated cis-elements DRE-LIKE_PROMOTER_MOTIF; ABRE;
MYCATERD1; MYCATRD22; Gbox) were overrepresented in the promoter of At3g05980 gene
(Figure 53). Therefore, | assumed thie At3g05980 gene was involved in cold stress. | first
checked the freezing tolerance of At3g05980 overexpression lines araf-fosstion mutants
under both cold acclimated and racclimated condition, but both of them showed comparable
level of freezingolerance as the WT plants (Figurd 8; 520). Then | checked the expressions
of several coleregulated genes in the At3g05980 ladgunction mutants. As a result, expression
of three coldregulated genes were found to be significantly upregulatecimtitant compared

to the WT (Figure 22a). Two of them encoded important regulators of cold st&BE;1 and
CBF3 The other gene induced wa®29A,a COR gene directly regulated 6BFs(Liu, 1998)

We noted thaRD29Awas induced in th&t3g05980mutant even in an unstressed environment,
and this phenomenon has been reported beforeQRRffiandRD29Awere induced in 35<BF1
transgnic plants under unstressed condition, and these plants also showed a dwarf phenotype

under normal conditiongLiu, 1998) However, we noted that botGBF1 and CBF3 were
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significantly upregulated in th&g3g05980mutant only after 48 h cold treatment, this suggested
that the induction oRD29Ain the At3g05980 was not induced by the upregulatinG®#1and

CBF3. Although CBFs were suggested to regulate the transcriptiorR&#29A mutations that

either upregulatedr downregulatedRD29A expression without altering the CBF transcription
level have been reported, whereas some other mutants were revealeddBRaxpression level
changed but nd@D29A(Zhu et al., 2005Lee, 2002Hojoung et al., 2002Dong et al., 2009)The
RD29gene was reported to be induced not only by cold but also by drought, osmotic stress, high
salt and ABA(YamaguchiShinozaki & Shinozaki, 1993Both microarray and qRPCR analysis
revealed that3g05980expression was reduced by the exogenous applicatidBAf(Table 5

2b; Figure 512). We noted that the ABA response-elesment (ABRE) was also significantly
enriched in the At3g05980 promoter (Tabl8)5These indicated that At305980 might be involved

in the CBFdependent cold signaling pathway or ABl&pendent cold signaling pathway but it

only affected the expression of cold signaling components to a small extent and this effect was not
dramatic enough to alter the freezing tolerance. These two signaling pather@found to be

not completely independefKnight et al.,2004) At3g05980was upregulated by cold after 3 h
treatment and it was proposed that genes upregulated earlier after cold might be encode
transcripton factors or components required for signaling in response to cold or for chilling

tolerance (Figure-82; Knight & Knight, 2012)

5.4.4 The At 3g05-6x@l@tionand fatty acid b

This study localized the At3g05980 protein in the peroxisome through translational fusion with
the GFP (Figure-84).Prediction througtthree common used approacieSORT PROSITEand
PeoxiPsuggested that this protein was not a R€&itaining proteinPossible explanations are

as follows: Thes@TS1prediction methods had limitations and they were either restrictive missing
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known peroxisomal protein or rather permissive with too many false positive r@&ualtsard &

Hartig, 2006) Meanwhile, all these methods are based on expeaitaly verified peroxisomal
proteins, which just represent a limited set and they were reported to fail to recognize some unusual
but verified targeting signglametschwandtner et al., 199&agler et al., 1998)lhe peroxisome
prediction by PSORT and PROSITde only based on ¢hGterminal tripeptide of submitted
protein which may return incorrect resuffGeraghty et al., 1999)Peroxisomes we first
characterized in mammalian tissues in the 1960s and their first discovered function was cleaning
up the peroxide produced by other organe{l@sve & Baudhuin, 1966)Now, the function of
peroxisomes have been found to extend far beyond reactive oxygen metabolism, with roles in
processes i nc-oxiddtionntge gliyoxyate gycley detoxificaion, photorespiration,
primary carbon metabolism, secondary melisin, development, biosynthesis of salicylic acid,
biotic and abiotic stress (reviewed @lsen, 1998Hu et al., 2012) Peroxisome mutants were
revealed to have seedling establishment limitations due to impaired seed storage oil utilization
during germinationZolman et al., 2000)Forward genetic screemevealed that the naturally
occurring auxin IBA was converted to the active I1AA (the principal form of auxin) in peroxisomes
and this process was critical for lateral root formation in developing seeioigsan et al., 2000
Zolman & Bartel, 2004)The hormone JA biosynthesis was suggested to require three rounds of
per oxi sxdati®n anda peroxisome biogenesis protein has been discovered to affect
photomorphogenes({€reelman & Mullet, 199;Hu, 2002) Peroxisomes were also revealed to be
involved in the metabolism of the branchethin amino acids, propionate argbbutyrate
(Zolmanet al., 200%&; Lucas et al.2007) In this study, | found mutation &t3g05980gyene did

not change the fatty acid profiles in the seed and the sensitivity of plants to the igletitots

of exogenous 2:4 and IBA on root elongation (FigureZ!). Meanwhile, the mutant did not
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exhibit any developmental defects in the absence of exogenous sucrose (FAguré&lbthese
observations indicated t#¢3g0598@ene does not functionn p e r o-gxidationnm-owevdD,

the lack of phenotype is possibly also due to functional redundancy. Alternatively, this gene might
be involved in other peroxisomal processes. For example, peroxisomal metabolism has been
shown to play a role in colstress signaling as well as plant tolerance to cold gtibeEssy et al.,

2009)

5.5 Conclusions

At3g05980encodes an unknown Arabidopsis gene. This gene is present in eudicots only and
contains four conserved motifs. In silico analysis suggested that cotthgelatedcis-elements

were overrepresented in its promoter. GO enrichment of the predictegppession genes
indicated that this gene might be related to the cell differentiation, carbohydrate metabolism and
lipid metabolisrrelatedand it might have catalyticcivity and transferase activity. Expression
profiling conducted in this study indicated thaB8g05980s highly expressed in the petals, shoot
apex, roots of young seedlings as well as embryos at the globular stage and the micropylar
endosperm at the mae green stage. Protein of At3g05980 was targeted to the peroxisome.
Overexpression of At3g05980 showed morphological defects in leaf shape, cotyledon shape,
silique morphology, short siligue and short plant height whereas mutation of this gene did not
induce any discernable phenotype. Meanwhdssof-function mutation of At3g05980had no

impact on the freezing tolerance of Arabidopsis but slightly altered the expression of some cold

regul ated genes. Further mor e, -oxidlaBogpdafmé&t O has
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5.6 Figures and tables
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Figure 5-1 Multiple sequences allgnments of At3905980 homologs from several plant species.
Residues with > 75% identity were shadowed.
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Table5-1 Subcellular localization of At3g05980 predicted by several commonly pregptams
(Horton et al., 2007; Chou & Shen, 2010; Emanuelsson et al., 2007; Blum et al., 2009; Hawkins
& Bodén, 2006Briesemeisteet al., 2010).

Tools Predicted Localizations

PSORT cytoplasm

WoLF PSORT chloroplast
PlantmPLoc nucleus

TargetP not in mitochondrial or chloroplast

MultiLoc2 cytoplasm
SUBA4 nucleus
YLoc nucleus
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Figure5-2 The unrooted phylogenetic dendrogram of At3g05980 and its homologs identified
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from Phytozome v12.1 as well as motifs discovered in At3g09980Auced amino acid

sequences were aligned with MAFERatoh et al., 2009)The phylogenetic dendrogram was
created using the Neighbmining method, following the Dayhoff model of amino acid
substitutiongGrishin,1995) The numbers at the branch points represented bootstrap values.
The full species names were listed in the Appendix 13. The discovered conserved motifs are

displayed on the rightand side as differegbloredboxes.
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Figure5-3 Sequence logos of the discovered motifs in At3g05980 and its homologs. A: motifl; B:
motif2; C: motif3; D: motif4.
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from The

retrieved
(http//bar.utoronto.ca/welcome.htiaese et al., 2017).

Figure 5-4a Microarrayderived expression profiles of At3g05980 gene across various tissues.
were
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Figure 5-4b Expresson profiles of At3g05980 gene across 111 various tissues obtained from
Geneuvisible (tips://genevisible.com/searddruz et al., 2008).
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Table5-2a Tissue specifiexpression pattern of At3g05980 ob&infromeFPBroswer(Waese

et al., 2017).

Tissues Absolute expression level

Root Stage | Cortex + Endodermis 30.65
Root Stage | Epidermal Artrichoblasts 110.1
Root Stage | Stele 21.16

Root Stage Il Cortex + Endodermis 35.34

Root Stage Il Epidermartrichoblasts 126.96
Root Stage Il Stele 24.4

Root Stage Ill Cortex + Endodermis 44.09
Root Stage Ill Epidermal Artrichoblasts 158.3
Root Stage Il Stele 30.43
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Table5-2b Transcript level changes of At3g05980 in response to exogenous hormones application.
Data were obtained through microarray analysis and extracted fraaRBBrower (Waese et al.,

2017).The time point with significantly reduced (<0.5 fold) expresssdmghlighted in green,
Fold change (relative to the Mock treatment)
0.5h 1h 3h
Treatment
10uM ACC 1.22 1.97 0.7
1uM IAA 0.92 1.01 0.53
10uM ABA 1.41 1.2 0.28
10uM MeJA 0.92 1.46 0.67
1uM GA-3 0.91 1.56 0.58
10uM BL 1.45 1.64 0.84
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Table 5-2c Transcript level of At3g05980 in Arabidopsis shoot and root responding to various
abiotic stresses. Data were obtained through microarray analysis and extracted fef® the
Brower (Waese et al., 2017)he time point with sigificant reduced (<0.5 fold) or upregulated
expression level (>2 fold) were highlighted with green and red respectively.
Fold change (relative to the Mock treatment)

Treatment 0.5h 1h 3h 6 h 12 h 24 h

Cold 091 (106 (066 S |BOE |BEEB

Osmotic | 1.3 0.86 | 0.55 0.78 0.49 1.17

Salt 1.51 1.1 0.77 1.1 0.8 0.82
Oxidative | 1.12 1.21 | 0.57 0.69 |[0.97 0.84
Shoot| UV-B 1.03 1.54 [0.72 035 |[0.73 0.85

Wounding | BlB2  |1.06 [0.94 [0.76 [0.96 [1.46
Drought [1.32 [1.28 [0.87 [0.85 [0.66 |0.85

Heat 145 |P32 [082 [0.98 [0.83 [0.79
Cold 133 [139 |1 1.16 [1.03 [0.54
Osmotic |6 [BM [114 079 [052 [0.56
Salt 1.65 [1.13 [076 |06 |0.66 |0.59
Oxidative [1.04 [0.71 [1.22 [1.17 [0.84 [051
Root [ UV-B 098 [067 [1.07 [0.92 [0.89 |0.73

Wounding | 0.83 0.83 |0.95 0.73 [0.95 0.68
Drought | 1.51 127 |13 0.78 |0.77 0.63
Heat 0.96 0.87 |0.84 0.78 ]0.53 0.52
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Figure 5-5 GeneOntology (GO) enrichment of the 300 Arabidopsis genes predicted to be co

expressed with At3g05980 BYTTED-II (Obayashi et al., 200930 enrichment was conducted

by the Bingo application in Cytoscape v 3.hannon et al., 2003%ignificantly enriched

GO slim categories were highlighted with difésit colors representing different levels of
significance. The size of each circle is correlated to the number of genes.
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Table5-3 Cis elements overrepresented in the promoter of At3g058804 | ue OO0 . 05) .
Ciselement Sequence p-value Description
DRE-LIKE_PROMOTER_MOTIF TGCCGACAT 0 drought and cold response elements
2.67238 | OsBR5 (a MYC protein) binding site in
BP50SWX CAACGTG E.07 WX promoter
Z-DNA-forming sequence'’ found in the
ZDNAFORMINGATCAB1 ATACGTGT | 2.18E05 Arabidopsischlorophyl a/b binding
protein gene (cabl) promoter
CCA1_BINDING_SITE_MOTIF AAAAATCT | 0.001 specify circadian phase;rhythmic
transcription
MYC recognization sequence for
MYCATERD1 CATGTG 0.002 expression of erdl (early responsive t
dehydration)
Binding site for MYC(rd22BP1) in
MYCATRD22 CACATG 0.002 | Arabidopsis dehydration responsive ge
(rd22)
root-specific responsive elements; one
SPBBFIBSPEBIB TACTATT 0.002 SPBF binding site (SP8b) sporamin
BOX 4 ATTAAT 0.003 part of a conserved DNA module involvs
— ' in light responszeness
ARFAT TGTCTC 0.005 ARF (auxin response factor) binding sil
' in the promoter ofuxinresponsiveene
CCALATLHCBI AAMAATCT 0.006 leaf-specific responsive elements; relatg
' to regulation by pytochrome
) part of a conserved DNA module involvy
ATC-MOTIF AGTAATCT 0.007 in light responsiveness
TATABOX5 TTATTT 0.008 a functional TATA element
GT1GMSCAM4 GAAAAA 0.01 saltrelated cisacting element
TTWTWTTW T-box', motif found inNSAR (scaffold
MARTBOX TT 0.01 attached region; or MAR)
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BELLRINGER/REPLUMLESS/PENNYWISE_BS1 |

AAATTAAA

0.011

related to floral and inflorescence

N_AG meristems
POLASIG? AATTAAA 0.017 Poly-A'signal found in rice alpha
' amylase;
CAREOSREP1 CAACTC 0.018 promoter region of ays.teir'lproteinase
' (RER1) gene in rice
ABRE TACGTG 0.022 involved in ABA responsiveness
early senescence of rice flag leeib-
G-BOX(CUF1) element CACGTA 0.022 Acting regulatory element involved in
light and cold responsiveness
ATHB2_BINDING_SITE_MOTIF TAATAATTA | 0.023 Dehydration, high salinity and low
temperature responsive
GADOWNAT ACGTGTC 0.025 GA-responsive element
POLASIG3 AATAAT 0.028 Plant PolyA signal ; Conse_nsus_ sequen
' for plant polyadenylation signal
AACACOREOSGLUB1 AACAAAC | 0046 | Mvolvedin controlling the endosperm
' specific expression
JA-responsive element or wounding (0
QARBNEXTA AACGTGT 0.046 wounding and tensile stress responsiy
element)
induction by dehydration streasd dark
ABRELATERD1 ACGTG 0.046 induced senescence
ROOTMOTIFTAPOX1 ATATT 0.049 root-specific responsive elements
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| | | | |
Sequence  MVLETVSKTEPPPLLGFRISFSSDLSDGGDF ICITPVMCKEDVVEGSVE SOFEFLSSENYSPORMLT ADE LFSEGKLLPFWQVKHSEK LKNL TLE THEEEE AEK REVEVKKKL
Prediction COCOCCCOCCOCOCCCCCCCOCOOCOCCOCCCCOOCCCCCCoCCCCCCCsSs00CCCCCCCCCCHH-HHHOCCCCCCCOCCCCOCCCCCCCCCOCCOCCOCCoCoorc
Conf.Score 9334553457 89900905 1552040445 0005500 54444433 340777577 1564478766565 5647E8 7517815241 1824555444 30 DAL R e oL anE fERRE554]
HiHelix; s:strand; C:coil

128 120 168 188 288 220 248
I [ | I I I I

KDQE INNRDNRVTWF IDEDPSPRPPECTVLWKEL LR LKKQRNPSSSPYTARTVSSLS PSSSTS 5555 L EDAAKREEKEK EGKRGKKGLER TRSASMRIRPMIHVP ICTPSKSSLPLPPLFPLS LKKNRVERRA
COCCC oo o OO o0 CCOCCCHHHHAHC OO OO CO o0 OO0 Co0oC COCCC OO o0 OO0 OOOCHAHHHCOOCOCCOOCSS5 580 COCOCCOCCCCCCCCCCCCOHHHRCCCHHOCC
4311246541688145556688788 7750857 77434532336 7884446566667 767 TETTE4331 2188223211 2413331 35655557 855655444688 777667 767659777 2454316308859

Gscore=4.17
Estimated TMscore=0.27+0.08
Estimated RMSB16.0+3.1A

Figure5-6 (A) Predicted secondary structure of the At3g05980 protein gendnteASSER

(Zhang, 2008){}helices (H) and-strands (S) were highlighted in red and blue respectively. The
letter C indicated coil. The confidence score for each residue ranging 0 to 9 was demonstrated in
the next row(B) The best 3D model of At3g05980 generated-BASSER.The confidence score
(C-score) in the range €% to 2 was a measurement of the model quality. Highsedte indicated

better quality and models with-§€&ore >-1.5 had a correct fold. RMSD, root mean square
deviation (in the range of 0 to 30 A) and T3dore (in the range @ to 1) were estimates of the
model accuracy (the structural similarity between the predicted model and the native structure).
TM-score < 0.17 means two randomly picked proteins anes@dde > 0.5 means two proteins

have similar fold.
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Figure5-7 Expression patterns of At3g05980 gene in different Arabidopsis tisSiest apices
and root were dissected from 18 days plants. Inflorescence apices were dissected fron
plants. Rosette leaves, cauline leaves, flowers angisd were collected from fouveeksold
plant. Shoot apices samples may contain some leaf or floral primordial leftover. Flower
named accor di ng/(Ca & LaSharoo&, 2008)E-1Ai andi ACTINR2were use
as endogenous contr@zechowski, 2005)Error bars indicated the standard derivations.
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Figure5-8 At3g05980 expression in seedlings. GUS activity-otairold seedlings (A), 2lay-old
seedlings (B), }lay-old seedlings (C),-4lay-old seedlings (D) and-8ay-old seedlings (E).
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Figure5-9 At3g05980 expression in flowers.

B C D | B
. - ' 1‘
o = y -_'
i - .‘ 3\ .i\ j "i ‘.
e
Wi T bl o 2 &

Figure5-10 At3g05980 expression in developing seeds.
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Figure 5-11 Effects of hormones on the transcript level of the At3g05980 dgeeeen DAS
Arabidopsis seedlings were transferred and maintained in th&#& kquid medium supplement
with the following hormones: ABA (abscisic acid):10 pM; IAA-{&oleacetic acidy uM; BA
(6-benzylaminopuring5 pM; MeJA (methyl jasmonate):10 uM; BRbrassinosteroid):1 pM;
ACC (1-aminocyclopropand-carboxylic, EF1A was $sed as the endogenous control
(Czechowski, 2005)Gene expression levels in seedlings were measured BRI Error bars
represented the standard derivations. The
t-test).
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Figure5-12 Responsiveness of At3g05980 gene to several abiotic stresses checkedR@RRT
EF1A was used as the endogenous conf@techowski, 2005)Error bars represented the
standard derivations. NaCl: 200mM; Mannitol: 300mM; Cold: 4°Gv*al ue <0 . 0-5
test)
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Figure 5-13 Subcellular localization of At3g05980. Cells shown are root tip cells of a
coexpressing mChenfyST1 and GHAt3g05980.
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Figure5-14 Transcript abundance of At3g05980 in 3583g05980transgenic lines checked by
gRT-PCR;Floral buds were sampled from feweeksold plants and Efa was used as the
endogenous contr¢Czechowski, 2005)The error bars indicated the standard derivations of

three biological replicates.
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355::At3g05380 Col-0

355::At3g055980

355::At3g05980

Figure5-15 Morphology of 35S:At3g05980transgenic plants. A: 8 DAS seedlings grown on
1/2 X MS medium. B: Tweanonthsold 35S::At3g05980 and WT plants; CdaD: Siliques of
35S::At3g0598@nd WT plants.
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Figure 5-16 A T-DNA line of At3g05980 characterized in this study. Two homozygous
SALK 024489 plants (#1 and #9) identified by tpomer PCR. Both genomidNA from WT

Col-0 and water (NTC) was used as control. First lane: 1kp DNA ladder. B: Relative transcript
abundance of At3g05980 in SALK024489 compared to the WID@blecked by gR'PCR.
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A
PAM Target 1 Reaction 1
G TGCT TGGACCTCGTATCTCCTTCTCATCTGATTTATCTGACGGTGGAGATTTCATCTGCATCACCCCCGTA

B :

Target 3 PAM Reaction 2 PAM Target 4
TCﬁTCI‘GAT‘ITATCTGAC% AGATTTCATCTGCM(LP
c PAM

Reaction 171 PIMEEEIMMIROMMEEN, . . ..o 00cuniannnnnninanm i e

wi pleeierr oo oo el CCTTCCACCTCCTATCTCCTTCT CATCTCATTTATCTGACCETCRAGATTICATCTCCATCACCCCCETART

2

o

CGGTGEAGATTTCATCTGCATCACCCCCETAR

CAAAGACGGRACCACCACCETTGONTTGGACCTCGTATCTCCITCTCATCTGATTTATCTGACGRTGRAGATTTCATCTGCATCACCCCCE

E PAM

CETAICTCCTICTICATCTGRITTAII

Y ARPTAN YL ATRATARAL AT
:ATCRETGARAGICTCCGACT

PAM

ccc:crE

TICATCIGCH
TICATCIGCA

T
T

Figure5-17 At3g05980 single gene editing created by CRISFIR9 systemA: sequence O
the target site for the construct onesBquence of the target site for the construct tw@, E,
F: Representatives of editing generated ing@ED80 by construct one. 8, |: Representative:
of editing generateth At3g05980 by construct two.
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Figure5-18 ThenonacclimatedNA) freezing phenotypesurvivalrate (A) and ion leakage (E
of two-weeksold At3g05980 mutantsrror bars indicates the standard derivations of tl

biological replicates.
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Figure5-19 The coldacclimated (CA) freezing phenotymirvivalrate (A) and ion leakag
(B) of two-weeksold At3g05980 mutantsrror bars indicates the standard derivation:
three biological replicates.
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Figure5-20 Compare the transcript levels of several e@dulated genes iit3g05980CR and WT by qRIPCR.10 DAS WT and
At3g05980mutant seedlings were treated at 4°C for the indicated time. Actin2 was applied as the endogeno(€ zeetimi/ski,
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1% Sucrose

Figure5-21 Phenotyping of At3g05980 mutants on 1/2 X MS medium supplemented wit
sucrose or without sucrose under dark for 7 days.
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No hormone  0.2ug/ml 2,4-DB 30uM IBA
B WT ®mAt3g05980-CR = 35S: At3g05980

Figure5-22 Comparison of root growth of WRt3g059806CR and 35SAt3g059800n 1/2 X
MS medium with no added hormone or medium containing 0.2 pg/rFDB,4ér 30uM IBA
after growing seven days at 22°C with 16 h lightror bars indicates standard derivatic
(n=18)
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Figure5-23 Fatty acid profiles in the dry seedswild-type Col-0 andAt3g05986CR. Error
bars indicates standard derivations of three biological replicates.
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Chapter 6. General Discussion

6.1 Potential transcriptional regulators of phloem fiber specification

In this study, my first objectivavas to find transcriptional regulators of flax phloem fiber
specificationTo datethe genetic basis of primary phloem fiber identity in any species is unknown.
We hypothesized thhdhe transcription factors controlling phloem fiber specification should have

a higher expression level in the AR (dq@catmost 0.5 mm of the stensompared to the BR (1cm

below the shoot apex to the base of the stem) based on the followalgthB)phloem fibers in

flax stem are derived from the shoot apical merist@rthefirst visible phloem fibers in flax stem

were identified around 0f&m from the shoot apgXorshkova et al., 20033) thetranscriptional
regulators that control fiber cdlite are assumed to complete their activity before we can see fiber
cells (Gorshkova et al., 2012) first used RNASeq to compare the gene expressions in the AR
and BR (Chapter 2). As a result, 6207 genes were found to be preferentially expressed in the AR
compared to the BR and among them, 349 genes were predicted to encode transcription factors
including 27 AR uniquely expressed genes (Chapter 2). Meanwhile, a total of 49 transcription
factors were found to have at least 16 times nabtendancén the AR compared to the BR and
many of them were reported to be involved in the stem identity specification, shoot apical meristem
formation and maintenance as well as epidermal cell identity specificatéalodopsis Even

so, many of these ARenriched transcription factors were not characterized yet in any plant
species and some of them might have a role in the shoot apical meristem formation or
organogenesis. Meanwhile, these 349-éRiched transcription factors may contain some

transcriptionalegulators of flax phloem fiber specification.

168



Studies inArabidopsisand a few other plant species showed that some NAC and MYB
transcription factors played key roles in plant vascular differentid@Goantet al.,201Q Wang,

et al., 2009 Xu et al., 2014) | predicted that some NAC or MYB transcription factors
preferentially epressed in the AR might be involved in the phloem fiber cell specification. Based
on the RNASeq analysis, we found theg LusMYBswere significantly enriched in the AR (Table
3-5). To make inference about their functions, | have searchedr#tiedopsisorthologues of
these 18 usMYBs(Appendix §. The Arabidopsisorthologs of six ARpreferentially expressed
LusMYBs including LusMYB187 (AtMYB3R2, LusMYB181 (AtMYB3R2), LusMYB180
(ATMYB3R1)LusMYB16ZATMYB3R1)LusMYB175AtMYB3R4andLusMYB174AtMYB3R5)
were reported to be involvew the cell cycle regulatiofHaga et al., 203 Haga et al., 20QBaito

et al., 2015)BesideslL.usMYB34andLusMYB36wrere duplicated genes ahdsMYB35was their
closest paraloglrhe Arabidopsisortholog of these three gen@dMYB17 was reported to be an
important meristem identity regulator from vegetativevgh to flowering(Zhang et al.2009
Pastore et al., 2011¥pimilarly, two duplicated geneskusMYB172and LusMYB171were both
found enriched in the AR and thdirabidopsisorthdog, AtMYB91 wasrevealed to function in

the leaf proximodistal axis specificatiofHay, 2006) Two other ARenriched LusMYBs
LusMYB14land LusMYB142 formed a duplicated gene pair and th&mabidopsis ortholog
(ATMYB105)was known to be involved in the boundary specification, meristem initiation and
maintenance, and organ patterning while #rabidopsisortholog of another ARenriched
duplicated gene pairLgsMYB61 LusMYB66) AtMYB36 was suggested to promote
differeniation of the endodermit.ee et al., 2009.iberman et al.2015 FernandeaMarcos et al.,
2017) The remaining three ARenriched LusMYBs were LusMYB®, LusMYB149 and

LusMYB10znd their orthologs have not been functionally characterized in any species. Although
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the expression level dfusMYB26was the lowest among these 18 -ARrichedLusMYBs the
transcript ofLusMYB26was only detected in the AR babt in the BR and this gene belong to a

clade consisted only flax and populous genes bufraiiidopsisgenes.

Similarly, we found nindeusNACsthat were preferentially expressed in the AR from the RNA
Seq analysis, includingLusNAC93 LusNAC158 LusNAC50Q LusNAC100 LusNAC120
LusNAC27 LusNAC92 LusNAC114and LUsNAC65(Table 45). LusNAC93accumulated 45
times more transcript abundance in the édnpared to the BR and itgabidopsisortholog was
AtCUC3 an important transcriptional regulator siioot apical meristem formation, axillary
meristem initiation and organ separatidtibara et al., 2006Raman et al., 2008L.usNAC158

was sevetfold more enriched in the AR. Blast search in TAIR10 indicated that the best Blast hit
of this gene inArabidopsisgenome wasvND2. However, the phylogenetic dendrogram |
constructed had dividedusNAC158n a clade without VNS genes (Figurel}l Based on the
phylogenetic dendrograrhusNAC158vas a member of clade 2, which consisted 21 flax genes,
17 populusgenes but nonArabidopsisgene (Figure 4). Genes in this subfamily have not been
functionally characterized yet and the large number of flax genes in this family indicate that they
might be important for flax developmehusNAC5@&ndLusNAC2#vere 5.8 times and 3.1 times
more enriched in the AR respectively and they were duplicated genesAfdtantopsisortholog

was SOG1, which was suggested to govern multiple responses to DNA dfosigigama et al.,
2014) Similarly, two duplicated genelsysNAC10GandLusNAC120expressed 4-tld and 3.5

fold in the AR compared to the BR respectively and the function ofAn@inidopsisortholog was

not yet characterized. However, one of their clo8esbidopsishomologs in the same cladéN12)

was shown to negatively regtéaxylem vessel formation, therefore, it would be necessary to study
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one of these two genes. AlthouglisNAC92was 2.3fold more enriched in the AR and its
ArabidopsiorthologAtNAC50was involved in flower time contrgNing et al., 2015)LusNAC65

was only detected in the AR but not in the BR, although its expression level in the AR was lowest
among these nine ABnrichedLusNACs(inferred based the FPKM value). Meanwhile, the
Arabidopsisorthologous gene dfusNAC65AtCUC], was revead to be an important regulator

of shoot apical meristem formation and aumiediated lateral root formatidiee et al.. 2015

Spinelli et al.2011)

6.2 Characterization of flax NAC and MYB gene family

In addition to vascular differentiation, NAC and MYB transcription factors were also reported to
be important for many other aspects @mldevelopmer(Zhong et al., 2004 Legay et al., 201,0
Wang et al.2014) Therefore, | have performedg@nomiewide identification and expression
profiling of MYB and NAC transcription factors from flax. This study identified 240 putative
MYBsand 182 putativ&lACsfrom the flax genome and they were divided into &8 &7 clades
respectively (Figure-3; Figure 41). The identifiedLusMYBsincluded 53MYB-related genes

179 2R-MYBs seven3R-MYBsand onedR-MYBs(Appendix 4. | have checked the expressions

of LusMYBsof 2R-, 3R and4R-type andLusNACsin publicly avalable EST, microarray and
RNA-Seq data. As a result, | fouhdsMYB76LusMYB45LusMYB174LusNAC46LusNAC160
LusNAC87 LusNAC66 LusNAC31 LusNAC121 might be involved in the flax xylem
differentiation since they were all specifically expressed in the xylem tissue of the flax stem
(Figure 32; Figure 33; Figure 42; Figure 43). Additionally, we foundLusMYB90Q LusMYB36
andLusMYB33might be related tthe secondary cell wall formation in flax stem phloem fiber
cells since these three genes appeared to be more preferentially expressed in the external part of

the flax stem compared to the inner part and they had a higher expression in the lowehpart of t
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flax external stem (Figure-3). Meanwhile, we noted thausMYB36showed apparently higher
expression level in thBrakka than Belinka, the former one was a flax variety with better fibers

(Figure 32).

This study also revealed thantsNAC182, LusMYRL8, LusMYB127, LusMYB129, LusMYB113
and LusMYB148were significantly enriched in the top part of flax stem in which phloem fiber
were undergoing intrusive elongation, indicating that they might be related to phloem fiber cell
elongation (Figure -3; Figue 44). In contrastLusNAC67Avas most abundant around the snap
point andLusNAC161LusMYB5JlandLusMYB33vere most abundant in the stem below the snap
point, suggesting that they might be involved in the secondary cell deposition in the phloem fiber

cells of flax stem (Figure-&; Figure 44).

Moreover, through comparison the transcript expressiohsi®¥NDsin 12 differenttissueshy
gRT-PCR, | foundLusNAC28and LusNAC125 were enriched in the phloem fibers, while
LusNAC136 the ortholog ofArabidopsis VND7 was preferentially accumulated in the xylem
tissues (Figure-Z). This suggested thatisNAC28ndLusNAC125night be associated with the
phloem fiber development whereagsNAC136 might be involved in the xylem development.
Consideringhat the fibers | used to gqRICR analysis was collected from the lower part of the
flax stem, | assumed thatisNAC28andLusNAC125night be related to the secondary cell wall

formation in the phloem fibers.
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As a summary, this study Haae proposed se@val candidate genes for further study of the flax
phloem fiber cell specification and secondary cell wall deposition. To fustéterminewhether

they had the functions proposed here, we need to study theffagsction mutants for these genes.

6.3 Functional analysisof an uncharacterized Arabidopsisgene At3g05980

In Chapter 2, we foundnauncharacterizetlax gene,Lus10041215was abundant in the shoot
apex. In Chapter 5, | studied one ofAtabidopsishomolog, At3g05980and uncovered sevéra

of its characteristics. Firs§t3g05980was found to be conserved in eudicot but not present in
other taxa, suggestive of a eudispicific role. Second, four highly conserved motifs were
discovered in the protein sequenceAd8g05980 Third, At3g05980mRNA was preferentially
expressed in the shoot apices, root apiagg;hoblastspetals, young developing embryos and
micropylar endosperms. Fourtht3g0598aranscript was greatly induced by cold, but not by salt,
drought or hormone treatmenincluding ABA, IAA, GA3, BA, BR, ACC, MeJA. These results
were generally consistent with the expression patterns previously reported in public databases.
At3g05980was shown to be enriched in the shoot apices by both the microarray datakithe
browse and my gRTPCR study, however, this study indicated that the intergenic sequence
upstream the start codon of this gene could not drive the GUS staining in the shoot apices. To
further confirm the expression At3g05980n the shoot apices, a differenethod such as in situ
hybridization should be applied. Fifth, overexpressioAt8j05980ead to minor morphological
defects, including cotyledon epinasty, and slight shortening of both plant height and silique length.
However, lossof-function mutationn this gene did not induce any discernable morphological
abnormality. We also found that the freezing tolerance of At3g05980 overexpression lines and
lossof-function mutants were not significantly different from the WT. However, the expression

of RD29wasincreased in the lossf-function mutants, under either normal or stressed condition.
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Lastly, protein of At3g05980 was targeted to the peroxisome while function loss of At3g0980 or

transcript increase of At 3gO0&@a®0. had no effec

An important next step would be to phenotype the double mutakt8005980and its paralog

At5g19340 i n terms of pl ant mor phol ogy, freezing
oxidation, root (both primary and lateral) development as well as root hair. However, to make
better inference of the role &t3g05980it may be necessary to compare ttamscriptomes of

the lossof-function mutants and WT to examine the pathways involved. Beyond that, it may be

also necessary to study the protein expression patterns by developing At3g05980 protein specific

antibody.

6.4 Conclusions

This study investigatkthe transcriptome of flax shoot apices and identified genes enriched in this
region. This will improve our understanding of the shoot apices in general and help to define the
genetic mechanisms of phloem fiber specification. Additionally, this studyex@anded our
understanding about the NAC and MYB transcription factors in flax and identified several NAC
and MYB which were potentially associated with the phloem fiber differentiation in flax stem.
Furthermore, this study also gained some insight aboutnaharacterizedrabidopsisgene,
At3g05980 Although we did not get conclusive information about its specific function, the
phenomena observed in this study indicated that this gene might be related to the cold stress and

root development.
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Appendix

Average expression stability values of remaining control genes

Average expression stabllity M
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Appendix1. Average expression stability values (M) of nine flax common used reference genes
in flax shoot apices and matwem. GeNorm was used to calculate the M values. The reference
gene with lowest average expression stability is most stable in the examined

229



Appendix2. gqRT-PCR primers used in this study.

Gene ID Forward Reverse
Lus10038135|CCCATTCCAGTAAACGCTTC AGAAGGAGAAAGAGGGGGATT
Lus10012728|CGCAGCGTATTACCACCATA CCGAACCTCCTTGTCCTTG
Lus10000332|GGCGAGGAGTTGCAAGAA TCCACAGCAATGTGAGTCATC
Lus10038607 |ATTTGGCTCGGCACTTACC TAAAGCTGCAACGTCGTGAG
Lus10030473|GGCCAACCCAAACGAAAT CCTTCTGATCGGTGGTGAA
Lus10039303 |GCCGGAAATGTATGTGTTTTC ACCACTGCACTGACTGTTGC
Lus10015902 | TGGCCTCCTCCAGCTAGATA GAATCCCGGAATCCCAGTAG
Lus10023877 |ATGGCGAAACCAACATGAGT TGGAATCTTCCCAGATGGAT
Lus10011558 |GCGAACTCGACACAAAACCT AAGAGGACCACCACCCATC
Lus10004688 |AATCCAAGCGTCGGGAAT TGGCCATAAAACTGGTTGCT
Lus10040256/CGAATCAGAGCAAAAAGCTGA TCGTCCGTTTATTTGCGATAC
Lus10033441| ACTACTGAACATCAGTCTCACCAGA TCCAGAAGGAGGAGTAGGATGT
Lus10010694 |AACTTCCACCGCAAACAAAC GGGATTGTGGTGGTGATTATG
LusMYB34 | ATTCCGCAACATCAGGGTC GGGTAGCCATCATAGTAGTGAGTGT|
LusMYB149 |GGGAGCAGCTGCAACAGTA CCCAATCCAGCCATTGTT
LusMYB141 |GCAAACTTGTTCCATAACCAGA TTGATTATTCCTCTCCCACCA
LusMYB35 |TTCCGCAACATTAAGGTCAAGT AGTAGCCGTCATAGTAGCGAGTG
LusMYB142 |CAGCAAGCTTGTTTCACCAG TGATTATTCCTCTCCCACCATT
LusMYB187 |TGTTCTCTGACGCTCAAACC GCGAGTTTTCCATGCAACTT
LusMYB181 |GATGGCGTAATTGGGAATCTT GAGATTTCCATCCCGAAGGT
LusMYB102 |GGCTGCGTTGGTGTAATCA GTCCTCAGAGGCGGAGAAA
LusNAC136 |CAAGGCTGTTGTGTCGAAGA GATTTTGGAGGCGGTATTCA
LusNAC28 |ACTGCGTTTCTCGACGATTC CGGCAGAGAGTTAGGGCTTT
LusNAC125 |ACAGCAGGGCAGTAGCTTGT GAAGCTCGTTGAGGAAGCT
LusNAC10 |AATGACGGATTGGAGAGTGC GTTCGATGCGGTTCTGATCT
LusNAC160 |GTGACGGATTGGAGAGTGCT TCCTCCTCCTCGTCCTGAT
LusNAC46 |AGCGATCAAGAGCAAGTGGT AAACGAGGACGAAGGAGAC
LusNAC20 |CAACAATGTCTCCCCTTCGT CGATCTCGCAGGTTGATGTA
LusNAC42 |GCAAGATTGGAACGGATGAT TGTTGCTCGGTTTGTACGAG
LusNAC61 |GTGGATTTGACGGGTCCAT CGGCGGCTACTGATTCTG
LusNAC151 |GATGGTCGTTGCGACTTTTT TGTGACTCACCCGGTTTGTA
LusNAC36 |TTTTCTACAAAGGCCGTGCT TTCTGTCCAGTGTCGTCGAG
LusNAC161 |AGGGTGGGTGGTGTGTAGAG TTGATGATGAGCTCGTGAG
LusNAC146 |GCAGGGGATCATGTGAATCT GAGGTCGATCTTGTCGGAA
LusNAC66 |AAGAAATACCCGACCGGAAC TCAACCCAATCCTTCTCCTG
LusNAC164 |TGATTGGATCATGCACGAGTA TCCGGGGTTCGAGTTAATAG
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LusNAC122 |CCGCAGAACGAGTGGTATTT TCCTCATCCCGATTTTCTTG
LusNAC89 |GGTTCAAACAACCACACCAA GCTTCCTAAGGCATGGTGAT
LusGADPH |AGGTTCTTCCCGCTCTCAAT CCTCCTTGATAGCAGCCTTG
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Appendix3. Predicted transcription factors enric
FPKM log2(fold_change
TF ID Family Lus id (AR) FPKM (BR) AR/BR) g_value
Lus10002657 AP2 Lus10002657 17.8611 0.052907 -8.39915 0.034259
Lus1000499( AP2 Lus10004990 25.7466 14.4466 -0.833656 0.005019
Lus10007719 AP2 Lus10007719 169.654 25.3011 -2.74532 0.000269
Lus10015055 AP2 Lus10015055 10.3313 2.6839 -1.94462 0.000269
Lus10018124 AP2 Lus10018124 4.07314 1.97636 -1.0433 0.006044
Lus10018655 AP2 Lus10018655 244.958 25.9819 -3.23695 0.000269
Lus10019331 AP2 Lus10019331 50.6888 27.3715 -0.88899 0.001704
Lus10019905 AP2 Lus10019905 9.54602 2.98857 -1.67545 0.000269
Lus10023165 AP2 Lus10023165 8.59631 1.24517 -2.78738 0.000269
Lus10026477 AP2 Lus10026477 6.98672 0.85289 -3.03418 0.000269
Lus10036141 AP2 Lus10036141 7.56907 3.57026 -1.08408 0.000725
Lus10041595 AP2 Lus10041595 12.9967 5.32051 -1.2885 0.000269
Lus1001173(Q AP2 Lus10011730 88.9252 8.75037 -3.34518 0.000269
Lus1003965( AP2 Lus1003965C0 9.15107 1.36756 -2.74234 0.000269
Lus10000965 AP2 Lus10000965 21.7225 5.386 -2.01191 0.000269
Lus1004014( AP2 Lus10040140 19.0402 4.63484 -2.03846 0.000269
Lus10005264 ARF Lus10005264 55.7724 20.0599 -1.47523 0.000269
Lus1000744( ARF Lus1000744C0 32.6074 18.5173 -0.816328 0.003266
Lus10010969 ARF Lus10010969 25.6537 14,9091 -0.782973 0.004241]
Lus10012421 ARF Lus10012421 25.0888 5.27059 -2.25101 0.000269
Lus10013942 ARF Lus10013942 65.7997 18.0831 -1.86344 0.000269
Lus1002432( ARF Lus10024320 17.9592 5.26439 -1.77039 0.000505,
Lus10031354 ARF Lus10031354 25.0581 14,2122 -0.818146 0.00224
Lus10005340 ARR-B Lus1000534C0 50.2697 9.1962 -2.45058 0.000269
Lus10037719 ARR-B Lus10037719 21.5104 13.751 -0.645503 0.018807
Lus10041020 ARR-B Lus10041020 28.9721 8.52058 -1.76564 0.000269
Lus10000368 B3 Lus10000368 11.6847 3.50485 -1.73719 0.002925
Lus10006483 B3 Lus10006483 11.1275 3.08218 -1.85211 0.000269
Lus10007522 B3 Lus10007522 14.6798 1.16766 -3.65214 0.000269
Lus10009688 B3 Lus10009688 40.7717 5.20336 -2.97005 0.000269
Lus10009764 B3 Lus10009764 40.8384 7.3497 -2.47417 0.000269
Lus10011245 B3 Lus10011245 6.1828 2.40134 -1.36442 0.000505,
Lus10014044 B3 Lus10014044 3.54437 0.937032 -1.91936 0.01244
Lus10015266 B3 Lus1001526€6 15.3101 2.7441 -2.48008 0.000269
Lus10017434 B3 Lus10017434 26.5536 1.26091 -4.39637 0.000269
Lus1001844( B3 Lus10018440 4.76038 2.9279 -0.701209 0.037159
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Lus1001987(Q B3 Lus10019870 37.451 2.37531 -3.97882 0.000269
Lus10019873 B3 Lus10019873 36.6353 10.4168 -1.81433 0.000269
Lus10021006 B3 Lus10021006 56.5031 29.0648 -0.959056 0.029298
Lus10023691] B3 Lus10023691 1.19463 0.34088 -1.80922 0.048109
Lus10023844 B3 Lus10023844 13.4622 8.10728 -0.73163 0.048402
Lus10025533 B3 Lus10025533 2.06475 0.547635 -1.91468 0.002588
Lus10026067 B3 Lus10026067 10.4939 3.06507 -1.77555 0.001518
Lus10026921 B3 Lus10026921 56.1271 4.20421 -3.73879 0.000269
Lus10032098§ B3 Lus1003209§ 18.0971 0.800097 -4.49944 0.000269
Lus10032315 B3 Lus10032315 3.76516 0.809813 -2.21705 0.000269
Lus10032748§ B3 Lus1003274§ 0.277807 0.136322 -1.02706 1

Lus10036045 B3 Lus10036045 89.2962 21.6978 -2.04105 0.000269
Lus10039303 B3 Lus10039303 40.8492 1.64638 -4.63294 0.000269
Lus10012389 BBR-BPC | Lus10012389 80.2922 46.0393 -0.802393 0.042979
Lus10018060 BBR-BPC | Lus1001806Q0 30.6233 17.1025 -0.840427 0.006323
Lus10024313 BBR-BPC | Lus10024313 96.5043 64.0233 -0.591996 0.03601
Lus1003107§ BBR-BPC | Lus1003107/8 47.3483 21.6948 -1.12596 0.000269
Lus10040427 BBR-BPC | Lus10040427 82.5209 50.7372 -0.701717 0.015205
Lus10042056 BBR-BPC | Lus10042056 25.8309 11.9898 -1.10729 0.000269
Lus10014327 BES1 Lus10014327 61.7901 24.1219 -1.35703 0.220962
Lus10018842 BES1 Lus10018842 15.0228 8.12355 -0.886975 0.00224
Lus10026036 BES1 Lus10026036 65.8808 36.232 -0.862594 0.002066
Lus10000332 bHLH Lus10000332 13.1521 1.02384 -3.68323 0.000269
Lus10001271 bHLH Lus10001271 22.3723 1.39989 -3.99833 0.000269
Lus1000216(Q bHLH Lus10002160 113.378 12.8452 -3.14184 0.000269
Lus10005999 bHLH Lus10005999 1.34543 0.295892 -2.18493 0.042584
Lus10007101 bHLH Lus10007101 2.25153 0.69274 -1.70052 0.047656
Lus10009475 bHLH Lus10009475 30.6653 9.30722 -1.72018 0.000269
Lus10013284 bHLH Lus10013284 10.3233 4.90988 -1.07215 0.005317
Lus10014726 bHLH Lus10014726 60.4831 28.6468 -1.07816 0.000933
Lus10015907 bHLH Lus10015902 45.8242 0.546053 -6.39093 0.000505
Lus10018761 bHLH Lus10018761 20.9282 1.4992 -3.80319 0.000269
Lus10021846 bHLH Lus10021846 19.25 4.47285 -2.10559 0.000269
Lus10024631 bHLH Lus10024631 21.3018 4.79903 -2.15016 0.000269
Lus10024811] bHLH Lus10024811 9.74829 1.77022 -2.46122 0.000269
Lus1002995(Q bHLH Lus10029950 31.1151 5.93322 -2.39073 0.000269
Lus10032267 bHLH Lus10032267 57.896 19.8608 -1.54354 0.000269
Lus100325472 bHLH Lus10032542 26.5535 12.1863 -1.12364 0.000269
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Lus10038939 bHLH Lus10038939 16.9008 10.4708 -0.690716 0.017857
Lus10039631] bHLH Lus10039631 50.4157 14.3166 -1.81618 0.000269
Lus10041592 bHLH Lus10041592 7.97184 2.5743 -1.63074 0.001886
Lus10042017 bHLH Lus10042017 10.1045 5.02536 -1.00771 0.009266
Lus10043199 bHLH Lus10043199 15.8946 8.00948 -0.988759 0.001704
Lus10002028§ bZIP Lus10002028§ 12.2918 5.66529 -1.11747 0.012699
Lus1000290(Q bZIP Lus10002900 27.0229 6.22844 -2.11724 0.000505
Lus10005146 bZIP Lus10005146 18.0022 7.47255 -1.2685 0.000269
Lus1000815(Q bZIP Lus1000815Q 22.4997 8.91692 -1.33529 0.000269
Lus10008927 bZIP Lus10008927 40.9753 16.7693 -1.28893 0.012569
Lus10008929 bZIP Lus10008929 17.7848 9.64198 -0.883248 0.004241
Lus10014324 bZIP Lus10014324 20.1405 10.8543 -0.89183 0.007053
Lus10019376 bZIP Lus10019376 24.2502 13.9006 -0.80285 0.006189
Lus10024204 bZIP Lus10024204 25.3632 15.1374 -0.744619 0.018807
Lus10024847 bZIP Lus10024847 7.26988 3.17317 -1.19601 0.005019
Lus10028889 bZIP Lus10028889 25.3739 15.3857 -0.721754 0.011791
Lus10034296 bZIP Lus10034296 22.7699 3.44208 -2.72578 0.000269
Lus10041475 bZIP Lus10041475 36.0449 2.30484 -3.96706 0.000269
Lus10003681 C2H2 Lus10003681 21.7771 10.956 -0.991089 0.003928
Lus10007474 C2H2 Lus10007474 4.20508 1.47271 -1.51366 0.023873
Lus10014974 C2H2 Lus10014974 2.95139 1.20588 -1.2913 0.02364
Lus10019482 C2H2 Lus10019482 13.2703 3.81489 -1.79849 0.000269
Lus10026497 C2H2 Lus10026497 34.5553 17.9862 -0.942019 0.001134
Lus10028951] C2H2 Lus10028951 4.95831 1.51963 -1.70613 0.012964
Lus10031838§ C2H2 Lus1003183§ 4.78714 1.47291 -1.70049 0.00719
Lus10033148§ C2H2 Lus10033148 6.62503 3.00966 -1.13833 0.011925
Lus10037989 C2H2 Lus10037989 6.30202 2.01855 -1.64249 0.000269
Lus10043332 C2H2 Lus10043332 9.75769 2.72307 -1.84131 0.000269
Lus10000486 C3H Lus10000486 33.6058 13.5819 -1.30703 0.000269
Lus10004573 C3H Lus10004573 35.1927 16.4099 -1.10071 0.000505
Lus10007941 C3H Lus10007941 25.2425 15.0198 -0.748991 0.009796
Lus10013476 C3H Lus10013476 15.3217 9.54911 -0.682138 0.022509
Lus1001449Q C3H Lus1001449Q 7.4565 4.55335 -0.71157 0.040266
Lus10019481 C3H Lus10019481 31.3856 18.3486 -0.774432 0.005317
Lus10025973 C3H Lus10025973 26.6264 17.0562 -0.642565 0.021639
Lus1002895(Q C3H Lus10028950 6.00136 3.71211 -0.693047 0.026912
Lus10030063 C3H Lus10030063 4.36019 2.50142 -0.801645 0.039252
Lus10035248§ C3H Lus10035248 21.6093 9.30515 -1.21555 0.030962
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Lus1003546(Q C3H Lus1003546Q 24.7377 12.3243 -1.0052 0.000269
Lus10002033 CPP Lus10002033 20.6463 3.23572 -2.67372 0.000269
Lus10002895 CPP Lus10002895 19.7321 2.83941 -2.79689 0.000269
Lus10006604 CPP Lus10006604 22.2638 8.8122 -1.33713 0.000269
Lus10009494 CPP Lus10009494 6.22397 1.96193 -1.66556 0.000269
Lus10011693 CPP Lus10011693 8.1995 3.72857 -1.13691 0.010454
Lus10023656 CPP Lus10023656 8.39024 3.48974 -1.26559 0.000725
Lus10039358§ CPP Lus10039358 35.0556 12.2365 -1.51846 0.000269
Lus10005677 Dof Lus10005677 7.34024 3.20034 -1.1976 0.00647
Lus10014001] Dof Lus10014001 43.9974 28.0264 -0.650635 0.042979
Lus10020314 Dof Lus10020314 4.643 1.69803 -1.45119 0.010058
Lus10004217 E2F/DP Lus10004217 8.6327 3.29397 -1.38998 0.003598
Lus10014423 E2F/DP Lus10014423 10.6867 5.52932 -0.950642 0.015205
Lus100169772 E2F/DP Lus10016972 5.20186 1.64735 -1.65888 0.000269
Lus10021298§ E2F/DP Lus10021298 3.32101 1.41262 -1.23325 0.008862
Lus10023926 E2F/DP Lus10023926 8.18061 3.42811 -1.25479 0.006763
Lus10029421 E2F/DP Lus10029421 14.0578 2.38342 -2.56026 0.000269
Lus10032439 E2F/DP Lus10032439 7.21715 0.898498 -3.00584 0.002413
Lus10033151] E2F/DP Lus10033151 4.8278 2.27264 -1.087 0.015205
Lus10042941] E2F/DP Lus10042941 7.36074 0.934743 -2.97721 0.001328
Lus10011319 ERF Lus10011319g 4.55112 1.77091 -1.36173 0.000269
Lus10016245 ERF Lus10016245 4.03393 1.87482 -1.10544 0.016042
Lus10016827 ERF Lus10016827 43.8834 13.7551 -1.67371 0.000269
Lus10032353 ERF Lus10032353 4.80218 1.45211 -1.72553 0.012182
Lus10033938§ ERF Lus1003393§ 8.25895 1.87418 -2.1397 0.001134
Lus10037487 ERF Lus10037487 11.3703 4.82798 -1.23578 0.01371
Lus10038607 ERF Lus10038607 47.1958 3.18951 -3.88725 0.000269
Lus10020226 FAR1 Lus1002022¢ 31.3077 18.666 -0.746107 0.021738
Lus10007132 G2-like Lus10007132 84.1973 19.6685 -2.09789 0.000269
Lus1001166(Q G2-like Lus1001166Q 8.70046 1.34509 -2.69339 0.000269
Lus10016676 G2-like Lus10016676 34.3139 16.2243 -1.08063 0.000725
Lus10029607 G2-like Lus10029607 14.6522 8.97437 -0.70723 0.0182
Lus10030989 G2-like Lus10030989g 28.7231 15.3113 -0.907619 0.001886
Lus10032746 G2-like Lus10032746 10.5431 4.10853 -1.3596 0.008455
Lus10035043 G2-like Lus10035043 14.1469 3.6492 -1.95483 0.012828
Lus10035093 G2-like Lus10035093 12.3215 0.632916 -4.28302 0.00224
Lus10036758 G2-like Lus10036758 1.52564 0.688628 -1.14762 0.611186
Lus10037169 G2-like Lus10037169 60.7345 19.6132 -1.63069 0.000269
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Lus10002412 GATA Lus10002412 38.4802 23.5859 -0.706192 0.028322
Lus10020684 GATA Lus10020684 14.884 4.81875 -1.62703 0.006615
Lus10021466 GATA Lus10021466 85.2777 46.4483 -0.876542 0.003928
Lus10028301 GATA Lus10028301 16.3549 2.81979 -2.53606 0.003598
Lus10029863 GATA Lus10029863 16.846 4.07705 -2.04681 0.003765
Lus10031464 GATA Lus10031464 3.16536 0.7161 -2.14414 0.031175
Lus10037398§ GATA Lus10037398 15.2611 1.69493 -3.17056 0.000269
Lus10037721] GATA Lus10037721 55.1948 29.7086 -0.893649 0.009137
Lus1004181(Q GATA Lus1004181Q0 46.5335 29.0681 -0.678835 0.023072
Lus10002794 GeBP Lus10002794 101.029 37.355 -1.4354 0.000269
Lus10004772 GeBP Lus10004772 74.2337 40.9571 -0.857962 0.002066
Lus10005506 GeBP Lus10005506 51.7187 24.6067 -1.07163 0.000269
Lus10007188§ GeBP Lus1000718§ 20.9319 6.12406 -1.77314 0.044436
Lus10018859 GeBP Lus10018859 52.2376 23.8631 -1.13031 0.000269
Lus10004353 GRAS Lus10004353 43.9259 18.8497 -1.22053 0.000269
Lus10006322 GRAS Lus10006322 11.3765 3.86339 -1.55811 0.000269
Lus10010462 GRAS Lus10010462 19.8154 7.69618 -1.36441 0.000269
Lus10011542 GRAS Lus10011542 27.0204 12.5784 -1.1031 0.000269
Lus10012554 GRAS Lus10012554 1.70599 0.574125 -1.57117 0.013955
Lus10024014 GRAS Lus10024014 14.0901 6.6888 -1.07486 0.000505
Lus10028934 GRAS Lus10028934 42.0179 17.3442 -1.27655 0.000269
Lus10029592 GRAS Lus10029592 12.9722 5.00042 -1.3753 0.000269
Lus10039709 GRAS Lus10039709 3.84595 0.402354 -3.2568 0.009402
Lus10040284 GRAS Lus10040284 4.8274 2.77859 -0.796893 0.025565
Lus1004174(Q GRAS Lus1004174Q 48.6467 17.6777 -1.46041 0.000269
Lus10008268§ GRF Lus10008268 6.75094 1.91052 -1.82112 0.047168
Lus10009533 GRF Lus10009533 90.6053 10.5288 -3.10526 0.000269
Lus10011558§ GRF Lus1001155§ 95.1001 4.62038 -4.36336 0.000269
Lus10011559 GRF Lus10011559 88.8187 2.13561 -5.37814 0.000269
Lus10019274 GRF Lus10019274 80.1183 5.62643 -3.83184 0.000269
Lus10019275 GRF Lus10019275 97.2257 4.62303 -4.39443 0.000269
Lus10020352 GRF Lus10020352 147.971 12.4219 -3.57436 0.000269
Lus10033236 GRF Lus10033236 10.1621 1.34172 -2.92105 0.000933
Lus10033441 GRF Lus10033441 67.5686 1.02108 -6.04819 0.000269
Lus10037668§ GRF Lus10037668 81.3636 0.644086 -6.98099 0.015447
Lus10009816 HB-other | Lus1000981F§ 9.69615 4.10754 -1.23914 0.000269
Lus10013684 HB-other | Lus10013684 23.9424 13.3448 -0.843287 0.008862
Lus10017688 HB-other | Lus1001768§ 38.5931 20.7485 -0.895335 0.007478
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Lus10017944 HB-other | Lus10017944 36.3068 17.6527 -1.04035 0.001328
Lus10018634 HB-other | Lus10018634 13.162 9.0416 -0.541732 0.049386
Lus10024826 HB-other | Lus1002482¢ 9.55683 5.89195 -0.697788 0.014702
Lus1003987C  HB-other | Lus1003987(C 21.3454 12.85 -0.732153 0.006044
Lus10040921 HB-other | Lus10040921 11.0418 5.37293 -1.03919 0.000269
Lus10018741 HB-PHD Lus10018741 23.2578 9.00685 -1.36862 0.000269
Lus10021064 HD-ZIP Lus10021064 21.8551 10.4094 -1.07008 0.001886
Lus10007849 HD-ZIP Lus10007849 13.8676 5.64204 -1.29743 0.002925
Lus10004759 HD-ZIP Lus10004759 13.8362 3.74063 -1.8871 0.000269
Lus10023159 HD-ZIP Lus10023159 182.187 71.4942 -1.34953 0.000269
Lus1000765(Q HD-ZIP Lus10007650 13.6199 3.22262 -2.07941 0.000269
Lus10006765 HD-ZIP Lus10006765 13.0918 3.39828 -1.94579 0.000269
Lus10020059 HD-ZIP Lus10020059 13.3096 2.10707 -2.65915 0.000269
Lus10031321 HD-ZIP Lus10031321 6.16656 3.18453 -0.953386 0.008313
Lus10038449 HD-ZIP Lus10038449 63.0696 23.1685 -1.44478 0.000269
Lus10023357 HD-ZIP Lus10023357 54.9254 19.3472 -1.50535 0.000269
Lus10031892 HD-ZIP Lus10031892 8.43449 2.12476 -1.989 0.000269
Lus10011941] HSF Lus10011941 4.44504 2.10751 -1.07666 0.029509
Lus10036062 HSF Lus10036062 19.3628 9.8738 -0.971608 0.004241
Lus10042646 HSF Lus10042646 54.3264 17.8197 -1.60818 0.000269
Lus10003789 LBD Lus10003789 1.99061 0.567196 -1.81129 0.03847
Lus10011906 LBD Lus10011906 3.80441 0.329837 -3.52785 0.025457
Lus10023591] LBD Lus10023591 84.9812 10.2166 -3.05623 0.000269
M-
Lus10016809 type_MADS | Lus10016809 8.55524 0.306089 -4.80479 0.006189
M-
Lus10026613 type_MADS | Lus10026613 9.3578 2.80586 -1.73772 0.000269
Lus10027404 MIKC_MADS | Lus10027404 65.2698 13.5583 -2.26724 0.000269
Lus10031665 MIKC_MADS | Lus10031669 52.2961 14.3946 -1.86117 0.000269
Lus10033187 MIKC_MADS | Lus10033187 123.848 83.41 -0.570274 0.048313
Lus10011687 MYB Lus10011687 21.9107 6.60439 -1.73014 0.000269
Lus10021762 MYB Lus10021762 9.23962 3.44576 -1.42301 0.01308
Lus10022136 MYB Lus10022136 18.8325 5.84628 -1.68763 0.000269
Lus10024392 MYB Lus10024392 40.2698 17.905 -1.16934 0.02376
Lus10025355 MYB Lus10025355 49.7874 19.7324 -1.33522 0.000269
Lus10026611 MYB Lus10026611 39.4448 6.72053 -2.55319 0.000269
Lus10027459 MYB Lus10027459 8.99345 1.46278 -2.62016 0.00224
Lus10030378§ MYB Lus10030378 22.3264 1.62844 -3.77719 0.000269
Lus10030452 MYB Lus10030452 45.8304 6.51718 -2.81399 0.000269
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Lus10034133 MYB Lus10034133 17.1577 8.01194 -1.09863 0.002925
Lus10036453 MYB Lus10036453 4.70366 0.494854 -3.24871 0.017971
Lus10037898§ MYB Lus10037898 7.64026 4.96034 -0.623183 0.03847
Lus10038623 MYB Lus10038623 7.84214 4.67747 -0.745519 0.013324
Lus10039214 MYB Lus10039214 7.64617 0.415381 -4.20223 0.029615
Lus1004345] MYB Lus10043451 19.3934 11.2455 -0.786218 0.015928
Lus10004489 MYB_related | Lus1000448S 15.2946 4.15443 -1.8803 0.000269
Lus10012209 MYB_related | Lus10012209 2.85322 0.949171 -1.58785 0.001328
Lus10012602 MYB_related | Lus10012602 13.9989 8.50102 -0.719602 0.03002
Lus10014653 MYB_related | Lus10014653 9.98965 6.24788 -0.677069 0.040579
Lus10017319 MYB_related | Lus1001731SG 6.47396 3.52099 -0.878666 0.028421
Lus10020117 MYB_related | Lus10020117 12.6128 5.94679 -1.0847 0.000505
Lus10026522 MYB_related | Lus10026522 13.0719 3.3091 -1.98196 0.000269
Lus10031893 MYB_related | Lus10031893 15.4744 5.02099 -1.62384 0.000269
Lus10033961 MYB_related | Lus10033961 20.464 10.2756 -0.99386 0.001134
Lus10038846 MYB_related | Lus10038846 85.2884 52.6424 -0.696125 0.014702
Lus10040453 MYB_related | Lus10040453 1907.74 18.3992 -6.69608 0.000269
Lus10042209 MYB_related | Lus10042209 11.7557 6.09393 -0.947912 0.005164
Lus10007216 NAC Lus10007216 18.7073 10.4557 -0.83931 0.005019
Lus10013205 NAC Lus10013205 21.626 0.481261 -5.48981 0.002066
Lus10020794 NAC Lus10020794 230.557 117.636 -0.970786 0.000269
Lus10021708§ NAC Lus10021708 17.8751 3.05968 -2.54649 0.000269
Lus10032004 NAC Lus10032004 24.4355 7.07754 -1.78766 0.000269
Lus10035174 NAC Lus10035174 23.1034 5.45486 -2.08249 0.000269
Lus1003540(0 NAC Lus10035400 22.4263 3.16971 -2.82277 0.000269
Lus10037939 NAC Lus10037939 55.1023 24.1878 -1.18783 0.000269
Lus1003867(Q NAC Lus10038670 17.3744 9.577 -0.859319 0.001704
Lus10041492 NAC Lus10041492 19.4372 6.19295 -1.65012 0.000269
Lus10021259 NF-YA Lus10021259 19.9682 11.7725 -0.762281 0.020455
Lus10031505 NF-YA Lus10031505 9.34034 2.5335 -1.88234 0.000269
Lus10004867 NF-YB Lus10004867 28.2466 2.14767 -3.71723 0.002759
Lus10020621 NF-YB Lus10020621 41.6559 14.0219 -1.57084 0.000269
Lus10023167 NF-YB Lus10023167 16.6832 5.89025 -1.502 0.000269
Lus100272472 NF-YB Lus10027242 65.3726 23.2564 -1.49106 0.000269
Lus10038952 NF-YB Lus10038952 56.1689 22.0094 -1.35165 0.000269
Lus10008701 NF-YC Lus10008701 23.4199 6.16286 -1.92606 0.04802
Lus10021934 NF-YC Lus10021934 75.3695 37.847 -0.993802 0.015809
Lus10026118§ NF-YC Lus10026118 33.0766 12.5752 -1.39522 0.000269
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Lus1002678(Q NF-YC Lus1002678(0 28.4624 10.5037 -1.43816 0.000269
Lus10030657 NF-YC Lus10030657 54.5632 5.80089 -3.23358 0.000269
Lus10030832 NF-YC Lus10030832 28.2339 3.48821 -3.01687 0.00224
Lus10041221] NF-YC Lus10041221 58.0473 13.9305 -2.05898 0.000269
Lus10041638§ NF-YC Lus10041638 33.9554 16.9333 -1.00378 0.006763
Lus10023049 Nin-like Lus1002304S 2.77547 0.817441 -1.76355 0.001704
Lus10023345 SlFalike Lus10023345 12.7145 5.11411 -1.31392 0.000269
Lus10003126 SBP Lus10003126 45.2711 7.9427 -2.51089 0.000269
Lus10006411 SBP Lus10006411 27.2988 16.782 -0.701926 0.019052
Lus10007984 SBP Lus10007984 11.7213 5.22278 -1.16624 0.000269
Lus1001202Q SBP Lus10012020 69.513 19.6781 -1.82069 0.000269
Lus10016275 SBP Lus10016275 55.6692 13.7061 -2.02206 0.000269
Lus1001861(Q SBP Lus1001861Q 10.226 4.37347 -1.22539 0.034988
Lus10021034 SBP Lus10021034 76.3218 10.0246 -2.92856 0.000269
Lus10021141 SBP Lus10021141 7.38151 2.08235 -1.8257 0.000269
Lus10021614 SBP Lus10021614 17.9974 9.74403 -0.885197 0.003431
Lus10023818§ SBP Lus10023818 9.4356 1.17525 -3.00514 0.01072
Lus10028181] SBP Lus10028181 9.20218 0.620645 -3.89013 0.001886
Lus10003416 SRS Lus10003416 7.63626 1.66981 -2.19318 0.003765
Lus10009697 SRS Lus10009697 11.867 1.44753 -3.03529 0.000269
Lus10024305 SRS Lus10024305 8.14942 2.19952 -1.88951 0.002066
Lus10028352 SRS Lus10028352 4.45621 1.28063 -1.79896 0.009402
Lus10036032 SRS Lus10036032 16.035 2.85176 -2.49129 0.000933
Lus10041802 SRS Lus10041802 12.1542 2.23714 -2.44173 0.031705
Lus10005584 STAT Lus10005584 3.69525 1.37827 -1.42281 0.002066
Lus10013716 STAT Lus10013716 7.18105 3.11944 -1.20291 0.000725
Lus10021452 TALE Lus10021452 27.2668 2.62122 -3.37883 0.000269
Lus10026432 TALE Lus10026432 59.5062 2.68665 -4.46916 0.000269
Lus1001611(Q TALE Lus1001611Q 19.0657 2.0601 -3.21019 0.000269
Lus10004688§ TALE Lus10004688 94.6156 3.31321 -4.83578 0.000269
Lus10040256 TALE Lus10040256 132.369 7.18552 -4.20333 0.000269
Lus10030003 TALE Lus10030003 78.1272 16.2361 -2.26662 0.000269
Lus10042102 TALE Lus10042102 17.8971 1.34246 -3.73677 0.000269
Lus10001238§ TALE Lus10001238 16.2423 0.856825 -4.24461 0.002413
Lus10008643 Trihelix Lus10008643 11.3275 3.69969 -1.61435 0.000269
Lus10008988§ Trihelix Lus10008988 29.0333 19.7089 -0.558858 0.04376
Lus10009184 Trihelix Lus10009184 22.5344 11.3722 -0.98661 0.010319
Lus10014375 Trihelix Lus10014375 7.43473 2.36314 -1.65357 0.000505
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Lus10015924 Trihelix Lus10015924 27.1425 17.0855 -0.667783 0.01244
Lus100238772 Trihelix Lus10023872 1.9985 0.197269 -3.34068 0.031814
Lus10027718§ Trihelix Lus10027718 15.3247 6.05119 -1.34056 0.000269
Lus1003557(Q Trihelix Lus10035570 6.02376 2.25069 -1.42029 0.002588
Lus10035582 Trihelix Lus10035582 18.7892 8.12173 -1.21004 0.000269
Lus10036723 Whirly Lus10036723 48.8766 17.4724 -1.48407 0.000269
Lus10037206 Whirly Lus10037206 32.7113 13.8425 -1.24069 0.000269
Lus10014745 WRKY Lus10014745 75.6406 21.6982 -1.80158 0.000269
Lus10019898§ WRKY Lus1001989§ 37.5685 3.1142 -3.59259 0.000269
Lus10021999 WRKY Lus10021999 7.86614 3.60393 -1.12608 0.016649
Lus1002215(Q WRKY Lus1002215C0 18.8242 12.0215 -0.646962 0.023523
Lus10024864 WRKY Lus10024864 16.2956 8.73738 -0.899212 0.007889
Lus10033857 WRKY Lus10033857 58.8224 16.6158 -1.82381 0.000269
Lus10036268§ WRKY Lus10036268 15.5627 10.6049 -0.553355 0.047469
Lus10042538§ WRKY Lus10042538 15.1971 6.1034 -1.31611 0.002588
Lus10019407 YABBY Lus10019407 28.4356 11.5631 -1.29816 0.002759
Lus10030105 YABBY Lus10030105 10.1762 0.636055 -3.9999 0.002925
Lus10005244 ZF-HD Lus10005244 30.4133 14.5787 -1.06084 0.017971
Lus10007147 ZF-HD Lus100071474 135.613 2.27999 -5.89432 0.000269
Lus10014302 ZF-HD Lus10014302 2.85666 0.171756 -4.05589 0.037744
Lus10038135 ZF-HD Lus10038135 83.1918 0.573075 -7.18157 0.00719
Lus1003767(Q AP2 Lus10037670 4.12534 0 inf 0.000269
Lus10000747 B3 Lus10000747 1.10208 0 inf 0.000269
Lus10012046 B3 Lus10012046 12.7802 0 inf 0.000269
Lus10012226 ERF Lus10012226 4.13865 0 inf 0.210832
Lus10014345 ERF Lus10014345 3.13922 0 inf 0.000269
Lus10015653 ERF Lus10015653 37.4187 0 inf 0.000269
Lus10032882 GRAS Lus10032882 4.6761 0 inf 0.000269
Lus1001438(Q GRF Lus10014380 115.894 0 inf 0.075569
Lus1003080(Q HD-ZIP Lus1003080Q 3.84587 0 inf 0.000269
Lus10009336 LBD Lus10009336 2.58798 0 inf 0.000269
Lus10016732 LFY Lus10016732 1.05836 0 inf 0.000269
M-
Lus10028214 type_MADS | Lus10028214 10.032 0 inf 0.22514
M-
Lus10035029 type_MADS | Lus10035029 2.22046 0 inf 0.43309
Lus10016139 MYB Lus10016139 3.38138 0 inf 0.000269
Lus10018518§ MYB Lus10018518 2.88378 0 inf 0.000269
Lus10021428§ MYB Lus10021428 10.6303 0 inf 0.000269
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Lus10038092 MYB Lus10038092 30.9376 0 inf 0.000269
Lus10007643 MYB_related | Lus10007643 6.80047 0 inf 0.008862
Lus10014933 MYB_related | Lus10014933 2.94253 0 inf 0.060625
Lus10023568 MYB_related | Lus1002356§ 1.80891 0 inf 0.066097
Lus10041924 NAC Lus10041924 11.7809 0 inf 0.000269
Lus10018283 Trihelix Lus10018283 41.1782 0 inf 0.000269
Lus10027398§ Trihelix Lus10027398 3.66274 0 inf 0.000269
Lus10031672 Trihelix Lus10031672 5.34632 0 inf 0.000269
Lus10005282 WOX Lus10005282 2.26594 0 inf 0.000269
Lus1001396(Q WOX Lus10013960 5.56958 0 inf 0.000269
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Appendix4. List of putative flax MYBs and their Arabidopsis orthologs.

Gene Arabidopsis | ArabidopsisOrtholo
Symbol Gene ID Ortholtfg Desr,)cription ’ E-value
R2R3-MYB
LusMYB1 | Lus10038062 AT2G47190.1 ATMYBO002 4.10E70
LusMYB2 | Lus10009996 AT2G47190.1 ATMYBO002 7.18E69
LusMYB3 | Lus10033438 AT1G22640.1 ATMYBO003 3.80E60
LusMYB4 | Lus10028435 AT4G38620.1 ATMYBO004 3.17E79
LusMYB5 | Lus10039173 AT3G13540.1 ATMYBO005 3.14E75
LusMYB6 | Lus10013762 AT3G13540.1 ATMYBO005 1.05E74
LusMYB7 | Lus10000411f AT4G09460.1 ATMYBO006 2.57E100
LusMYB8 | Lus10016948 AT4G09460.1 ATMYBO006 2.42E96
LusMYB9 | Lus10001548 AT4G09460.1 ATMYBO006 6.40E93
LusMYB10 | Lus10009448 AT4G09460.1 ATMYBO006 2.24E92
LusMYB11 | Lus10000470 AT2G16720.1 ATMYBO0O07 3.92E60
LusMYB12 | Lus10041888 AT2G16720.1 ATMYBO0O0O7 5.73E79
LusMYB13 | Lus10014129 AT2G16720.1 ATMYBO0O0O7 3.45E76
LusMYB14 | Lus10033473 AT2G16720.1 ATMYBO0O07 4.52E81
LusMYB15 | Lus10040139 AT5G16770.2 ATMYBO009 3.79E69
LusMYB16 | Lus10001093 AT5G16770.2 ATMYBO009 8.41E68
LusMYB17 | Lus10033737 AT5G16770.2 ATMYBO009 40147
LusMYB18 | Lus10011031 AT5G16770.2 ATMYBO009 1.14E64
LusMYB19 | Lus10036336 AT2G47460.1 ATMYBO012 8.31E68
LusMYB20 | Lus10002435 AT2G47460.1 ATMYBO012 2.68E62
LusMYB21 | Lus10001458 AT2G47460.1 ATMYBO012 1.29E63
LusMYB22 | Lus10010273| AT2G47460.1 ATMYBO012 2.77E67
LusMYB23 | Lus10033889 AT2G31180.1 ATMYBO014 1.23E72
LusMYB24 | Lus10042561 AT2G31180.1 ATMYBO014 1.00E65
LusMYB25 | Lus10003557| AT2G31180.1 ATMYBO014 5.52E70
LusMYB26 | Lus10018518 AT2G31180.1 ATMYBO014 1.55E48
LusMYB27 | Lus10022021 AT2G31180.1 ATMYBO014 8.09E69
LusMYB28 | Lus10011820 AT2G31180.1 ATMYBO014 5.49E69
LusMYB29 | Lus10041145/ AT3G23250.1 ATMYBO015 1.19E72
LusMYB30 | Lus10021185 AT3G23250.1 ATMYBO015 1.17E70
LusMYB31 | Lus10021871 AT3G23250.1 ATMYBO015 1.35E73
LusMYB32 | Lus10026620 AT5G15310.1 ATMYBO0O16 3.09E95
LusMYB33 | Lus10033003| AT5G15310.2 ATMYBO016 5.75E98
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LusMYB34 | Lus10039214 AT3G61250.1 ATMYBO017 1.42E61
LusMYB35 | Lus10027459 AT3G61250.1 ATMYBO017 1.26E70
LusMYB36 | Lus10030378 AT3G61250.1 ATMYBO17 9.59E105
LusMYB37 | Lus10014784 AT3G61250.1 ATMYBO17 3.26E110
LusMYB38 | Lus10005740 AT4G25560.1 ATMYBO018 7.85E57
LusMYB39 | Lus10039213 AT4G25560.1 ATMYBO018 9.08E58
LusMYB40 | Lus10027458 AT4G25560.1 ATMYBO018 6.76E58
LusMYB41 | Lus10005739 AT5G52260.1 ATMYBO019 5.83E56
LusMYB42 | Lus10004042 AT1G66230.1 ATMYBO020 2.44E77
LusMYB43 | Lus10004043 AT1G66230.1 ATMYBO020 1.98E80
LusMYB44 | Lus10038913 AT1G66230.1 ATMYBO020 6.15E81
LusMYB45 | Lus10027197) AT1G66230.1 ATMYBO020 1.66E81
LusMYB46 | Lus10002296 AT1G66230.1 ATMYBO020 1.38E79
LusMYB47 | Lus10022259 AT3G27810.1 ATMYBO021 9.39E78
LusMYB48 | Lus10013081 AT3G27810.1 ATMYBO021 4.50E51
LusMYB49 | Lus10032129 AT5G40350.1 ATMYB024 4.78E68
LusMYB50 | Lus10014557] AT5G40350.1 ATMYBO024 1.86E68
LusMYB51 | Lus10015608 AT3G13890.2 ATMYBO026 1.86E72
LusMYB52 | Lus10023918 AT3G53200.1 ATMYBO027 1.01E52
LusMYB53 | Lus10014415 AT3G53200.1 ATMYBO027 2.84E53
LusMYB54 | Lus10005245 AT3G28910.1 ATMYBO030 1.70E81
LusMYB55 | Lus10030677 AT3G28910.1 ATMYBO030 3.43E90
LusMYB56 | Lus10015369 AT3G28910.1 ATMYBO030 1.71E92
LusMYB57 | Lus10039462 AT3G28470.1 ATMYBO035 1.41E86
LusMYB58 | Lus10036660 AT3G28470.1 ATMYBO035 3.01E64
LusMYB59 | Lus10005834 AT3G28470.1 ATMYBO035 1.13E86
LusMYB60 | Lus10033119 AT3G28470.1 ATMYBO035 2.00E65
LusMYB61 | Lus10021428 AT5G57620.1 ATMYBO036 71.72E76
LusMYB62 | Lus10013830 AT5G57620.1 ATMYBO036 3.02E67
LusMYB63 | Lus10006978 AT5G57620.1 ATMYBO036 5.46E76
LusMYB64 | Lus10001394 AT5G57620.1 ATMYBO036 7.36E74
LusMYB65 | Lus10001316 AT5G57620.1 ATMYBO036 8.13E76
LusMYB66 | Lus10016139 AT5G57620.1 ATMYBO036 3.70E74
LusMYB67 | Lus10023002 AT2G36890.1 ATMYBO038 3.11E74
LusMYB68 | Lus10014569 AT5G14340.1 ATMYBO040 3.31E75
LusMYB69 | Lus10032117] AT5G14340.1 ATMYBO040 8.41E77
LusMYB70 | Lus10031607] AT4G28110.1 ATMYBO041 4.24E54
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LusMYB71 | Lus10033738 AT4G28110.1 ATMYBO041 2.28E54
LusMYB72 | Lus10032226 AT4G12350.1 ATMYBO042 1.49E87
LusMYB73 | Lus10024589 AT4G12350.1 ATMYBO042 2.17E86
LusMYB74 | Lus10010974 AT5G16600.1 ATMYBO043 3.54E67
LusMYB75 | Lus10010238 AT5G67300.1 ATMYB044 1.12E70
LusMYB76 | Lus10039610 AT5G12870.1 ATMYBO046 7.17E67
LusMYB77 | Lus10031850 AT5G12870.1 ATMYBO046 1.29E65
LusMYB78 | Lus10002559 AT5G12870.1 ATMYBO046 2.51E66
LusMYB79 | Lus10027369 AT5G12870.1 ATMYBO046 7.51E65
LusMYB80 | Lus10029520 AT5G12870.1 ATMYBO046 5.55E66
LusMYB81 | Lus10005886 AT3G46130.1 ATMYBO048 4.54E84
LusMYB82 | Lus10029746 AT1G17950.1 ATMYBO052 1.85E60
LusMYB83 | Lus10031326 AT1G17950.1 ATMYBO052 9.25E64
LusMYB84 | Lus10031900 AT1G17950.1 ATMYBO052 2.74E67
LusMYB85 | Lus10039734 AT5G65230.1 ATMYBO053 1.03E55
LusMYB86 | Lus10039735 AT5G65230.1 ATMYBO053 1.47E52
LusMYB87 | Lus10038022 AT4G01680.3 ATMYBO055 3.54E87
LusMYB88 | Lus10005683 AT5G17800.1 ATMYBO056 8.27E57
LusMYB89 | Lus10020343 AT1G08810.1 ATMYBO060 1.51E80
LusMYB90 | Lus10009522 AT1G08810.1 ATMYBO060 8.96E81
LusMYB91 | Lus10009037] AT1G68320.1 ATMYBO062 8.43E71
LusMYB92 | Lus10034338 AT1G68320.1 ATMYBO062 3.71E82
LusMYB93 | Lus10041435 AT1G68320.1 ATMYBO062 1.48E80
LusMYB94 | Lus10026787] AT3G11440.1 ATMYBO065 2.83E87
LusMYB95 | Lus10026142 AT3G11440.1 ATMYBO065 8.63E108
LusMYB96 | Lus10008685 AT3G11440.1 ATMYBO065 3.10E108
LusMYB97 | Lus10036103 AT3G11440.1 ATMYBO065 1.88E92
LusMYB98 | Lus10038395 AT3G12720.1 ATMYBO67 9.14E67
LusMYB99 | Lus10001226 AT3G12720.1 ATMYBO067 3.68E71
LusMYB100 | Lus10026543 AT5G65790.1 ATMYBO068 9.18E67
LusMYB101 | Lus10032764 AT2G23290.1 ATMYBO70 5.37E54
LusMYB102 | Lus10021762 AT2G23290.1 ATMYBO070 2.18E53
LusMYB103 | Lus10014453 AT3G24310.1 ATMYBO071 5.63E66
LusMYB104 | Lus10023711] AT3G24310.1 ATMYBO71 5.46E66
LusMYB105 | Lus10030336 AT4G37260.1 ATMYBO073 2.85E73
LusMYB106 | Lus10040940 AT4G37260.1 ATMYBO073 7.10E53
LusMYB107 | Lus10007503 AT4G37260.1 ATMYBO073 5.33E55
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LusMYB108 | Lus10010055 AT4G37260.1 ATMYBO073 2.50E75
LusMYB109 | Lus10028979 AT4G37260.1 ATMYBO073 9.45E52
LusMYB110 | Lus10014103 AT4G37260.1 ATMYBO73 8.27E61
LusMYB111 | Lus10010260 AT4G37260.1 ATMYBO73 7.28E82
LusMYB112 | Lus10019085 AT5G07700.1 ATMYBO076 2.49E68
LusMYB113| Lus10016413 AT3G08500.1 ATMYBO083 3.16E49
LusMYB114 | Lus10019707] AT3G08500.1 ATMYBO083 2.61E49
LusMYB115| Lus10031281 AT3G08500.1 ATMYBO083 7.04E70
LusMYB116 | Lus10028248 AT3G49690.1 ATMYB084 1.24E80
LusMYB117 | Lus10039646 AT3G49690.1 ATMYBO084 3.01E76
LusMYB118 | Lus10011606 AT3G49690.1 ATMYB084 1.06E76
LusMYB119 | Lus10007248 AT3G49690.1 ATMYB084 1.84E81
LusMYB120 | Lus10030494 AT2G02820.2 ATMYBO088 6.12E147
LusMYB121 | Lus10041142 AT1G34670.1 ATMYBO093 1.92E100
LusMYB122 | Lus10018546 AT1G34670.1 ATMYBO093 1.79E52
LusMYB123| Lus10036472 AT1G34670.1 ATMYBO093 7.05E98
LusMYB124 | Lus10039771 AT1G34670.1 ATMYBO093 7.34E56
LusMYB125 | Lus10042200 AT3G47600.1 ATMYB094 6.19E93
LusMYB126 | Lus10024218 AT3G47600.1 ATMYB094 1.71E85
LusMYB127 | Lus10002056 AT3G47600.1 ATMYBO094 8.42E86
LusMYB128 | Lus10008616 AT5G62470.2 ATMYBO096 3.15E85
LusMYB129 | Lus10027189 AT2G32460.1 ATMYB101 1.89E71
LusMYB130 | Lus10040063 AT2G32460.2 ATMYB101 3.63E63
LusMYB131 | Lus10035275 AT2G32460.2 ATMYB101 3.01E68
LusMYB132 | Lus10018418 AT4G21440.1 ATMYB102 5.28E98
LusMYB133 | Lus10018547| AT4G21440.1 ATMYB102 6.91E53
LusMYB134 | Lus10020085 AT4G21440.1 ATMYB102 1.43E97
LusMYB135| Lus10039743 AT4G21440.1 ATMYB102 1.97E94
LusMYB136 | Lus10006740 AT4G21440.1 ATMYB102 1.25E88
LusMYB137 | Lus10002593 AT4G21440.1 ATMYB102 1.23E94
LusMYB138 | Lus10039772 AT4G21440.1 ATMYB102 9.31E52
LusMYB139 | Lus10032298 AT1G63910.1 ATMYB103 6.36E81
LusMYB140 | Lus10024669 AT1G63910.1 ATMYB103 8.15E81
LusMYB141 | Lus10030452 AT1G69560.1 ATMYB105 2.65E74
LusMYB142 | Lus10026611 AT1G69560.1 ATMYB105 2.17E73
LusMYB143 | Lus10015712 AT3G01140.1 ATMYB106 4.61E86
LusMYB144 | Lus10019086 AT3G01140.1 ATMYB106 4.40E88
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LusMYB145 | Lus10037818 AT3G06490.1 ATMYB108 4.71E87
LusMYB146 | Lus10017096 AT3G06490.1 ATMYB108 1.01E82
LusMYB147 | Lus10028250 AT3G55730.1 ATMYB109 5.61E91
LusMYB148 | Lus10040239 AT3G55730.1 ATMYB109 2.49E91
LusMYB149 | Lus10036453 AT5G49330.1 ATMYB111 1.21E71
LusMYB150 | Lus10016855 AT5G49330.1 ATMYB111 1.18E69
LusMYB151 | Lus10003277] AT1G66370.1 ATMYB113 2.98E46
LusMYB152 | Lus10009130 AT1G66370.1 ATMYB113 4.54E60
LusMYB153 | Lus10042522 AT1G66370.1 ATMYB113 3.39E53
LusMYB154 | Lus10028513 AT1G66370.1 ATMYB113 1.55E63
LusMYB155 | Lus10028514 AT1G66370.1 ATMYB113 2.34E53
LusMYB156 | Lus10009129 AT1G66370.1 ATMYB113 3.56E51
LusMYB157 | Lus10022256 AT3G27785.1 ATMYB118 5.54E46
LusMYB158 | Lus10013084 AT3G27785.1 ATMYB118 1.60E52
LusMYB159 | Lus10005079 AT3G30210.1 ATMYB121 2.69E62
LusMYB160 | Lus10034372 AT3G30210.1 ATMYB121 1.68E56
LusMYB161 | Lus10009780 AT3G60460.1f ATMYB125/DUO1 1.68E66
LusMYB162 | Lus10037898 AT4G32730.1 ATMYB3R1 2.95E76
LusMYB163 | Lus10024036 AT5G41020.1 ATMYB3Rlike 3.17E106
LusMYB164 | Lus10002384 AT4G18770.1 AtMYB98 5.12E74
LusMYB165 | Lus10003001] AT5G16770.1 AtMYB9 7.21E65
LusMYB166 | Lus10005864 AT5G58850.1 AtMYB119 8.71E56
LusMYB167 | Lus10012847| AT2G02820.1 AtMYB88 6.00E129
LusMYB168 | Lus10018220 AT5G58850.1 AtMYB119 1.62E76
LusMYB169 | Lus10018545 AT1G34670.1 AtMYB93 4.38E49
LusMYB170| Lus10018936 AT1G17950.1 AtMYBS52 2.15E62
LusMYB171 | Lus10024392 AT2G37630.1 AtMYB91 7.00E144
LusMYB172 | Lus10025355 AT2G37630.1 AtMYB91 6.90E125
LusMYB173| Lus10027695 AT4G18770.1 AtMYB98 2.02E86
LusMYB174 | Lus10028638 AT1G17950.1 AtMYB52 1.13E62
LusMYB175| Lus10034133 AT5G11510.1 AtMYB3R4 6.07E17
LusMYB176 | Lus10039966 AT4G18770.1 AtMYB98 3.20E79
LusMYB177 | Lus10040684 AT5G58850.1 AtMYB119 8.11E73
LusMYB178| Lus10042111 AT4G18770.1 AtMYB98 2.31E78
LusMYB179 | Lus10043451 AT5G02320.1 AtMYB3R5 1.48E17
R1R2R3MYB

LusMYB180 | Lus10038623 AT4G32730.1 ATMYB3R1 9.86E108
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LusMYB181 | Lus10022136  AT4G32730.1 ATMYB3R1 0
LusMYB182 | Lus10025351] AT3G09370.1 ATMYB3R3 5.58E138
LusMYB183 | Lus10024394 AT5G02320.2 ATMYB3R5 8.01E132
LusMYB184 | Lus10008010 AT5G02320.2 ATMYB3R5 297E71
LusMYB185 | Lus10009008 AT3G18100.2 ATMYB4R1 5.60E136
LusMYB186 | Lus10009636  AT3G18100.2 ATMYB4R1 7.90E151
4R-MYB

LusMYB187 | Lus10011687] AT4G32730.1 ATMYB3R1 9.51E125
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Appendix5. Overview of putative LusMYBs.

Genes Genomic contig MW/(kDa) Pl aa length
LusMYB1 scaffold475 31.38 5.62 278
LusMYB2 scaffold1630 32 8.11 281
LusMYB3 scaffold488 33.37 7.68 299
LusMYB4 scaffold413 24.86 6.78 218
LusMYB5 scaffold34 30.35 6.41 270
LusMYB6 scaffold1168 30.53 6.89 270
LusMYB7 scaffold1615 30.92 8.56 278
LusMYBS8 scaffold235 30.9 8.84 279
LusMYB9 scaffold232 31.14 8.05 282

LusMYB10 scaffold981 29.96 8.21 273
LusMYB11 scaffold3042 32.67 7.38 293
LusMYB12 scaffold272 25.09 6.52 222
LusMYB13 scaffold1247 30.26 9.9 271
LusMYB14 scaffold701 25.94 9.11 233
LusMYB15 scaffold86 24.11 9.56 212
LusMYB16 scaffold210 38.38 6.37 344
LusMYB17 scaffold701 41.51 5.07 360
LusMYB18 scaffold1035 41.62 6.75 368
LusMYB19 scaffold57 40.01 491 363
LusMYB20 scaffold989 35.68 6.99 321
LusMYB21 scaffold133 35.75 7.08 322
LusMYB22 scaffold732 39.7 4.7 361
LusMYB23 scaffold222 32.56 4.61 297
LusMYB24 scaffold67 23 9.78 199
LusMYB25 scaffold669 33.16 481 302
LusMYB26 scaffold1308 29.61 6.66 269
LusMYB27 scaffold87 22.59 9.99 198
LusMYB28 scaffold610 28.54 4.85 255
LusMYB29 scaffold280 26.45 6.23 236
LusMYB30 scaffold11 28.42 4.98 254
LusMYB31 scaffold164 25.07 6.79 223
LusMYB32 scaffold617 31.27 9.86 288
LusMYB33 scaffold51 42.51 5.95 384
LusMYB34 scaffold33 31.85 6.51 290
LusMYB35 scaffold96 31.75 5.73 288
LusMYB36 scaffold217 334 6.71 303
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LusMYB37 scaffold184 32.1 6.11 289
LusMYB38 scaffold1036 31.49 5.03 279
LusMYB39 scaffold33 33.3 6.9 295
LusMYB40 scaffold96 32.99 6.64 293
LusMYB41 scaffold1036 29.76 6.09 266
LusMYB42 scaffold808 38.19 4.45 342
LusMYB43 scaffold808 39.36 4.37 355
LusMYB44 scaffold34 27.18 6.23 237
LusMYB45 scaffold472 27.31 6.99 237
LusMYB46 scaffold2280 40.47 4.43 364
LusMYB47 scaffold225 27.5 8.5 242
LusMYB48 scaffold242 53.92 9.94 477
LusMYB49 scaffold42 23.76 8.14 209
LusMYB50 scaffold107 24.08 7.47 211
LusMYB51 scaffold630 41.86 6.37 374
LusMYB52 scaffold177 26.66 5.07 228
LusMYB53 scaffold176 26.7 5.38 230
LusMYB54 scaffold773 33.84 9.88 310
LusMYB55 scaffold373 33.66 9.48 309
LusMYB56 scaffold635 35.83 8.57 323
LusMYB57 scaffold33 36.58 6.62 326
LusMYB58 scaffold57 41.15 5.03 371
LusMYB59 scaffold256 36.59 6.77 328
LusMYB60 scaffold306 40.78 5.04 366
LusMYB61 scaffold612 36.27 8.15 323
LusMYB62 scaffold618 38.32 8.26 340
LusMYB63 scaffold1004 35.39 6.79 311
LusMYB64 scaffold1851 32.96 8.67 293
LusMYB65 scaffold3345 35.71 6.79 315
LusMYB66 scaffold344 36.69 8.37 328
LusMYB67 scaffold355 32.2 8.56 286
LusMYB68 scaffold107 31.83 6.13 277
LusMYB69 scaffold42 32.33 6.67 281
LusMYB70 scaffold863 29.57 5.04 261
LusMYB71 scaffold701 29.6 4.83 262
LusMYB72 scaffold291 33.82 5.03 303
LusMYB73 scaffold349 34.28 4.75 308
LusMYB74 scaffold286 22.27 8.28 195
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LusMYB75 scaffold468 33.15 7.88 305
LusMYB76 scaffold15 43.56 6.37 385
LusMYB77 scaffold783 38.25 6.46 342
LusMYB78 scaffold134 41.47 7 365
LusMYB79 scaffold472 40.87 7.74 357
LusMYB80 scaffold55 43.71 6.13 385
LusMYBS81 scaffold1158 28.26 10.04 246
LusMYB82 scaffold418 35.65 8.27 310
LusMYB83 scaffold977 39.63 6.73 343
LusMYB84 scaffold783 40.9 6.51 353
LusMYB85 scaffold15 23.19 5.77 208
LusMYB86 scaffold15 27.48 4,61 240
LusMYB87 scaffold475 45.6 7.28 432
LusMYB88 scaffold911 35.49 9.83 318
LusMYB89 scaffold641 34.67 5.22 309
LusMYB90 scaffold1331 34.33 5.42 306
LusMYB91 scaffold883 27.53 6.36 246
LusMYB92 scaffold310 38.47 4.79 330
LusMYB93 scaffold272 39.5 5.25 338
LusMYB94 scaffold361 53.49 5.22 488
LusMYB95 scaffold319 133.73 5.88 1217
LusMYB96 scaffold1635 75.21 6.88 682
LusMYB97 scaffold76 52.43 5.22 478
LusMYB98 scaffold28 33.22 6.58 294
LusMYB99 scaffold1649 33.77 7.06 299
LusMYB100 scaffold617 37.91 8.17 338
LusMYB101 scaffold82 29.16 8.38 268
LusMYB102 scaffold74 29.37 7.95 270
LusMYB103 scaffold218 34.57 9.05 305
LusMYB104 scaffold505 34.86 9.42 304
LusMYB105 scaffold217 37.97 9.09 356
LusMYB106 scaffold280 24.86 7.13 225
LusMYB107 scaffold1519 26.37 52 242
LusMYB108 scaffold621 33.28 7.37 307
LusMYB109 scaffold540 26.71 6.6 244
LusMYB110 scaffold1247 26.4 6.8 235
LusMYB111 scaffold161 36.58 9.34 342
LusMYB112 scaffold30 42.06 5.14 380
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LusMYB113 scaffold179 30.97 7.19 280
LusMYB114 scaffold420 31.43 6.79 282
LusMYB115 scaffold977 37.24 6.51 332
LusMYB116 scaffold327 39.39 7.24 355
LusMYB117 scaffold15 40.42 6.6 358
LusMYB118 scaffold262 40.42 6.56 362
LusMYB119 scaffold338 41.78 7.28 376
LusMYB120 scaffold917 51.51 5.29 465
LusMYB121 scaffold280 34.6 7.64 313
LusMYB122 scaffold1308 25.6 6.25 225
LusMYB123 scaffold57 34.74 7 314
LusMYB124 scaffold15 25.42 5.95 222
LusMYB125 scaffold123 39.8 7.29 374
LusMYB126 scaffold165 32.72 8.04 292
LusMYB127 scaffold752 36.47 7.31 330
LusMYB128 scaffold1686 43.04 8.84 399
LusMYB129 scaffold472 60.88 6.06 561
LusMYB130 scaffold12 52.08 9.77 460
LusMYB131 scaffold151 61.71 5.43 567
LusMYB132 scaffold251 37.1 6.1 333
LusMYB133 scaffold1308 29.46 4.86 255
LusMYB134 scaffold23 36.99 6.79 328
LusMYB135 scaffold15 21.22 10.41 191
LusMYB136 scaffold204 48.21 5.6 436
LusMYB137 scaffold1999 36.48 6.42 327
LusMYB138 scaffold15 29.18 4.7 252
LusMYB139 scaffold291 57.22 7.38 513
LusMYB140 scaffold349 57.86 7.5 518
LusMYB141 scaffold917 41.46 8.41 375
LusMYB142 scaffold617 42.96 8.58 388
LusMYB143 scaffold430 36.14 8.54 318
LusMYB144 scaffold30 35.83 8.96 314
LusMYB145 scaffold196 37.1 6.52 337
LusMYB146 scaffold216 28.68 10.42 261
LusMYB147 scaffold327 43.51 6.32 407
LusMYB148 scaffold86 43.26 6.19 406
LusMYB149 scaffold57 33.5 6.11 302
LusMYB150 scaffold153 33.89 5.82 312
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LusMYB151 scaffold885 27.56 5.65 247
LusMYB152 scaffold1536 34.66 9.6 304
LusMYB153 scaffold67 27.56 4,61 248
LusMYB154 scaffold413 33.97 9.76 297
LusMYB155 scaffold413 31.04 9.21 272
LusMYB156 scaffold1536 32.61 8.8 288
LusMYB157 scaffold225 43.44 9.78 388
LusMYB158 scaffold242 38.15 10.76 341
LusMYB159 scaffold1311 26.17 8.48 228
LusMYB160 scaffold310 25.57 9.19 224
LusMYB161 scaffold271 32.53 5.32 288
LusMYB162 scaffold475 92.73 6.08 839
LusMYB163 scaffold353 64.01 9.69 552
LusMYB164 scaffold2788 47.52 6.62 415
LusMYB165 scaffold599 81.11 6.38 732
LusMYB166 scaffold1158 43.66 8.84 403
LusMYB167 scaffold1313 52.78 6.21 474
LusMYB168 scaffold163 42.45 10 388
LusMYB169 scaffold1308 30.63 4.83 264
LusMYB170 scaffold103 32.41 9.46 287
LusMYB171 scaffold16 41.76 9.67 365
LusMYB172 scaffold339 38.42 9.29 336
LusMYB173 scaffold2 62.04 6.18 540
LusMYB174 scaffold346 32.75 9.22 290
LusMYB175 scaffold292 106.73 5.17 949
LusMYB176 scaffold12 46.4 5.91 408
LusMYB177 scaffold156 37.7 9.98 341
LusMYB178 scaffold123 46.99 7.45 411
LusMYB179 scaffold25 29.94 9.94 257
LusMYB180 scaffold37 92.91 5.47 839
LusMYB181 scaffold371 113.28 5.37 1020
LusMYB182 scaffold339 56.2 9.51 508
LusMYB183 scaffold16 56.23 9.31 508
LusMYB184 scaffold517 48.75 9.64 436
LusMYB185 scaffold883 99.94 8.35 886
LusMYB186 scaffold169 107.63 8.9 957
LusMYB187 scaffold476 149.23 5.12 1350
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Appendix 6. Transcript levels oEusMYBsacross tissues checked by Ri¥&q (Kumar et al., 2013)e globular embryohe heart embryo; te
torpedo embryogce cotyledon embryo; me: mature embryo; sd: seeds; an: antiversyaries; fl: mature flower; rt: root; st: stem; es: etiola
seedlingsle: leaves; max: the highest expression level among these tissues;

he te ce me sd an ov fl rt st es le max in
LusMYB1 0 0 0 0 0 0 0 2.41074 0 0.01142 0 0 fl
LusMYB2 0 0 0 0 0 0 0 1.44203 0 0.023147 0 0 fl
LusMYB3 0 0.018662 0 0 0.621366| 0.003921 0 0 0 0.007606 0 0 sd
LusMYB4 | 2.22626 | 0.067196| 0.169033| 0.674547| 18.6601 | 0.834379| 6.96194 | 8.95193 | 9.26278 | 14.6285| 8.34412 | 1.66295 sd
LusMYB5 | 0.495259 | 0.126793| 0.041268| 0.171063| 4.43177 | 4.24313| 1.59453 0 1.25421 | 0.016078| 0.01224 0 sd
LusMYB6 | 0.105259 | 0.002932| 0.022073| 0.022973| 0.676343| 0.145155| 0.344033 0 1.42058 0 0 0 rt
LusMYB7 | 1.21512 | 0.291642| 0.283238| 0.166434| 1.07165 | 1.60099 | 0.862968| 1.38344 | 11.6985 | 0.324953| 1.04902 0 rt
LusMYBS8 1.07346 0.98729 | 0.545102| 0.052717| 4.74655| 8.77769 | 7.2871 | 5.64568 | 11.8194 | 1.85448 | 2.86014 | 0.227183 rt
LusMYB9 | 0.245089 | 0.724939| 0.740551| 0.317024| 12.5404 | 75.0004 | 26.682 | 9.98458 | 26.4896 | 8.98845 | 22.4482 | 3.95499 an
LusMYB10| 1.27645 1.4874 | 2.33788 | 0.252839| 4.81436 | 7.15208 | 6.49989 | 7.99489 | 86.1707 | 7.49991 | 9.14886 | 1.61485 rt
LusMYB11 0 0 0 0 0.045173 0 0 0 0 0 0 0 sd
LusMYB12| 1.29018 | 0.027432| 0.040476| 0.030476| 2.01923 | 0.237865| 1.31128 | 1.36069 | 1.91132 | 3.17537 | 2.96217 | 0.5772 st
LusMYB13| 0.192283 | 0.06364 | 0.064164| 0.035704| 2.7961 | 11.0386| 4.70048 | 2.1036 | 11.309 | 0.953848| 0.81883 0 rt
LusMYB14 0 0 0 0 0.458608 0 0.198353| 0.386839| 0.249663 0 0.018973| 0.04266 sd
LusMYB15 0 0 0 0 0.050909| 0.067374 0 1.53045 | 0.031652| 0.005076| 0.234529 0 fl
LusMYB16 0 0 0 0 0.081563| 0.087499 0 1.38183 | 0.008341| 0.009064| 0.43537 0 fl
LusMYB17 0 0 0 0 0.107418 0 0.116873 0 0.491872| 0.028391 0 0 rt
LusMYB18 0 0 0 0 0 0 0 1.19866 | 0.011721 0 0.0271 0 fl
LusMYB19| 0.023558 | 0.015281 0 0.024798| 0.414475| 0.035506| 1.08555 | 0.421167| 0.416219 0 0 0 ov
LusMYB20| 0.580118 | 7.79954 | 8.02429 | 0.457507| 1.63091 | 0.125874| 1.04561 | 9.19479| 1.65937 | 1.33682 | 1.90755| 0.101622| fl
LusMYB21| 2.03901 | 2.29057 | 2.11529 | 0.827399| 1.91871 | 0.076803| 1.92566 | 13.9762 | 1.64507 | 2.21253 | 3.36842 | 2.47807 fl
LusMYB22 | 0.023828 0 0 0 0.79294 | 0.050667| 1.85646 | 0.333635| 0.981296| 0.051526| 0.01401 0 ov
LusMYB23| 0.272666 | 1.52734 | 0.275866| 0.917543| 3.8699 | 0.076075| 11.7132 | 15.5503 | 3.70369 | 3.90992 | 0.916431 0 fl
LusMYB24 0 0 0 0 0 0.076596 0 0 0 0 0.007783 0 an
LusMYB25| 5.9264 26.9241 | 3.66159 | 36.5325 | 17.6374 | 0.354953| 14.6829 | 35.623 | 7.20934 | 15.2822 | 3.12399 | 0.052373] me
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LusMYB26 0 0.02775 0 0.038359| 1.67267 0 2.86763 | 0.142288| 7.06412 0 0.028217 0 rt
LusMYB27 0 0 0 0 0 0.423545| 0.013083| 0.053997 0 0 0 0.037069| an
LusMYB28 0 0 0 0 0.301355| 0.124141] 0.125777| 45.8761 | 0.466796| 5.15045| 1.27116 | 0.07385 fl
LusMYB29 0 0 0 0 0.074226 0 0 11.7506 | 0.070439| 0.867227| 0.644349| 0.064415| fl
LusMYB30| 0.202582 | 0.152833| 0.993463| 0.070392| 0.47802 0 0.663655| 55.4693 | 1.32996 | 2.36406 | 0.91092 0 fl
LusMYB31| 0.132383 | 0.12694 | 0.611714| 0.423691| 0.010813 0 0.005808 0 0 0 0 0 ce
LusMYB32 | 0.041923 0 0 0.226545| 0.042618 0 0.34657 0 0.2734 | 0.014564 0 0 ov
LusMYB33| 0.136939 | 0.105379| 0.013888| 0.297455| 12.9413 | 2.47735| 9.80889 | 1.22805| 9.54771| 6.53098 | 12.8306 | 5.90486 sd
LusMYB34 | 0.547429 | 0.418243| 0.049039 0 1.7493 | 0.023599| 0.068306| 0.006294| 0.007862 0 0 0 sd
LusMYB35| 0.862199| 1.18642 | 0.389004 0 4.27613 | 1.16457| 2.7615 | 0.172665| 4.72822 | 0.058464| 0.588728 0 rt
LusMYB36 | 3.93386 | 1.14237 | 3.79657 | 0.58515| 5.60636 | 0.273947| 7.73472 | 0.372649| 3.48033 | 0.734717| 0.507476| 0.041219] ov
LusMYB37| 13.6052 | 4.15848 | 1.89879 | 0.862354| 6.64522 | 0.312662| 15.5996 | 0.684335| 14.3167 | 0.969475| 0.607744| 0.08524 ov
LusMYB38 0 0 0 0 0 0 0.008099| 0.085719 0 0 0.024628 0 fl
LusMYB39 0 0 0 0 0 0.000628 0 0.150939 0 0 0.193022 0 es
LusMYB41 0 0 0 0 0 0.013232 0 0.053639 0 0 0 0 fl
LusMYB42 0 0 0 0 0 0 0 0 0.075736| 0.006413 0 0.159753| le
LusMYB43| 0.021139 | 0.587305| 1.84691 | 0.972522| 2.20118 | 0.073673| 0.493034| 1.70071| 1.50803 | 3.28907 | 4.02334 0 es
LusMYB44 | 0.137248 | 0.066536 0 0.055904| 18.6688 | 2.93471 | 0.732589| 4.99491 | 3.65993 | 8.80047 | 1.36768 0 sd
LusMYB45| 0.100138 0 0 0.055904| 20.7727 | 3.01416 | 1.14512 | 19.2644 | 4.93953 | 22.5684 | 6.74533 | 0.495651| st
LusMYB46| 0.049783 | 0.051603| 2.71222 | 0.142012| 0.143058| 0.085847| 0.083501| 1.56585 | 0.116809 0 0 0 ce
LusMYB47 0 0 0.212556| 0.049668| 2.168819| 93.16685| 24.20028| 0.081938| 67.38815 0 0 0 an
LusMYB48| 0.020384 0 0.043186| 0.021866| 0.414526| 49.75425| 12.74716| 0.121249| 6.82234 0 0 0 an
LusMYB49 | 0.006843 0 0 0.143274| 1.38402 | 49.3696 | 21.3421 | 0.079561| 1.19065 | 0.037355 0 0 an
LusMYBS50 0 0 0 0 1.33806 | 55.8199 | 33.6539| 0.098073| 114.894 | 0.024555 0 0 rt
LusMYB51 0 0 0 0 7.0291 | 0.008557| 5.41546 | 0.004557| 2.5764 0 0.00343 0 sd
LusMYB52 0 0 0 0.029414 0 0.080596 0 0 0 0 0.410472 0 es
LusMYBS53 0 0 0 0 0.017081 0 0 0 0 0 0.758295 0 es
LusMYB54 | 23.9739 | 3.40894 | 0.956341| 0.559642| 1.69972| 0.377989| 2.30427 0 2.38196 | 0.218597| 1.53957 | 0.133728] ge
LusMYB55| 3.15631 | 2.530865| 2.237343| 1.414829| 0.557592| 0.243258| 0.616326| 0.35171| 0.3771 0 0 0 ge
LusMYB56 | 5.82187 | 2.12678 | 0.802613| 0.527438| 5.06912| 4.05021| 4.0293 | 0.026989| 2.59365 | 0.412589| 3.49463 | 0.030338| ge
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LusMYB57 0 0 0 0.069113| 0.085516 0 0.02404 0 0 0 0.01451 | 0.036881| sd
LusMYB58 0 0 0 0 0.008779| 0.802531| 0.008168| 0.004603| 0.053818 0 0.048113 0 an
LusMYBS59 0 0 0 0 0.010151 0 0 0 0 0 0.021825| 0.005057| es
LusMYB60 0 0 0 0 0.058277| 15.52875| 0.970651| 0.00247 | 1.334142| 0.001462| 0.01439 0 an
LusMYB61 0 0.016971 0 0 0.518574| 0.20541 | 0.015121] 4.43619 | 0.088169| 0.147608| 2.26978 0 fl
LusMYB62 0 0 0 0 0.551745| 0.135315| 0.012588| 14.0285 | 0.252134| 0.414195| 2.29901 | 0.00185 fl
LusMYB63 0 0.02898 0 0 0 0 0 2.33059 | 0.072363 0 3.35551 | 0.092819| es
LusMYB64 | 0.015274 0 0 0 0 0 0.019335| 5.35018 | 0.032099| 0.288936| 1.08086 | 0.024851| fl
LusMYB65| 0.079577 | 0.121777| 0.041011| 0.019538| 0.005679 0 0 2.89724 0 0 2.4987 0 fl
LusMYB66| 0.013301 | 0.10518 | 0.025695 0 0.059423| 1.09518 0 5.73549 0 0.058585| 0.931244 0 fl
LusMYB67 0 0 0 0 0.060527 0 0.124204| 9.21493 0 0.137075| 2.87388 0 fl
LusMYB68 | 2.65119 0 0 0 0.109646| 7.72381 0 0.816768| 0.420113| 0.04395| 0.241434 0 an
LusMYB69 0 0 0 0 1.29509 | 0.089511 0 0.281847| 0.026099| 0.051483| 1.16466 0 sd
LusMYB70 0 0 0.100367 0 0.10351 | 0.026659| 0.035394| 0.615735| 0.513584| 0.523366 0 0 fl
LusMYB71 0 0 0 0 3.08786 | 0.522993| 2.64668 | 1.61736 | 1.85842 | 0.619522| 0.295606| 1.15837 sd
LusMYB72 0 0 0 0.081947| 3.70927 | 0.104883| 0.481854| 7.50925 | 2.64758 | 12.163 | 2.52728 | 0.031366] st
LusMYB73 0 0 0 0.272886| 0.732207| 0.010913| 0.071274| 12.1005 | 0.690668| 22.6872 | 6.16717 | 0.18152 st
LusMYB74 0 0 0 0.335087 0 0.080674| 0.053554 0 0 0 0 0 me
LusMYB75| 3.40742 | 22.0682 | 34.8135| 27.534 | 22.5353| 7.64009| 4.17877 | 57.6311| 3.35667 | 19.9896 | 12.1835| 1.20902 fl
LusMYB76 0 0 0 0.027536| 0.04145 | 0.259993| 0.008108| 0.875145| 0.069724| 1.7865 | 0.5196 0 st
LusMYB77 0 0 0 0.017694| 2.26171 | 0.009557| 1.51306 | 2.19285| 1.58091 | 2.5507 | 0.360933| 0.056463| st
LusMYB78 0 0 0 0.147399| 1.21548 0 0.375013| 3.73937 | 1.28222| 12.1476 | 0.496848| 0.771761] st
LusMYB79 0 0 0 0.008406| 0.059642| 1.53397 | 0.017777| 0.212762| 0.031731| 1.123692 0 0 an
LusMYB80 0 0 0 0 0.066762 0 0.016215| 1.21027 | 0.065319| 0.973695| 0.609985| 0.08097 fl
LusMYB81 | 0.057082 | 0.868712| 1.0118 | 2.94589 | 1.97089 | 0.867016| 0.254283| 41.8016 | 5.85005| 21.8703| 17.1196 | 210.037 le
LusMYB82 0 0 0 0.019922| 0.123853 0 0.014968| 0.917588| 0.05294 | 0.864234| 0.20955 0 fl
LusMYB83 0 0 0 0 1.19278 | 1.97645| 0.100098| 4.63112 | 0.906964| 4.31128 | 0.396544| 0.028793| fl
LusMYB84 0 0 0 0.068157| 1.71887 | 0.077056| 0.370537| 5.06402 | 0.708265| 4.86469 | 0.486285 0.0319 fl
LusMYB85 0 0 0 0 0 0 0 0 0.305387| 0.201345| 0.123536| 0.546386| le
LusMYB86 0 0 0 0 0 0 0.013129| 0.008139 0 0 0 0 ge
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LusMYB87 | 0.175617 | 0.097623 0 0.063423| 6.19036 | 0.419425| 0.929074| 4.02954 | 1.26301 | 4.80688 | 5.44711 0 sd
LusMYB88| 0.36889 | 0.591794| 0.155597 0 1.53668 | 3.45548 | 0.728441| 0.761162| 0.503829| 0.50385| 0.03224 0 an
LusMYB89 0 0.03597 0 0 1.15939 | 0.465549| 1.01811 | 0.056744| 0.66621 | 1.98247 | 2.08104 | 4.18132 le
LusMYB91 0 0 0 0.026629| 0.114276| 0.014721 0 0.129849| 0.398959| 0.514524 0 0 st
LusMYB92 0 0 0 0 0.457773 0 1.53496 | 0.005327| 1.64987 | 0.18899 | 0.018852| 0.01572 rt
LusMYB93 0 0 0 0 0.052335| 0.019399| 0.259044| 0.005168| 0.073297 0 0 0 ov
LusMYB94 | 4.25337 | 11.2579 | 8.68264 | 15.5152 | 2.43855| 2.55848 | 1.49792 | 0.803982| 0.797773| 1.25156 | 1.02141 | 0.516703] me
LusMYB95| 17.0335 | 15.8909 | 6.85256 | 23.0751 | 9.79048 | 33.6243 | 9.03203 | 8.92854 | 4.52994 | 7.39286 | 6.64022 | 2.70078 an
LusMYB96 | 2.4935 3.68114 | 4.87354 | 5.95074 | 2.00844 | 23.8036 | 1.99464 | 2.17631| 2.59001 | 1.25613 | 2.61836 | 0.407037| an
LusMYB97| 3.21555 | 6.84278 | 2.29035| 7.61969 | 1.31135| 2.58277 | 0.785785| 0.665374| 0.858367| 0.959581| 0.71217 | 0.384668] me
LusMYB98 0 0 0 0 0.009992| 0.154982 0 0.445549 0 0.027124| 0.023042 0 fl
LusMYB99 0 0 0 0 0 0 0 0.425934 0 0 0.085442 0 fl
LusMYB100 0 0 0 0 0.259218| 0.101996| 0.050719| 18.6231 | 0.196938| 0.653636] 3.07014 | 0.10124 fl
LusMYB101| 0.529882 0 1.36298 | 0.559097| 0.388852| 0.056724| 0.417747| 19.3861 | 0.530364| 2.46704 | 1.02926 0 fl
LusMYB102| 1.02431 | 0.798369| 1.39684 0 0.391754| 2.16458 | 0.630469| 15.6765| 1.18245| 1.56928 | 2.60396 0 fl
LusMYB103| 0.009577 | 0.074261 0 0 0.029526 0 0.008233| 1.76464 | 0.049623 0 0.771 0 fl
LusMYB104 0 0 0 0 0.321356| 0.401348 0 1.03558 0 0.016773| 0.623133 0 fl
LusMYB105| 0.175817 | 1.48566 | 18.4761| 5.0734 | 6.31334 | 2.66281 | 4.35254 | 10.4551| 1.96534 | 5.29386 | 6.9544 | 0.223953| ce
LusMYB106| 1.01489 | 0.080817| 0.044511 0 1.25262 | 3.67673 | 0.142088| 0.008924| 0.12271 | 0.049481 0 0 an
LusMYB107| 0.248923 | 0.023607| 0.555637| 3.36006 | 0.056224| 0.670595| 0.036775| 0.091387| 0.241816 0 0 0 me
LusMYB108| 4.61144 | 7.93402 | 20.0121 | 26.4282 | 33.322 | 11.5511| 12.7533 | 41.1891| 7.14378| 18.9057 | 12.2839 | 1.43594 fl
LusMYB109 0.075614 0 0 0 0 2.30833 0 0 0 0 0 0 an
LusMYB110] 11.147 4.56796 27.5 9.2883 | 5.93721 | 6.66837 | 4.56726 | 9.52295| 12.5667 | 1.33903 | 5.29692 | 6.10664 ce
LusMYB111] 15.5618 9.5346 | 68.3623 | 14.4331| 13.874 | 27.4509 | 25.3607 | 42.0459 | 33.0815| 21.7361 | 22.6035| 180.315 le
LusMYB112 0.013485 | 0.968774 0 0.062479| 7.38514 | 0.980941| 28.2473 | 8.29957 | 9.14512 | 12.6838 | 13.2838 | 0.49358 ov
LusMYB113 0 0 0 0.022589| 0.012001 0 0 0.07911 | 0.016591| 0.744385| 0.004903 0 st
LusMYB114 0 0 0 0 0 0.056106 0 0.760094 0 1.46091 | 0.042011 0 st
LusMYB115 0 0 0.027693| 0.03667 | 3.07158 | 0.00992 | 2.48936 | 3.43566 | 4.13825| 3.71002 | 0.374276| 0.267369 rt
LusMYB116| 0.026286 | 1.34905 | 1.49332| 1.42684 | 0.887231] 17.7834 | 0.052835| 1.48613 | 0.201617| 0.010208| 1.84861 0 an
LusMYB117 0 0 0 0 0.054725 0 0.005905| 0.657903| 0.020086| 0.606793| 0.50911 | 0.65544 fl
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LusMYB118| 0.03634 | 0.089311| 0.054986 0 3.5111 0 0.034403| 6.32522 | 0.439258| 1.01299 | 0.43492 0 fl
LusMYB119| 0.026455| 3.49479 | 6.12335| 7.53602 | 0.810381| 0.105335| 0.044126] 3.43757 | 0.098665| 0.008295 0 0 me
LusMYB120| 0.239419 | 0.232453| 0.094453| 0.235962| 0.813089| 0.53752| 1.035726| 2.301231 0 0 0 0 fl
LusMYB121 0 0 0 0.01969 | 0.024214 0 0 8.87554 0 0.012605] 1.0352 0 fl
LusMYB122 0 0 0 0 0 0 0 0.04224 0 0.022964 0 0.054437| le
LusMYB123 0 0 0 0 0.017105 0 0 5.01696 0 0 0.757701 0 fl
LusMYB124 0 0 0 0 0 0 0 0.072799| 0.114241| 0.230062| 0.026683| 46.521 le
LusMYB125] 0.604096 | 0.034249| 0.557311| 0.109332| 2.45124 | 0.008557| 0.264881| 0.457296| 0.60456 0 0 0 sd
LusMYB126| 3.54378 | 0.816857| 1.08579 | 0.414732| 1.49272| 0.214622| 1.39678 | 0.336029| 4.12833 | 2.41029 | 3.74936 | 0.229756| rt
LusMYB127| 3.266 0.921778] 0.979525| 0.23105| 1.68277 | 0.47669 | 4.24228 | 0.07458 | 3.6834 | 4.22405| 5.56255| 0.020087| es
LusMYB128 1.90532 | 0.10174 | 0.808938| 0.228682| 2.10549 | 0.045114| 0.167529| 0.132421| 0.086987| 1.1617 | 1.20646 0 sd
LusMYB129| 0.007151 | 0.009013 0 0 0.245246| 71.7218 | 0.082796| 0.002823| 0.74374 | 0.070879 0 0 an
LusMYB130| 0.118517 0 0 1.16419 | 0.089366| 201.612 | 0.211094| 0.039755| 8.2335 | 0.037548 0 0 an
LusMYB131| 0.053458 | 0.024938| 0.024452 0 0.230091| 142.047 | 0.191655| 0.065347| 10.0396 | 0.07064 0 0 an
LusMYB132 0 0 0 0 0.093984| 0.058227| 0.085999| 0.64464 | 0.097677| 0.017074| 1.60337 0 es
LusMYB133 0 0 0 0 0 0 0 0.140988| 0.032103| 0.054855 0 0.138127] fl
LusMYB134 0 0 0 0 0.026168 0 0.013334| 2.8585 | 0.021393| 0.006758| 0.119737 0 fl
LusMYB135 0 0 0 0 0.134441 0 0 2.25144 | 0.032014 0 0.564878 0 fl
LusMYB136 0 0 0.017627 0 0.102086| 0.033226| 0.055927| 7.90907 | 0.518405| 0.012659| 0.90118 0 fl
LusMYB137| 0.217939 0 0.074219| 0.109199| 0.226305| 0.023554 0 3.41323 | 0.430774| 0.1466 0 0 fl
LusMYB138 0 0 0 0 0 0 0 0.654112| 0.013542| 0.078656| 0.022489| 0.32734 fl
LusMYB139| 137.79 45.1163 21.45 40.5281 | 14.3681 | 3.51142| 17.6795| 16.064 | 7.10733| 16.2851| 8.7632 | 1.45026 ge
LusMYB140] 211.688 | 65.1046 | 37.2628 | 78.4916 | 22.3641 | 16.3881 | 25.0017 | 26.021 | 8.62687 | 26.6786 | 19.7224 | 1.71661 ge
LusMYB141] 3.725 0.148602 0 0 1.13792 | 0.264412| 3.89048 | 0.009085| 3.09315| 0.927669| 0.92614 | 0.48835 ov
LusMYB142| 0.981743 | 0.060367| 0.018061 0 1.47947 | 0.388892| 4.58689 | 0.004357| 0.861943| 1.70782 0 0 ov
LusMYB143 0 0.077782| 0.077401 0 0.016838 0 0 0 0 0 0.530318| 0.035853| es
LusMYB144 0 0.04183 | 0.034406 0 0 0 1.13737 0 0.0922 0 0.238817 0 ov
LusMYB145| 0.012873 | 0.03572 | 0.22493 | 0.028579| 6.07362| 71.587 | 1.13641 | 17.5746| 3.55293| 1.05042 | 0.462412| 0.038831] an
LusMYB146| 0.055534 | 0.009739| 0.284704 0 3.20758 | 32.3712| 0.336938| 5.14511| 1.11825]| 0.310333| 0.14484 0 an
LusMYB147| 5.19043 4.7375 | 2.94241 | 13.4423| 4.96622 | 3.31805| 3.9291 | 5.66515| 2.35947 | 3.58253| 2.62319 | 0.345902| me
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LusMYB148 2.88137 | 3.11168 | 4.27733 | 15.1391 | 4.41811| 2.02657 | 2.36956 | 4.08464 | 3.23353 | 2.48765| 1.88789 | 0.300561] me
LusMYB149 1.23047 | 0.060803| 0.034591| 0.08228 | 2.97579 | 0.214637| 3.77312 | 0.459623| 1.40834 | 0.122721 0 0 ov
LusMYB150] 3.63795 | 0.642219| 6.51515| 2.36206 | 0.034656| 0.160874| 0.169243| 0.021455| 0.564728| 0.148085 0 0 ce
LusMYB151 0 0 0 0 0 0.254361| 0.491447 0 2.48872 0 0.031954 0 rt
LusMYB152 0 0 0.027043 0 0 0.085262 0 0 0.070471| 0.741362| 0.332324 0 st
LusMYB153| 0.155297 0 0 0 0.930384| 1.14054 | 3.77175| 0.211036] 2.23507 | 0.032525| 0.821912 0 ov
LusMYB154 0 0 0 0 0 0.045115| 0.007467 0 0.203841| 0.402183 0 0 st
LusMYB155| 0.157767 | 0.175715| 0.015598| 0.219735| 0.020445| 0.216526| 0.394834| 0.013286 0 0 0 0 ov
LusMYB156 0 0 0 0 0.115708| 186.731 | 0.889928| 0.04119 | 22.5235 | 0.082002 0 0.20903 an
LusMYB157| 0.425499 | 0.040851| 0.040363 0 1.78669 0 0 0 0.02331 | 0.010984| 0.00328 0 sd
LusMYB158| 0.071018 0 0 0 0.301968 0 0 0 0 0.010138 0 0 sd
LusMYB159 0 0 0 0 0 0 0.077246 0 0.047147 0 0 0 ov
LusMYB160 0 0 0 0 0.277502 0 0.010925| 0.053892| 0.160914| 0.146332| 0.01317 0 sd
LusMYB161| 0.128868 | 0.1125 | 0.223841| 0.119854| 0.188159| 0.202653| 0.253795| 5.26566 | 0.22223 | 1.23969 0 0 fl
LusMYB162| 1.83042 | 1.57507 | 0.447982| 1.43934 | 1.04023 | 0.98592 | 1.60844 | 2.90963 | 0.783344| 3.34322 | 2.36086 | 0.841053| st
LusMYB163| 6.35453 | 6.35632 | 4.48773 | 6.91229 | 4.53472 | 4.30484 | 4.41204 | 3.91616| 1.84848 | 3.48111| 2.85926 | 1.09737| me
LusMYB164| 0.010068 | 0.128946 0 0.06306 0 0 0.00494 0 0 0 0.011914 0 te
LusMYB165 0 0 0 0 0.022966| 58.3431 | 0.071282| 2.31174 | 0.622383| 0.021184| 0.110674 0 an
LusMYB166| 0.490327 | 0.038094| 0.019307 0 2.80692 0 0 0 0.010496 0 0 0 sd
LusMYB167| 0.45752 | 0.472638| 0.832935| 0.386921| 1.748104| 1.101713| 3.493432| 2.811205 0 0 0 0 ov
LusMYB168 0 0 0.047844 0 0.322889 0 0 0 0.012048| 0.005492 0 0.410196| le
LusMYB169 0 0 0 0 0 0 0 0.01427 0 0 0 0 fl
LusMYB170 0 0 0 0.065715| 0.020212 0 0 1.50309 | 0.01606 | 6.60103 0 0.056653| st
LusMYB171] 13.96228 | 16.02141| 31.17891| 21.16062| 4.361705| 0.192564| 6.440065| 3.541655 0 0 0 0 ce
LusMYB172| 2.17722 | 3.470935| 8.895155| 27.4812 | 5.263395| 1.492715| 7.37373 | 0.673816| 3.166445 0 0 0 me
LusMYB173 0 0 0 0 0 0 0 0 0.00767 0 0 0 rt
LusMYB174 0 0 0 0 1.10357 | 2.35782 | 0.007701| 1.86918 | 0.252884| 7.16291 | 0.180424 0 st
LusMYB175 18.2009 | 8.88424 | 3.95414 | 8.46159 | 9.48524 | 5.8853 | 8.31685| 6.99778 | 3.34504 | 7.7807 | 6.11198| 2.5455 ge
LusMYB176 0 0 0 0 0 0.100526 0 0 0.010341 0 0 0 an
LusMYB177| 0.215174 | 0.067048 0 0 1.0327 0 0 0 0.014321 0 0.003835| 0.063856] sd
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LusMYB178| 0.010181 | 0.816424| 0.112431 0 0.015554| 0.007633| 0.049021| 0.032509| 0.12116 0 0 0 te
LusMYB180| 0.317632 | 0.349179| 0.08339 | 0.401712] 1.80593 | 1.39425| 1.89355| 3.35328 | 0.761214| 2.97946 | 3.31775| 0.91069 fl
LusMYB181| 4.97586 | 4.24849 | 0.408778| 0.275606| 1.45595 | 3.34897 | 4.49931 | 4.60617 | 1.15826 | 3.57137 | 2.31699| 1.13275 he
LusMYB182| 3.02679 | 2.23148 | 0.853716| 2.40003 | 2.41711| 4.92303 | 2.68787 | 4.06991 | 1.38146| 3.5038 | 3.03913 | 0.877744| an
LusMYB183| 2.4006 1.56005 | 3.87637 | 1.94693 | 3.26942 | 7.2419 | 3.58116| 4.34108 | 6.28501 | 3.58657 | 2.76739 | 22.1844 le
LusMYB184| 2.715315| 0.723926| 0.388194| 0.088417| 0.879695| 0.234325| 0.902759| 1.44513 | 0.30358 0 0 0 ge
LusMYB185| 1.97975 | 1.77032 | 0.86134 | 2.24176| 2.12747 | 6.64099 | 2.60473 | 3.82764 | 3.43704 | 3.10997 | 2.23464 | 0.896744| an
LusMYB186| 3.18745 | 2.19342 | 4.92714 | 4.08037 | 1.85738 | 3.42257 | 2.30877 | 3.54254 | 2.36177 | 2.39587 | 2.06836 | 0.57247 ce
LusMYB187| 1.76273 | 1.901405| 0.231251| 0.116919| 1.250151] 2.990928| 3.105382| 3.9558 | 0.815685 0 0 0 fl
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Appendix7. Compositions of MYB genes in various plant species. ND: not determined,

% of
MYB- | R2R3 | 3R- | Atypical- R2R3-
related | MYB MYB MYB Total MYB Reference
Solanumlycopersicum ND 122 4 1 ND - (Lietal 2016)
Gossypiunraimondii ND 205 ND ND ND - (He et al., 2016)
Jatropha curcas ND 123 4 1 ND - (Zhou et al., 2015)
Pyrus bretschneideri 22 105 2 0 129 81.40% (Li et al., 2016)
Linum usitatissimum 53 179 7 1 240 74.58%
Gossypium hirsutum 145 360 15 2 524 68.70% (Salih et al., 2016)
Vitis vinifera 57 118 5 1 181 65.19% (Wong et al., 2016)
Arabidopsis thaliana 64 126 5 1 198 55.02% (Dubos et al., 2010
Brassica rapa 191 256 11 9 467 54.82% (Wang et al., 2015)
Eucalyptus grandis 151 189 7 3 350 54.00% (Soler et al., 2015)
Oryza sativa 106 109 5 1 221 49.32% ( Jianget al, 2004)
Zea magp 169 157 0 0 326 48.16% (Du et al.,2012)
Glycine max 265 244 6 2 517 47.20% (Duet al., 2012)
Populus trichocarpa 213 192 5 0 410 46.83% (Wilkins et al., 2008)
Solanum tuberosum 196 197 4 4 401 49.13%
Volvox carteri 9 15 3 2 29 51.72%
Carica papaya 99 108 4 2 213 50.70%
Cucumis sativus 166 147 10 3 326 45.09%
Selaginella (Wang et al., 2015)
moellendorffii 54 47 3 1 105 44.76%
Aquilegia coerulea 145 115 6 7 273 42.12%
Physcomitrella patens | 110 68 9 3 190 35.79%
Ostreococcus
lucimarinus 19 11 4 1 35 31.43%
Micromonas pusilla 20 10 4 2 36 27.78%
Coccomyxa
subellipsoidea 15 7 5 1 28 25.00%
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Appendix8. Arabidopsisorthologs of ARenriched LusMYB genes. NA: not available.

Gene name Arabidopsis Function
ortholog

LusMYB187| AtMYB3R1 | ¢l cycle regulation; diverse roles in plant development:

LusMYB181| AtMYB3R1 | doubke mutant of myb3rl myb3r4 cassgleiotropic

LusMYB180| ATMYB3R1 | developmental defectsuch as dwarfism, irregular

LusMYB162| ATMYB3R1 | morphology of seedling and embryo, and production of

LusMYB175] AtMYB3R4 | polyploid offspring(Haga et al., 203,Haga et al., 2007)
regulate cell cycl¢Haga et al., 20QKobayashi et al.,

LusmyB179 | AMYBSRS | 5515)

LusMYB34 AtMYB17 | is a target of the meristem identity regulator LEAFY (LF

LusMYB36 AtMYB17 | and plays a role in the meristem identity transition from
vegetative growth to floweringZhang et al., 20Q%astore

LusMYB35 | AMMYBL7 ot g 2011)

LusMYB172 | AtMYBO1 specification of the leaf proximodistal axis, mediate stem
cell function, and function as a regulator of plant immun|

LusMYB171!| AtMYB91 | responséByrne et al., 2000Hay, 2006 Sun et al.2002
Nurmberg et al., 2007)

LusMYB141 | AtMYB105 | boundary specification, meristem initiation and

LusMYB142 | AtMYB105 | maintenance, and organ pattern{hge et al., 2009

LusMYB61 ATMYBO36 promote differentiation of the endodermis during root
development and it also promotes the development the
Casparian banfLiberman et al., 20%3-ernandeavlarcos

LusMYB66 | ATMYBO36 | o a1 "2017Kamiyaet al.,2015)

LusMYB26 ATMYBO014 NA

LusMYB149 | AtMYB111 NA

LusMYB102 | ATMYBO70 NA
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Appendix9. List of putative LusNACs and theftrabidopsisorthologs.
Arabidopsis Arabidopsis Locus

Gene Symbol Gene ID Ortholog Description E-value
LusNAC1 Lus10036749 AT1G26870.1 ANACO009 4E-98
LusNAC?2 Lus10003668 AT5G14490.1 ANAC085 1E-84
LusNAC3 Lus10015554 AT5G17260.1 ANACO086 1.1E27
LusNAC4 Lus10005917 AT5G13180.1 ANACO083 7E-24
LusNAC5 Lus10017458 AT5G04410.1 ANACO078 5E-121
LusNAC6 Lus10014342 AT3G10490.1 ANACO052 6.8E08
LusNAC7 Lus10026496 AT1G61110.1 ANACO025 2.7E77
LusNACS8 Lus10015389 AT1G61110.1 ANACO025 1.9E69
LusNAC9 Lus10003458 AT4G27410.2 ANACOQ072 1.6E12
LusNAC10 Lus10031142 AT1G12260.1 ANACO007 2E-102
LusNAC11 Lus10030175 AT4G35580.1 ANTL9 7.6E38
LusNAC12 Lus10042531 AT3G04070.1 ANACO047 7.6E94
LusNAC13 Lus10009924 AT3G17730.1 ANACO057 49E12
LusNAC14 Lus10034700 AT3G18400.1 ANACO058 1.7E16
LusNAC15 Lus10024908 AT4G28530.1 ANACO074 4.1E61
LusNAC16 Lus10018142 AT1G01720.1 ANACO002 4E-140
LusNAC17 Lus10022018 AT1G69490.1 ANACO029 1.3E08
LusNAC18 Lus10010098 AT4G01550.1 ANACO069 1E-22
LusNAC19 Lus10007377 AT1G65910.1 ANAC028 6E-131
LusNAC20 Lus10032238 AT1G12260.1 ANACO007 3E-136
LusNAC21 Lus10003848 AT5G08790.1 ANACO081 1.4E43
LusNAC22 Lus10021992 AT3G04070.1 ANACO047 2.8E86
LusNAC23 Lus10034999 AT4G29230.1 ANACO075 2E-125
LusNAC24 Lus10030446 AT1G69490.1 ANACO029 3E-101
LusNAC25 Lus10004846 AT5G22380.1 ANAC090 5.1E92
LusNAC26 Lus10032657 AT3G15510.1 ANACO056 2E-103
LusNAC27 Lus10041492 AT1G25580.1 ANACO008 6E-166
LusNAC28 Lus10041822 AT2G18060.1 ANACO037 4E-114
LusNAC29 Lus10003269 AT3G04070.1 ANACO047 6.4E98
LusNAC30 Lus10022965 AT2G24430.2 ANACO038 7E-10
LusNAC31 Lus10013967 AT4G28500.1 ANACO073 7E-106
LusNAC32 Lus10033251 AT4G35580.1 ANTL9 1E-130
LusNAC33 Lus10025118 AT2G17040.1 ANACO036 4.9E80
LusNAC34 Lus10026617 AT1G69490.1 ANACO029 2E-99
LusNAC35 Lus10014911 AT5G08790.1 ANACO081 4.6E31
LusNAC36 Lus10002687 AT2G46770.1 ANAC043 4E-121
LusNAC37 Lus10031951 AT2G18060.1 ANACO037 0.00444
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LusNAC38 Lus10023208 AT2G02450.1 ANACO034/35 7E-107
LusNAC39 Lus10003367 AT2G02450.2 ANACO034 3E-99
LusNAC40 Lus10008419 AT2G02450.1 ANACO034/35 7E-106
LusNAC41 Lus10003334 AT1G61110.1 ANACO025 2.3E06
LusNAC42 Lus10004338 AT1G62700.1 ANACO026 1.6E94
LusNACA43 Lus10029692 AT1G01720.1 ANACO002 2.1E88
LusNAC44 Lus10010096 AT4G17980.1 ANACO71 5.5E26
LusNACA45 Lus10031189 AT2G43000.1 ANACO042 2.3E81
LusNAC46 Lus10024601 AT1G12260.1 ANACO007 7E-139
LusNAC47 Lus10026879 AT5G18270.2 ANACO087 2E-106
LusNAC48 Lus10006119 AT4G35580.2 ANACO018 6.9E25
LusNAC49 Lus10006054 AT1G34190.1 ANACO017 3.6E90
LusNAC50 Lus10021708 AT1G25580.1 ANACO008 3E-159
LusNAC51 Lus10021659 AT5G61430.1 ANAC100 4E-113
LusNAC52 Lus10023179 AT1G61110.1 ANACO025 4.9E79
LusNAC53 Lus10033281 AT2G24430.2 ANACO038 1.3E07
LusNAC54 Lus10026200 AT1G56010.2 ANAC021/22 1E-69
LusNAC55 Lus10036773 AT1G69490.1 ANACO029 4E-100
LusNAC56 Lus10030723 AT1G76420.1 ANACO031 1.6E70
LusNAC57 Lus10035648 AT5G64530.1 ANAC104 2.7E67
LusNAC58 Lus10005537 AT5G53950.1 ANAC098 3E-103
LusNAC59 Lus10032724 AT3G17730.1 ANACO057 7.4E12
LusNACG60 Lus10036955 AT3G04070.2 ANACO002 2.4E05
LusNAC61 Lus10009939 AT1G79580.3 ANACO033 1.9E94
LusNAC62 Lus10011215 AT1G61110.1 ANACO025 1.8E95
LusNACG63 Lus10018469 AT1G61110.1 ANACO025 1.1E98
LusNAC64 Lus10036959 AT3G04070.2 ANACO002 29E11
LusNACG65 Lus10041924 AT5G53950.1 ANAC098 3E-93
LusNACG66 Lus10033239 AT1G32770.1 ANACO012 2.8692
LusNACG67 Lus10031767 AT2G43000.1 ANACO042 1.1E73
LusNACG68 Lus10028824 AT5G04410.1 ANACO78 2E-116
LusNACG69 Lus10032919 AT5G24590.2 ANACO091 1.6E94
LusNAC70 Lus10001648 AT5G61430.1 ANAC100 1E-114
LusNAC71 Lus10036117 AT1G69490.1 ANACO029 6.6E77
LusNAC72 Lus10032653 AT3G10480.1 ANACO050 4.2E27
LusNAC73 Lus10031937 AT5G08790.1 ANACO081 018
LusNAC74 Lus10008420 AT2G02450.2 ANACO034 2E-99
LUusNAC75 Lus10035373 AT4G17980.1 ANACO071 1.3E91
LusNAC76 Lus10024907 AT5G62380.1 ANAC101 3.7E05
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LusNAC77 Lus10038937 AT3G18400.1 ANACO058 1.1E81
LusNAC78 Lus10007204 AT5G46590.1 ANACO096 0.0015
LusNAC79 Lus10015312 AT1G71930.1 ANACO030 4.1E06
LusNACS80 Lus10020643 AT5G22380.1 ANACO090 3.7E95
LusNACS81 Lus10030978 AT4G17980.1 ANACO071 1.4E89
LusNAC82 Lus10037178 AT1G26870.1 ANACO009 6.2E97
LusNACS83 Lus10010959 AT1G65910.1 ANACO028 2E-122
LusNAC84 Lus10033650 AT3G03200.1 ANACO045 7E-08

LusNACS85 Lus10003333 AT2G17040.1 ANACO036 1.6E92
LusNAC86 Lus10018810 AT2G33480.2 ANACO041 4.2E11
LusNAC87 Lus10018637 AT4G28500.1 ANACO73 2E-117
LusNACS88 Lus10033699 AT3G04060.1 ANACO046 4.5E06
LusNAC89 Lus10039153 AT4G10350.1 ANACO070 1E-105
LusNAC90 Lus10033676 AT4G27410.2 ANACO72 2E-12

LusNAC91 Lus10026966 AT2G24430.2 ANACO038 6.6E92
LusNAC92 Lus10037939 AT3G10480.1 ANACO050 8E-135
LusNAC93 Lus10013205 AT1G76420.1 ANACO031 3.5E81
LusNAC94 Lus10010371 AT1G32510.1 ANACO11 1.8E14
LusNAC95 Lus10023537 AT3G10480.1 ANACO050 2E-106
LusNAC96 Lus10015743 AT3G12910.1 ANACO042 4.8E11
LusNAC97 Lus10003847 AT1G61110.1 ANACO025 3.9E59
LusNAC98 Lus10010294 AT3G17730.1 ANACO057 1.5E09
LusNAC99 Lus10022636 AT2G17040.1 ANACO036 4.4E87
LusNAC100| Lus10035174 AT5G14000.1 ANACO084 6.9E28
LusNAC101| Lus10004531 AT2G24430.2 ANACO038 7.6E05
LusNAC102| Lus10017353 AT4G35580.1 ANTLY 1.3E73
LusNAC103| Lus10005144 AT4G35580.3 ANTL9 8.3E38
LusNAC104 | Lus10010148 AT4G35580.1 ANTL9 1E-102
LusNAC105| Lus10013964 AT1G61110.1 ANACO025 1.1E69
LusNAC106 | Lus10015367 AT1G26870.1 ANACO009 5.5E92
LusNAC107| Lus10019926 AT1G61110.1 ANACO025 2.3E76
LusNAC108 | Lus10022915 AT4G28530.1 ANACO074 1.2E89
LusNAC109| Lus10008897 AT2G02450.1 ANACO034/35 3E-99

LusNAC110| Lus10023966 AT2G17040.1 ANACO036 1.6E85
LusNAC111| Lus10025690 AT1G01720.1 ANACO002 8E-142
LusNAC112| Lus10025078 AT1G79580.3 ANACO033 1.3E12
LusNAC113| Lus10030174 AT4G35580.3 ANTL9 3E-41

LusNAC114 | Lus10007216 AT1G54330.1 ANACO020 1.2E27
LusNAC115| Lus10013316 AT2G27300.1 ANACO040 2.7E87
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LusNAC116| Lus10033652 AT1G62700.1 ANACO026 3.1E08
LusNAC117| Lus10022914 AT1G61110.1 ANACO025 8.3E07
LusNAC118| Lus10041534 AT5G14000.1 ANACO084 4.2E31
LusNAC119| Lus10037156 AT1G69490.1 ANACO029 2E-99

LusNAC120| Lus10032004 AT5G14000.1 NAC084 1.3E29
LusNAC121| Lus10033905 AT4G28530.1 ANACO074 1.5E87
LusNAC122 | Lus10013782 AT4G10350.1 ANACO070 1E-104
LusNAC123| Lus10009029 AT3G18400.1 ANACO058 8.3E94
LusNAC124 | Lus10040422 AT3G10490.2 ANACO051 7.4E75
LusNAC125| Lus10028372 AT2G18060.1 ANACO037 2E-113
LusNAC126| Lus10002581 AT5G13180.1 ANACO083 1.1E90
LusNAC127| Lus10033279 AT2G24430.2 ANACO038 9.6E10
LusNAC128| Lus10008285 AT4G35580.1 ANTL9 3E-135
LusNAC129| Lus10008200 AT3G03200.1 ANACO045 0.0026
LusNAC130| Lus10026588 AT4G35580.1 ANTLI 7.9E26
LusNAC131| Lus10034183 AT2G27300.1 ANACO040 2.6E82
LusNAC132 | Lus10012927 AT4G29230.1 ANACO75 8E-112
LusNAC133| Lus10042466 AT1G56010.2 ANAC021/22 4E-83

LusNAC134| Lus10031639 AT3G55210.1 ANACO063 1.1E05
LusNAC135| Lus10036194 AT2G43000.1 ANACO042 1.1E70
LusNAC136| Lus10017915 AT1G71930.1 ANACO030 1.4E93
LusNAC137| Lus10038332 AT2G43000.1 ANACO042 7.3E74
LusNAC138| Lus10009858 AT5G62380.1 ANAC101 1.3E07
LusNAC139| Lus10003435 AT5G18270.2 ANACO087 7E-101
LusNAC140| Lus10028713 AT1G34190.1 ANACO017 1E-110
LusNAC141| Lus10020883 AT5G08790.1 ANACO081 7E-108
LusNAC142 | Lus10015392 AT4G28500.1 ANACO73 S5E-104
LusNAC143| Lus10015587 AT5G24590.2 ANACO091 3E-96

LusNAC144 | Lus10003366 AT2G02450.2 ANACO034 1.6E51
LusNAC145| Lus10043095 AT3G15510.1 ANACO056 1E-107
LusNAC146| Lus10008271 AT1G32770.1 ANACO012 2.3E81
LusNAC147| Lus10042284 AT3G17730.1 ANACO057 6E-119
LusNAC148| Lus10002083 AT5G08790.1 ANACO081 1.7E67
LusNAC149| Lus10020896 AT5G09330.4 ANACO082 4.7E82
LusNAC150| Lus10029410 AT5G22380.1 ANACO090 3E-37

LusNAC151| Lus10030205 AT2G46770.1 ANACO043 7E-121
LusNAC152 | Lus10035647 AT5G64530.1 ANAC104 2.7E67
LusNAC153| Lus10005204 AT5G22290.1 ANACO089 2.2E90
LusNAC154 | Lus10030478 AT5G39820.1 ANACO094 8.6E97
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LusNAC155| Lus10000206 AT5G64530.1 ANAC104 2.7E67
LusNAC156 | Lus10019638 AT1G12260.1 ANACO007 8.6E10
LusNAC157| Lus10015076 AT1G61110.1 ANACO025 1E-78

LusNAC158 | Lus10035400 AT4G36160.1 ANACO76 9.4E11
LusNAC159| Lus10010747 AT5G64530.1 ANAC104 9.4E65
LusNAC160| Lus10031721 AT1G12260.1 ANACO007 2E-102
LusNAC161| Lus10017340 AT2G46770.1 ANACO043 4E-105
LusNAC162 | Lus10027357 AT5G08790.1 ANACO081 6.4E49
LusNAC163| Lus10006547 AT3G04070.1 ANACO047 2E-100
LusNAC164 | Lus10001664 AT1G32770.1 ANACO012 1E-103
LusNAC165| Lus10008240 AT1G33060.1 ANACO014 3.2E05
LusNAC166 | Lus10033493 AT5G08790.1 ANACO081 1E-106
LusNAC167| Lus10042518 AT3G44290.1 ANACO060 5.5E26
LusNAC168 | Lus10027227 AT3G18400.1 ANACO058 1.1E85
LusNAC169| Lus10039873 AT4G28500.1 ANACO073 4E-119
LusNAC170| Lus10037106 AT3G04070.2 ANACO002 2.2E12
LusNAC171| Lus10007263 AT1G26870.1 ANACO009 1.2E93
LusNAC172| Lus10020165 AT2G24430.2 ANACO038 6.7E91
LusNAC173| Lus10043402 AT2G27300.1 ANACO040 5.8E84
LusNAC174| Lus10005143 AT1G33060.2 ANACO014 4.1E39
LusNAC175| Lus10001809 AT5G13180.1 ANACO083 1.8E90
LusNAC176| Lus10010037 AT1G65910.1 ANACO028 6.6E24
LusNAC177| Lus10024006 AT1G79580.3 ANACO033 2.3E14
LusNAC178| Lus10007410 AT1G69490.1 ANACO029 3.8E77
LusNAC179| Lus10009669 AT3G18400.1 ANACO058 9.9E93
LusNAC180| Lus10026373 AT3G17730.1 ANACO057 4E-117
LusNAC181 | Lus10012557 AT5G14000.1 ANAC084 4.7E31
LusNAC182 | Lus10042731 AT1G01720.1 ANACO002 4E-145
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Appendix10. Overview of putative flax NAC domain proteins. Data source: Phytozome

(https://phytozome.jgi.doe.gov/pz/portal.html) (Goodstein et al., 2012).

Gene Genomlc Pfam domain | MW(kDa) | aa length Pl
Name contig
LusNAC1 scaffold31 PF02365 50.96 457 7.96
LusNAC2 | scaffold734 PF02365 49.69 450 7.34
LusNAC3 | scaffold860 PF02365 13.51 118 7.51
LusNAC4 scaffold26 PF02365 6.39 56 9.93
LusNACS5 | scaffold1253 PF02365 58.69 531 421
LusNACG6 | scaffold275 PF02365 22.08 187 10.36
LusNAC7 | scaffold617 PF02365 40.55 354 5.56
LUsNACS8 | scaffold635 PF02365 37.76 337 5.73
LusNAC9 scaffold80 PF02365 24.33 214 5.66
LusNAC10| scaffold977 PF02365 38.41 328 5.96
LusNAC11| scaffold217 PF02365 68.87 617 4.58
LusNAC12| scaffold67 PF02365 43.29 382 9.21
LusNAC13| scaffold200 PF02365 20.82 178 7.04
LusNAC14 scaffold9 PF02365 23.55 207 8.64
LusNAC15| scaffold473 PF02365 30.77 269 6.23
LusNAC16| scaffold112 PF02365 34.13 304 6.93
LusNAC17| scaffold87 PF02365 12.93 116 10.14
LUusNAC18| scaffold722 PF02365 18.5 162 9.99
LusNAC19| scaffold302 PF02365 74.69 677 6.28
LusNAC20| scaffold291 PF02365 46.86 402 6.98
LusNAC21| scaffold706 PF02365 11.66 101 6.52
LusNAC22| scaffold87 PF02365 44.71 396 8.85
LusNAC23| scaffold29 PF02365 58.25 524 6.62
LusNAC24| scaffold917 PF02365 31.6 275 9.04
LusNAC25| scaffold1821 PF02365 27.95 250 6.14
LusNAC26| scaffold140 PF02365 42.43 382 8.47
LusNAC27| scaffold272 PF02365 46.96 420 4.63
LusNAC28| scaffold272 PF02365 41.6 363 5.45
LusNAC29| scaffold885 PF02365 42.68 376 9.77
LusNAC30| scaffold355 PF02365 39.23 357 4.31
LusNAC31| scaffold820 PF02365 35.54 325 7.36
LusNAC32| scaffold488 PF02365 62.81 564 4.79
LusNAC33| scaffold305 PF02365 36.78 317 7.08
LusNAC34| scaffold617 PF02365 31.85 277 8.84
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LusNAC35| scaffold2022 PF02365 46.68 415 5.19
LusNAC36| scaffold1347 PF02365 48.39 430 6.7
LusNAC37| scaffold42 PF02365 22.53 198 4,52
LusNAC38| scaffold98 PF02365 39.13 335 7.25
LusNAC39| scaffold203 PF02365 60.33 531 6.6
LusNAC40| scaffold6l PF02365 51.81 450 8.05
LusNAC41| scaffold1120 PF02365 18.27 158 6.52
LusNAC42| scaffold1134 PF02365 37.71 326 7.03
LusNAC43| scaffold418 PF02365 31.23 276 5.42
LusNAC44| scaffold722 PF02365 52.58 461 6.56
LusNAC45| scaffold977 PF02365 41.16 362 5.6
LusNAC46| scaffold349 PF02365 46.44 399 6.91
LusNAC47| scaffold651 PF02365 38.84 354 6.85
LusNAC48| scaffold983 PF02365 12.9 113 4,57
LusNAC49| scaffold821 PF02365 62.53 559 4,53
LusNAC50| scaffold208 PF02365 51.28 458 4,52
LusNAC51| scaffold208 PF02365 37.59 336 8.12
LusNAC52| scaffold325 PF02365 40.73 354 5.34
LusNAC53| scaffold488 PF02365 40.13 361 4.37
LusNAC54| scaffold898 PF02365 44,32 386 6.87
LusNAC55| scaffold31 PF02365 34.23 297 8.96
LusNAC56| scaffold373 PF02365 42.29 383 6.55
LusNAC57| scaffold2324 PF02365 33.53 298 9.34
LusNAC58| scaffold82 PF02365 42.37 381 4,95
LusNAC59| scaffold31 PF02365 16.93 148 10.06
LusNAC60| scaffold200 PF02365 27.97 246 8.76
LusNAC61| scaffold1376 PF02365 38.55 356 8.59
LusNAC62| scaffold251 PF02365 38.2 354 9.13
LusNAC63| scaffold31 PF02365 20.63 181 8.45
LusNAC64| scaffold123 PF02365 23.6 203 9.51
LusNAC65| scaffold488 PF02365 47.03 420 6.15
LusNAC66| scaffold783 PF02365 24.64 216 5.2
LusNAC67| scaffold540 PF02365 61.23 548 4.28
LusNAC68| scaffold51 PF02365 60.64 542 6.27
LusNACG69| scaffold2252 PF02365 37.72 336 7.86
LusNAC70| scaffold76 PF02365 39.13 349 5.16
LusNAC71| scaffold140 PF02365 10.09 87 10.65
LusNAC72| scaffold42 PF02365 37.92 332 4,54
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LusNAC73| scaffold61 PF02365 44.78 391 7.34
LusNAC74| scaffold151 PF02365 40.21 353 6.09
LusNAC75| scaffold473 PF02365 18.74 164 10.05
LusNAC76| scaffold34 PF02365 35.07 304 6.65
LusNAC77| scaffold674 PF02365 42.39 376 4.47
LusNAC78| scaffold924 PF02365 26.52 237 5.67
LusNAC79| scaffold77 PF02365 27.84 250 5.4

LusNAC80| scaffold261 PF02365 40.15 352 6.24
LusNAC81| scaffold462 PF02365 52.77 474 7.51
LusNAC82| scaffold286 PF02365 67.34 606 6.79
LusNAC83| scaffold701 PF02365 16.84 146 9.63
LusNAC84 | scaffold1120 PF02365 35.15 303 7.42
LusNAC85| scaffold22 PF02365 42.08 382 5.35
LusNAC86| scaffold1308 PF02365 34.63 308 8.11
LusNAC87| scaffold701 PF02365 52.31 464 4.4

LusNAC88| scaffold34 PF02365 48.29 423 7

LusNAC89| scaffold701 PF02365 54 487 8.5

LusNAC90| scaffold651 PF02365 41.58 376 9.4

LusNAC91| scaffold475 PF02365 45.36 404 6.2

LusNAC92| scaffold372 PF02365 43.86 395 6.59
LusNAC93| scaffold740 PF02365 16.45 143 7.87
LusNAC94 | scaffold1216 PF02365 46.19 411 7.07
LusNAC95| scaffold430 PF02365 22.32 199 6.02
LusNAC96| scaffold706 PF02365 38.4 336 4.85
LusNAC97| scaffold732 PF02365 48.3 426 4.48
LusNAC98| scaffold59 PF02365 35.98 309 7.23
LusNAC99| scaffold43 PF02365 28.61 258 8.22
LusNAC10Q0 scaffold406 PF02365 43.89 390 4.53
LusNAC101 scaffold511 PF02365 55 497 4.89
LusNAC102 scaffold370 PF02365 28.83 249 5.04
LusNAC103 scaffold587 PF02365 64.43 575 5.43
LusNAC104 scaffold820 PF02365 38.35 343 5.78
LusNAC105 scaffold635 PF02365 38.94 344 8.36
LusNAC106 scaffold1491 PF02365 40.75 355 6.31
LusNAC107]  scaffold8 PF02365 35.34 308 6.32
LusNAC108 scaffold311 PF02365 38.83 332 7.12
LusNAC109 scaffold177 PF02365 37.02 321 8.89
LusNAC11Q scaffold145 PF02365 34.12 304 7.94
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LusNAC111] scaffold305 PF02365 58.6 522 4.59
LusNAC112 scaffold217 PF02365 29.18 252 4.92
LusNAC113 scaffold674 PF02365 59.14 516 4.8

LusNAC114 scaffold812 PF02365 44 .97 404 9.61
LusNAC115 scaffold701 PF02365 30.87 270 8.86
LusNAC116  scaffold8 PF02365 17.91 159 9.68
LusNAC117 scaffold272 PF02365 27.1 247 8.76
LusNAC118 scaffold462 PF02365 33.96 296 8.87
LusNAC119 scaffold42 PF02365 28.82 258 8.23
LusNAC12Q scaffold222 PF02365 36.09 318 6.51
LusNAC121] scaffold1168 PF02365 43.29 381 7.44
LusNAC122 scaffold883 PF02365 39.52 348 7.01
LusNAC123 scaffold86 PF02365 43.58 389 4.75
LusNAC124 scaffold413 PF02365 41.08 361 5.86
LusNAC125 scaffold1179 PF02365 28.2 250 9.48
LusNAC126 scaffold488 PF02365 43.02 390 4.88
LusNAC127 scaffold489 PF02365 62 554 4.83
LusNAC128 scaffold157 PF02365 24.11 211 8.37
LusNAC129 scaffold617 PF02365 12.6 109 491
LusNAC13Q scaffold292 PF02365 45.87 418 8.54
LusNAC131] scaffold434 PF02365 47.71 427 6.86
LusNAC132 scaffold123 PF02365 43.25 375 6.72
LusNAC133 scaffold863 PF02365 53.53 475 4,22
LusNAC134 scaffold27 PF02365 31.32 271 9.22
LusNAC135 scaffold116 PF02365 35.55 305 6.64
LusNAC136 scaffold28 PF02365 32.09 278 7.8

LusNAC137 scaffold546 PF02365 44 57 393 4.96
LusNAC138 scaffold543 PF02365 38.96 356 6.24
LusNAC139 scaffold346 PF02365 62.85 566 4.57
LusNAC14Q scaffold711 PF02365 34.01 299 5.89
LusNAC141 scaffold635 PF02365 31.13 280 7.93
LusNAC142 scaffold233 PF02365 61.22 542 4.58
LusNAC143 scaffold203 PF02365 14.08 118 4.36
LusNAC144 scaffold25 PF02365 41.86 379 8.62
LusNAC145 scaffold489 PF02365 22.44 194 9.28
LusNAC146 scaffold123 PF02365 34.38 299 5.22
LusNAC147 scaffold575 PF02365 71 631 6.65
LusNAC148 scaffold711 PF02365 43.46 398 4.87
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LusNAC149 scaffold360 PF02365 32.28 280 9.58
LusNAC150 scaffold217 PF02365 48.26 431 6.56
LusNAC15]1 scaffold464 PF02365 22.18 192 4.81
LusNAC152 scaffold104 PF02365 44.17 398 9.15
LusNAC153 scaffold917 PF02365 48.04 429 8.23
LusNAC154 C8375105 PF02365 22.18 192 4.81
LusNAC155 scaffold420 PF02365 27.2 236 5.49
LusNAC156 scaffold54 PF02365 40.65 354 5.54
LusNAC157 scaffold151 PF02365 26.27 233 6.3
LusNAC158 scaffold94 PF02365 22.32 194 4.79
LusNAC159 scaffold783 PF02365 37.43 320 5.87
LusNAC160 scaffold511 PF02365 43.76 393 6.32
LusNAC161 scaffold472 PF02365 54.16 479 6.36
LusNAC162 scaffold1202 PF02365 42.82 377 9.42
LusNAC163 scaffold2739 PF02365 45.71 411 6.26
LusNAC164 scaffold157 PF02365 41.21 369 5.24
LusNAC165 scaffold701 PF02365 34.18 300 5.9
LusNAC166 scaffold67 PF02365 56.4 506 5.1
LusNAC167 scaffold472 PF02365 34.43 301 6.68
LusNAC168 scaffold15 PF02365 35.17 316 8.32
LusNAC169 scaffold462 PF02365 20.7 180 8.31
LusNAC170 scaffold105 PF02365 39.65 352 7.31
LusNAC171 scaffold454 PF02365 43.63 397 9.04
LusNAC172 scaffold25 PF02365 36.56 331 5.16
LusNAC173 scaffold370 PF02365 52.49 470 5.8
LusNAC174 scaffold648 PF02365 27.85 246 9.62
LusNAC175 scaffold621 PF02365 32.78 287 5.91
LusNAC176 scaffold177 PF02365 65.29 588 4.38
LusNAC177 scaffold736 PF02365 39 347 5.57
LusNAC178 scaffold169 PF02365 39.16 343 7.07
LusNAC179 scaffold898 PF02365 34.78 304 5.22
LusNAC180  scaffold6 PF02365 28.02 253 8.01
LusNAC181] scaffold67 PF02365 33.49 296 7.96
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Appendix 11 Transcript abundances bfisNACsacross tissues retrieved from a publicly available RB&% dataset (Kumar et al., 2018% globular embryohe heart
embryo; te: torpedo embryeg cotyledon embryo; me: mature embryo; sd: seeds; an: anthveryaries;fl
leaves; max: the highest expression level among these tissues;

: mature flowerjt: root; st: stem; es: etiolated seedlings;

Gene

Name ge he te ce me sd an ov fl rt st es le
LusNAC1 0.336718| 0.773295| 0.717747| 0.278184| 1.26622| 0.101946 0 0 | 0.089229 0| 0.025228| 0.704738 0
LusNAC2 0.198453| 0.168349| 0.304662| 0.31014| 0.018185| 0.104568| 0.006853| 0.048033| 0.177855| 0.027298| 0.155084| 0.102499| 0.015501
LusNAC3 0.039315 0 0 0 0 0 0| 0.03578| 0.028545 0 0 0 0
LusNAC4 0 0 0 0 0 0 0 0 0 0 0 0 0
LusNAC5 31.9223| 41.4472| 5.92709| 8.09198| 55.7279| 26.9197| 35.4217| 23.8429| 34.5879| 36.7334| 19.1654| 21.5307 146.827
LusNAC6 0 0 0 0 0 0| 0.028368 0 0 0 0 0 0
LusNAC7? 0.068996| 0.098818| 0.265001| 0.054832| 0.015259| 0.043299| 0.023223| 0.067504| 0.063412| 0.03899| 0.091307| 0.094642 0.03044
LusNACS 0 0 0 0 0 0 0 0 0 0 0 0 0
LusNAC9 0.335957| 0.7256 0 0 | 0.015336| 0.724685| 0.728707| 0.038041 0| 0.058019 0| 0.00702] 0.015995
LusNAC10 0| 0.252024| 3.03141| 3.12023| 2.58136| 0.068392| 0.036469| 0.089271| 3.98687| 0.199265| 3.65327| 0.837141] 0.219059
LusNAC11 | 0.384058| 0.384358| 0.996655| 2.402332| 0.604272| 0.617508| 0.356644| 0.602945| 0.65288| 0.466933| 0.734243| 0.375659| 0.048093
LusNAC12 0 0 0 0 0 35.443| 6.15347| 3.65539 0| 3.04562 1.1082| 0.212671] 0.025137
LusNAC13 0 0 0 | 0.055185 0| 0.087342 0 0 0 0 0 0 0
LusNAC14 0 0 0 0 0 0| 0.01886 0 0 0 0 0 0
LusNAC15 | 0.037343| 0.030435 0| 0.013916| 0.060678| 19.0315| 9.53092| 2.34555| 1.53083| 5.56716| 2.9964| 2.80426| 0.087446
LusNAC16 0.05044| 0.014593| 0.036565| 5.31528| 6.40533| 29.0035| 44.4137| 0.70885| 43.7316| 36.2307 5.8435| 10.1714 146.93
LusNAC17 #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
LusNAC18 0 0 0 0 0 0 0 0 0| 0.027643| 0.037319 0 0
LusNAC19 | 0.113374| 0.061511| 0.020515| 0.096523| 0.414136| 0.228895| 0.601337| 0.176203| 1.7532| 0.149952| 0.762194| 0.406292| 0.016604
LUsNAC20 | 0.020517 0 1.0619 1.2127 1.0714| 0.202894| 0.008652| 0.633586| 2.24879| 0.379931| 4.43397| 1.73828| 0.613778
LusNAC21 0 0 | 0.294803| 0.092289| 0.015556| 0.64152| 0.065719| 0.529737| 8.73471| 1.97074| 2.65032| 1.35508| 0.601178
LusNAC22 0 0 0 0 0| 1.30382| 0.145389 0 | 0.024293| 0.160049| 0.185666| 0.031311| 0.024337
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LusNAC23 | 0.403918| 0.045202| 0.107408] 0.05931| 0.160757| 1.92433| 0.285859| 1.42576| 1.37357| 0.839193| 1.35505| 0.372126] 0.102648
LusNAC24 | 0.046747| 0.119525| 0.094793| 0.148676] 1.09146| 2.39687| 2.06922| 0.304615| 0.177214| 1.53259| 0.23772| 0.291439| 0.096914
LUusNAC25 | 0.250472| 0.457578| 0.473391| 0.224055| 0.428064| 0.258423| 0.187359| 0.445078| 1.127431| 0.999724| 2.170597| 0.087316| 0.086889
LusNAC26 | 0.366574| 0.158946| 0.045653| 0.068789| 0.050186| 14.7255| 64.012] 0.97794| 0.225366| 2.75449| 1.53279| 0.15031 5.68277
LusNAC27 6.45069| 7.85187| 3.45763| 4.17052| 0.884668| 4.14484| 1.7062| 4.40846| 5.51612| 1.85938| 4.23086| 3.8777| 0.672621
LusNAC28 | 0.027058| 0.398017| 1.26771] 1.61702| 1.44031| 0.429806| 0.036985| 0.631303| 2.28614| 0.297077| 2.71701| 0.509237 0.04704
LusNAC29 | 0.007399 0 0 0 0 10.952| 0.629594| 0.347612| 2.07151] 4.32347| 1.40059| 5.99571 1.03117
LusNAC30 12.8821| 24.5436| 20.2243| 8.07044| 31.8539| 1.19253| 1.38391] 1.39046| 0.676587| 0.818571| 1.14799| 1.38818 1.26165
LusNAC31 | 0.014208| 0.032188| 0.056047| 0.094521| 0.041504| 4.32076| 42.3252| 2.63813| 2.54193| 8.94024| 3.53958| 0.830401] 0.302293
LusNAC32 8.64584| 11.2953| 26.7441| 26.9893| 49.8655| 14.8867| 16.2781| 16.5368| 31.638| 6.9766| 14.7495| 14.3472 2.53863
LusNAC33 0 0] 0.017364 0 0] 0.088077| 0.055444| 0.05685| 2.08725| 1.96221| 2.39396| 0.473571] 0.721023
LusNAC34 | 0.066421| 0.095795 0.091| 0.035399| 0.070102| 0.690731| 0.245972| 0.518256| 0.101871| 0.436305| 0.22557| 0.356964| 0.091633
LUsNAC35 | 0.232341] 0.284597| 0.227786| 0.207882| 0.498452| 0.123315| 0.012286| 0.135811| 0.056924| 0.186344| 0.272814| 0.251592| 0.231308
LusNAC36 | 0.043005 0 0 0] 0.075999] 2.67354| 0.056312| 0.533685| 4.07558| 4.35204| 8.32725| 0.171633| 0.314339
LusNAC37 0 0 0 0 0 0] 0.021185 0 0 0 0 0 0
LusNAC38 0 0 0 0] 0.018138| 0.019441| 0.041287| 0.006411 0| 0.433067| 0.574525| 0.791868| 0.912433
LusNAC39 #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A

LusNAC40 #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A

LusNAC41 0 0 0 0 0 0 0] 0.021331 0 0.0263 0 0 0.09183
LusNAC42 | 0.005466| 0.185881| 8.751665| 8.16154| 0.490415| 0.158852 0] 0.421407) 1.194737| 0.257253| 0.935139| 1.013144| 0.937547
LUusNAC43 | 0.804446| 0.469483| 0.34084| 8.03473| 9.70335| 5.13939| 24.7026| 0.545883| 46.4301| 5.45153| 0.615838| 5.34895| 0.559159
LusNAC44 | 0.570475| 0.603525| 0.877399| 0.364288| 1.16202| 5.52193| 2.45433| 4.50952| 4.72575| 1.61846| 5.8341| 7.46481| 0.911313
LusNAC45 0 0 0 0 | 0.016538| 0.023862| 0.10389 0| 0.408494| 0.174106| 0.064206| 0.150315| 0.023484
LusNAC46 | 0.029941 0| 0.24988| 0.045717| 0.069372| 0.163172| 0.022298| 0.393942| 0.876178| 0.248658| 1.756968| 0.947828| 0.689828
LusNAC47 0 0 0] 0.023535| 0.016982] 8.8952| 3.1268| 0.673012| 9.68344| 3.10993| 2.51094| 2.98565 0
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LusNAC48 | 0.003257| 0.024527| 0.011438| 0.230567| 0.001768| 0.745581| 0.022465| 0.050067| 0.037422| 1.57883| 0.110292| 0.032723 2.05517
LusNAC49 | 0.541894| 0.429664| 0.390177| 1.91426| 3.34468| 6.75897| 6.17626| 3.72951| 7.72688| 5.42058| 7.27011| 6.35896| 0.371423
LusNAC50 11.2549| 10.1189| 3.02668| 3.81238| 2.96208| 0.507706| 0.157144| 0.418804| 2.40238| 0.134027] 2.45885| 2.57701| 0.432617
LusNAC51 | 0.054106 0] 0.403086| 1.68826| 0.024178] 10.2597| 72.6065| 9.06093| 5.49024| 7.58301] 6.04071] 5.00553| 0.042436
LusNAC52 | 0.013911] 0.045218| 0.129377| 0.053518| 0.047384| 0.029987| 0.247582| 0.367733| 0.091476] 0.13076| 0.02388| 0.014389 0
LusNAC53 | 0.436604| 0.348087| 0.481697| 0.073078| 0.179902| 0.528925| 0.110649| 0.250063| 0.227111| 0.157849| 0.280426| 0.230585| 0.188569
LusNAC54 | 0.007173 0 0 0 | 0.015336| 0.058163] 21.7195| 0.048209| 0.887775| 0.065123| 0.339476] 1.89579| 0.000105
LusNAC55 | 0.013598| 0.01836| 0.398494| 1.20022| 2.02072| 3.65288| 0.639753| 0.01613]| 1.47064| 0.121479| 0.506189| 0.661971 0.05109
LusNAC56 3.05458| 2.56936| 0.148794| 0.020318| 0.070873| 0.06178| 0.008032| 0.414556| 0.076283| 0.099183| 0.068244| 0.181779| 0.048336
LusNAC57 0 0] 0.117273| 0.184408| 0.264543| 0.466222| 0.014258| 0.518194| 0.132907| 0.421948] 1.1849| 0.641494| 0.000491
LusNAC58 9.6615| 36.0066| 0.665189| 0.503653| 0.016683| 0.181939| 0.760871| 1.84532| 0.0444| 0.168264| 0.030179| 0.199423| 0.063633
LusNAC59 1.38003| 2.03062| 1.77731| 1.20698| 3.59258| 4.95178| 3.25782| 3.55798| 5.35389| 3.76472| 5.89408| 3.79374 1.57027
LusNAC60 0 0 0 0 0 0 0 0 0 0 0] 0.012351 0
LusNAC61 | 0.025047 0] 0.193145| 0.968759| 0.594264| 0.062524| 0.001431 0| 0.275865| 0.047124| 0.034691| 0.562468 0
LusNAC62 0 | 0.049696 0] 0.139235| 0.165658] 0.92091| 71.9192| 7.70656| 0.372065| 11.862| 0.182434| 0.616535| 0.787992
LusNACG63 0 | 0.020655 0] 1.10841] 1.12254| 0.726467| 38.9113] 5.4307| 0.60043| 3.81431| 0.14835| 0.265229 0
LusNAC64 0 0 0 0 0 0 0 0| 0.012446 0 0 0 0
LusNAC65 | 0.000316| 0.033809| 0.071724 0 0] 0.188101| 0.226806| 0.524108| 0.057669| 0.69305| 0.044853| 0.041306 0
LusNACG66 0 0| 0.018026 0] 0.013904| 2.65228| 0.035296 1.245| 2.33801| 1.21731] 2.81417| 0.294551 0
LusNACG67 #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A

LusNACG68 21.0154| 23.397| 34.1915| 34.7942| 74.3488]| 25.6842| 33.9117| 18.408| 20.6491| 8.39784| 14.5553| 19.4539 3.04225
LusNAC69 1.7927| 1.88629| 4.46002| 1.36571| 1.71977| 7.13806| 6.24577| 4.59959| 21.2799| 2.76314| 7.18071| 3.93719| 0.429288
LusNAC70 | 0.004063| 0.033454| 0.018891| 0.352512| 0.020104| 5.68092| 25.188| 3.10074| 5.29835| 2.08464| 1.62214| 2.89074| 0.040813
LusNAC71 | 0.035705 0 | 0.030908 0 0| 0.015511| 0.531525 0| 0.014895| 0.021759| 0.006254| 0.011184 0
LusNAC72 0 0 0] 0.215744| 0.159436| 0.977343 0] 0.077399] 0.33239| 0.10088| 1.22676| 0.284435 0
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LusNAC73 | 0.017176 0 0 0| 0.03667 0] 0.35209 0| 0.041802| 0.016519| 0.013165 0 0
LusNAC74 #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A

LusNAC75 0 0 0] 0.118659 0 0 0 0] 0.284122] 0.03387| 0.289443| 0.09404| 0.428655
LusNAC76 | 0.085819 0 0 0 0] 0.087635| 2.72971| 0.840943 01]0.170723 0 0 0
LUsNAC77 0 0 0 0 0| 0.00618 0 0| 4.84763 0 0] 0.462612 0
LusNAC78 #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A

LusNAC79 4.34824| 8.43382| 10.752| 34.9504| 37.8693| 13.8019| 21.6154| 8.6987| 18.3131| 14.9109| 8.65125| 4.56614| 0.643663
LusNACS80 0.03678| 0.024456| 0.077807 0 0] 0.075405| 8.39239| 0.063793| 0.911401| 1.48712| 1.19106| 0.026352 0.00805
LusNAC81 | 0.051284 0] 0.063713| 0.247383 0] 0.027738| 0.045953| 0.018088| 0.37839| 0.096275| 0.201114| 0.176357 0
LusNAC82 | 0.286264| 0.316235| 0.413137| 0.126241| 0.784444| 0.00646 0 0 | 0.045318| 0.026301 01]0.179197 0
LusNACS83 #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A

LusNAC84 0 0 0 0 0] 0.075628| 2.28359 0 | 0.029509| 0.026703 0| 0.153028 0
LusNAC85 | 0.031879 0 | 0.066684| 0.159463| 0.068563| 0.156815| 0.140772| 0.38481| 5.17515| 5.35145| 6.66505| 0.646185 230.404
LusNAC86 1.10237| 1.44074| 0.424978| 0.421757| 0.277697| 3.10187| 8.5423| 5.12787| 11.266| 1.80073] 6.57954| 4.16269| 0.891831
LusNACS87 0 0 0] 0.026612| 0.140563] 2.41492| 0.050068| 0.707159| 7.51789| 1.57385| 9.82153| 0.859992 1.66448
LusNAC88 | 0.021387| 0.016837 0 0 0 0] 0.006611 0 0 0 0 0 0
LusNAC89 0 0 0 0 0 0 0 0 | 0.203051 0 01]0.147931 0
LusNAC90 #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A

LusNAC91 0 0 0 0 0] 0.135988| 0.067701 0| 1.16366| 0.008446| 0.020564| 0.165464 0
LusNAC92 5.24209| 7.79015| 3.8136| 0.755906| 2.27038| 14.0876| 22.3348| 13.4741| 8.99503| 7.11304| 9.9019| 9.43929 1.99021
LusNAC93 11.2674| 15.9768| 0.109382 0| 0.014929| 0.036265| 0.034367| 0.455896| 1.26434| 0.204671) 0.168116| 0.104999| 0.046857
LusNAC94 0 0 0 0 0 0 0 0 0 0 0 0 0
LusNAC95 7.23166| 9.02056| 4.24151| 8.88296| 6.41031| 9.37338| 4.31422| 7.91871| 6.60803| 22.6104| 7.12714| 6.67733 71.2886
LusNAC96 1.14409| 0.785258| 0.056915 0 0] 0.590996| 19.8766| 0.070137| 0.010608| 0.472076| 0.022294 0 0
LusNAC97 | 0.008465 0 0 0 0 0 0 0 | 0.097344| 0.008999 0 0 0
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LusNAC98 0 0 0 0 0| 0.033468| 0.076935| 0.004614| 0.05686 0] 0.090207| 0.021598| 0.029676
LusNAC99 0 0 0 0] 0.131344| 0.433124| 0.056643| 0.402446| 1.40585| 0.827547| 5.23623| 0.124714| 0.097829
LusNAC100] 8.44947| 13.6678| 0.964074| 0.034888| 0.414623| 0.221223| 0.032718| 0.721517| 12.0734| 0.130775| 7.50472| 4.94523| 0.953278
LusNAC101] #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A

LusNAC102| 3.52647| 4.01496| 4.02398| 3.76456| 7.91101| 5.08085| 8.20162| 5.08536| 7.18463| 3.55376| 7.00064| 6.04903 1.70063
LusNAC103] #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A

LusNAC104] 6.10794| 24.82495| 10.08935| 4.63047| 15.2105| 2.896799| 0.480198| 0.590004| 3.41053| 0.271102| 0.643723| 3.57529| 0.312089
LusNAC105 0 0 0 0 0 0 0 0 0 0 0 0 0
LusNAC106] 0.27088| 0.260517| 0.275537| 0.329486| 0.430622| 1.24252| 1.03536| 1.83333| 1.6522| 0.290285| 0.50662| 0.443902| 0.025896
LusNAC107| 0.520882| 0.446202| 0.050113| 0.029341 0] 0.026709| 0.122891| 0.079738| 0.110804| 0.130771| 0.062515| 0.176144| 0.357401
LusNAC108] 0.461062| 0.546061| 1.39504| 0.631287| 0.10216| 4.4756| 2.38508| 4.27486| 2.20859| 9.63177| 2.77817| 5.71384| 0.054868
LusNAC109 0 0 0 0 0 0 0] 0.012967 0| 0.070048| 0.404005| 0.279992| 0.848759
LusNAC110 0 0 0 0 0 0| 0.03272| 0.006764 0 0 | 0.058407| 0.010629 0
LusNAC111] 0.843051] 0.213798| 0.80053| 76.8857| 90.9638| 26.0494| 80.6445| 9.52955| 52.863| 95.997| 4.24403| 19.7772 248.377
LusNAC112 0 0 0 0 0 0| 0.005766| 0.01238 0 0] 0.020214| 0.002329 0
LusNAC113 0.0301] 0.03671 0 0| 0.016083] 1.43108 0] 0.016625| 0.087315] 1.0065| 0.061225 0 0.028762
LusNAC114] 0.550262| 0.654911] 2.08311| 0.614693| 1.04536| 4.24985| 1.16541| 5.04231| 4.44029 1.426| 5.39276| 7.6172 1.22353
LusNAC115 0.097978| 0.136296| 6.967985| 4.836765| 50.5597| 1.158807| 2.947425| 0.018915| 0.060024| 0.039195| 0.141999| 0.010999 0
LusNAC116 0 0 0 0 0 0] 0.001822 0| 0.00078 0 0| 2.39E05 0
LusNAC117| #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A

LusNAC118] 0.563368| 1.86684| 0.243521| 0.702075| 0.579822| 0.870558| 0.187144| 0.57929| 7.689553| 0.604269| 2.721655| 2.233038| 0.035367
LusNAC119] 0.255803| 0.295922| 2.39406| 17.8629| 6.52716| 33.5289| 7.91386| 0.67843| 8.52022| 3.54769| 11.6959| 2.97153 3.64062
LusNAC120] 15.5985| 21.9078| 1.19403| 0.22204| 0.269206| 0.182137| 0.29174| 0.197795| 5.32009| 0.102874| 7.22621| 4.69437| 0.685842
LusNAC121] 0.009051 0 0 0 0| 1.96406| 8.38313] 1.51048] 1.90806| 1.27899| 0.867927| 0.702711 0
LusNAC122| 0.007284 0 0 0 0 0 0 0] 0.185643 0 0] 0.06924 0

276




LusNAC123 0 0 0 0 0| 0.083904| 0.033779 0| 3.47448| 0.025118 0] 0.30155 0
LusNAC124] 2.57574| 4.80524| 2.32942| 1.78007| 1.83409 0] 3.28979| 4.99027| 4.76269| 8.11825| 4.60163| 4.45445| 0.007772
LusNAC125 0.026757| 0.251733| 4.40722| 0.959962| 3.22518| 0.591801| 0.028335| 0.572571| 1.40992| 0.703168| 4.34327| 0.828986| 0.272227
LusNAC126] 1.24634| 1.55175| 2.02576] 9.4782| 1.95064| 32.7994| 80.7422| 8.46139| 19.8645| 28.8607| 23.269| 31.3117 450.197
LusNAC127] 0.123177| 0.140965| 0.296579| 0.046576| 0.130378| 0.267356| 0.520445| 0.409241| 0.768331| 0.252211| 0.462338| 0.418114| 0.170776
LusNAC128] 12.8563| 12.3121| 22.0161] 20.4055| 46.1406| 13.3854| 10.7164| 13.0259| 15.2006] 4.7662| 11.0648| 10.942 2.13312
LusNAC129] 3.89861| 5.01571] 13.453] 12.4258| 3.89448| 1.07985| 1.49558| 3.33201 3.993| 5.28253| 3.15683| 2.99714 19.8752
LusNAC130 0 0| 0.002225 0 0 0 0 0 0] 0.012034 0] 0.00105 0
LusNAC131] #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A

LusNAC132] 0.466244| 0.105214| 0.100051| 0.099364| 0.342171| 2.13429| 0.252255| 1.02027| 2.52665| 0.70305| 2.88879| 0.496569| 0.175979
LusNAC133 0] 0.011334 0 0 0] 0.436803| 53.7919| 0.779636| 2.68208| 1.30517| 0.616471| 1.85523 3.94075
LusNAC134 0 0 0 0| 0.062427 0 0 0 0 0 0 0 0.01348
LusNAC135 0] 0.378777) 0.04058]| 1.15136| 2.21534| 0.116784| 0.223947| 0.055994| 1.70592| 1.19484| 0.400388| 1.2472 0
LusNAC136 0 0 0 0 0] 0.19142| 0.81633] 0.123799| 0.064094| 0.140585| 0.196574| 0.141143] 0.223016
LusNAC137| 0.060709 0 0 0 0] 0.014979| 0.017505| 0.008952] 4.95313| 0.161399| 0.8298| 1.70732 0
LusNAC138] 0.08447| 0.352806| 0.735152| 0.230327| 0.331891| 0.500701| 0.480101] 0.28527| 0.469993| 0.294902| 0.813883| 0.379169| 0.223339
LusNAC139] 0.137754| 0.229866| 0.146751| 0.223006| 0.077719| 9.24838| 13.1317| 1.15204| 7.26095| 2.70298| 1.26888| 2.47985| 0.053131
LusNAC140] 2.43342| 2.42712| 1.25208| 2.34781| 5.03879| 7.48792| 5.78999| 5.52887| 16.4356| 3.68078| 10.4515| 7.51206| 0.493533
LusNAC141] 6.59555| 3.37372| 5.42769| 3.35796| 10.9319| 5.59234| 3.94441| 3.74855| 75.2371| 6.57683| 4.59373| 12.4511] 0.089853
LusNAC142] 0.010603| 0.016198| 0.083718] 0.11709| 0.203301| 5.40556| 21.1187| 1.36673| 4.41115| 4.16354| 6.37929| 1.55172| 0.500532
LusNAC143] 3.74875| 4.0222| 9.87681| 12.2561| 1.28296| 5.34017| 7.44938| 5.49318| 21.5315| 2.28528| 7.26269| 3.88325| 0.770935
LusNAC144] #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A

LusNAC145 0.187615| 0.195924| 0.017693] 0.08472| 0.112899| 4.89977| 23.8199| 0.320617| 0.322584| 0.403648| 0.458648| 0.195466 0
LusNAC146] 0.179719 0 0 0 | 0.036654| 7.05589| 0.006534| 3.01986| 5.91296| 2.89943| 5.51611| 0.442605| 0.014317
LusNAC147| 0.067189| 0.09594 0] 0.138873| 0.296691| 0.827323 0] 0.25872] 1.41263| 0.309796| 0.895117| 0.440883| 0.187748
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LusNAC148] 0.012313| 0.006279| 0.015693| 0.028661| 0.008803| 0.065912| 0.144345| 0.060163] 3.7164| 0.404971| 0.619471| 0.178447 0
LusNAC149] 3.07278| 3.34458| 7.98016] 3.9833| 3.71044| 10.1076| 12.5523| 10.4233]| 11.0256| 4.86026| 8.68764| 6.69956 1.33834
LusNAC150] 0.060621 0 0 0 0 0] 0.022592 0] 0.019778 0 0] 0.05195 0
LusNAC151 0 0 0] 0.017861)| 0.068167| 1.52442| 0.01861| 0.263835| 2.14214| 1.00161| 3.71344| 0.237464| 0.055445
LusNAC152 0 0] 0.117273| 0.184408| 0.264543| 0.466222| 0.014258| 0.250899| 0.61663| 0.421948] 1.5997| 0.641494| 0.000491
LusNAC153] 8.79386| 8.66732| 19.4423| 42.2898| 24.9166| 0.67414| 0.399119| 0.141921| 0.530101| 0.242387| 0.459659| 0.161901] 0.848354
LusNAC154] 0.752394| 1.38325| 0.272448| 0.202857| 0.037429| 0.019591 0 0 | 0.052366 0 0| 0.029766 0
LusNAC155 0 0] 0.117273] 1.24156| 0.264543| 0.466222| 0.014258| 0.250899| 0.132907| 1.05397| 0.946186| 0.641494 1.26625
LusNAC156] 13.1308| 13.9611| 3.67057| 4.06523| 20.7063| 3.30902| 3.29053| 3.15549| 2.70069| 1.94454| 2.45662| 1.93729| 0.388462
LusNAC157| 0.001987 0] 0.133714| 0.053967 0] 0.010176| 0.048157] 0.02737] 0.094588| 0.00395| 0.014691| 0.164316] 0.033196
LusNAC158] 10.85715| 13.34995| 8.362045| 23.32785| 14.8573| 4.33178| 1.450553| 4.11986| 1.339353| 5.50311| 1.291811| 0.713633] 1.176936
LusNAC159 0 0 | 0.049094| 0.066312 0] 0.345534| 2.35192| 0.226296| 2.20016] 1.91527| 0.855739| 0.64484 0.04232
LusNAC160 0 0] 0.034544 0| 0.067196| 0.043861 0] 0.04605| 2.84832| 0.212414| 4.26753| 0.479259| 0.179844
LusNAC161] 0.064345 0 | 0.020997 0] 0.225272| 8.78469| 0.224579| 4.70292| 17.836| 5.4439| 28.4738]| 1.18059 0
LusNAC162] 0.149755| 0.328539| 0.051982| 0.042951| 0.19234| 0.017197 0 ] 0.020869| 0.013555| 0.013789| 0.024079| 0.029113 0
LusNAC163] 0.007376| 0.011263 0 0 0] 1.59297| 2.82335| 0.481748] 2.33453| 1.54851| 0.442029] 3.6245 256.185
LusNAC164 0 0 0 0] 0.071281] 7.59054| 0.209532| 4.35124| 7.91619| 5.19937| 21.3167| 0.704213 0
LusNAC165  1.15819| 1.98823| 1.3623| 1.20616| 0.240728| 0.486671| 0.150505| 0.754052| 1.66953| 0.846449| 0.989587| 0.502528 1.79468
LusNAC166] 11.0501| 11.2377| 7.60416] 2.06888| 2.06996| 4.33178| 1.34299| 4.5013]| 97.0978| 7.06157| 9.82386| 7.73345| 0.057692
LusNAC167 9.3075| 5.90858| 3.43686| 1.22872| 1.78105| 6.33988| 0.156055] 2.19509| 10.2741| 3.73137| 4.90173]| 6.67046 1.19598
LusNAC168] 3.008669| 3.52704| 2.708755| 0.96151| 1.24019| 1.726045| 0.86421| 1.710225| 3.17938| 0.554695| 1.842666| 1.930719 0.75008
LusNAC169 0.008631 0| 0.00825| 0.111359| 0.186331| 3.64835| 0.085166] 1.1608 11.025| 3.21254| 14.318| 1.31251 3.85803
LusNAC170 0 0 0 0 0 0 0 0 0 0 0 0 0
LusNAC171] 0.008003| 0.076987| 0.038764| 0.159443| 0.044409| 0.353727 0] 0.006029| 1.55399| 0.072884| 0.242794| 0.43179| 0.215063
LusNAC172 0 0 0 0 0| 0.037958 0 0] 0.615195/ 0.00835| 0.006331)| 0.066498 0
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LusNAC173] 0.008528 0 | 0.059365| 1.05356| 0.495881| 0.027674| 0.038741| 0.03919| 0.06399| 0.01599| 0.057264| 0.038777 0
LusNAC174] #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A

LusNAC175 0.299025| 0.880591| 1.15501| 0.540015| 0.705099| 29.7062| 52.6712| 11.0391] 14.4234| 8.33102| 16.7564| 30.5908 5.72805
LusNAC176] 0.705853| 0.341298| 0.467321| 0.23034| 0.149072| 4.2692| 3.52713| 2.47017| 7.40648| 1.15679| 5.04863| 3.2807 0.57188
LusNAC177| 0.008875| 0.013574| 0.008483 0 0] 0.004432| 0.005033| 0.006603 0| 0.004691| 0.003381 0 0
LusNAC178 0 0 0 0 0 0 0 0] 0.065412 0 0 0 0
LusNAC179 0 0 0 0 0 | 0.009466 0 0| 1.52005 0 0] 0.148462 0
LusNAC180 0 | 0.083378 0 | 0.036647| 0.066991| 0.235123| 0.046666| 0.110926| 0.876766] 0.2598| 0.465098| 0.259689, 0.034827
LusNAC181] 0.384554| 8.67205| 0.29267| 0.318218| 0.030333| 1.99009| 0.379229| 0.955812| 0.93794| 0.663744| 0.691327| 5.68034| 0.033854
LusNAC182] #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
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