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Abstract The value of black walnut/uglans nigra L.) is ~ female Bowers, male Rowers, green leaves, and partially
affected by the quality and quantity of darkly colored and fully senescent leaves of black walnut, although tran-
heartwood in its stem. We are exploring the regulation ofscript abundance varied considerably among tissues. These
heartwood production by identifying genes associated witlanalyses may provide insight into the mechanism regulat-
the transition from sapwood to heartwood. Previousng heartwood formation in walnut and other hardwood
microarray data indicated that heartwood formation may bérees.
related to programmed cell death (PCD). To test this
hypothesis, we analyzed the region of heartwood formatiotKeywords Transition zone Transcription factor
in walnut stems (i.e., the transition zone, TZ) for the Black walnut- Hardwood
expression of 80 ESTs putatively associated with PCD.
Semi-quantitative RT-PCR and real-time PCR was per- -
. . . Abbreviations

formed to detect the expression changes in candidate gen
. ) T Expressed sequence tag
in the TZ and sapwood of trees harvested in summer an . . )

. ACE Rapid amplibcation of cDNA ends
fall. The results revealed that the transcript of a clone tha e .

. : T-PCR Reverse transcription polymerase chain
encodes a presumed homeobox protein knotted-1-like

(KNAT3) was highly expressed in the TZ when compared reaction
with other tissues. Analysis of the full-length coding

sequence revealed that the black walnut gene contains

regions with 67% similarity to Knox1 and Knox2 domains

from theArabidopsis thaliana KNAT3, as well as a putative Introduction

homeodomain known to be a transcription factor in other

plants. JnKNAT3-like transcript was detected in the pith The quantity and color of heartwood in a stem strongly
meristem, roots, embryogenic callus, vascular cambiuminBuences its value as an industrial raw material. Heart-
wood also plays important biological roles, including

resistance to pathogens (Findl&959; mechanical support
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(Long et al.1981); nutrient cycling (Andrews and Siccama
1995; response to a hydraulic stimulus (Berthier et al.
2001); and other processes (Taylor et2002. Factors that
inBuence heartwood durability include the types and
amounts of extractives, especially tannins, which can
inhibit pathogens or insects that invade the heartwood
(Taylor et al.2002).

Heartwood formation is a complex biological process
driven by the death of parenchyma cells oriented both
axially and radially within the stem. It is also considered to
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be the last step in the life cycle of xylem cells (Plomion et al.meristem, and minimally in differentiated tissues such as
200]). During differentiation of vascular cambium into leaves, roots, and vascular cambium (Lincoln et18194
heartwood, xylem cells undergo various fates, beginning withKerstetter et al1994 Groover et al2006. Class Il genes
the division of xylem mother cells. These cells elongate andire less similar to the maiz€N! than are class |, and are
form secondary cell walls by the deposition of cellulose, hedifferentially expressed in all plant organs (Kerstetter et al.
micelluloses, and lignin. Most xylem cells lose their proto-1994 Serikawa et al.1997). Class Il genes have been
plasm, but ray parenchyma cells remain alive and functionaldentibed in several plant species, such Mgdicago
for several years. Eventually, the parenchyma cells die anduncatula (Giacomo et al2008; maize (Kerstetter et al.
heartwood is formed (Plomion et 2001). 1994; tomato (Sakamoto et all999; and Arabidopsis
Research has shown that the formation of heartwoodSerikawa et al1996. The Arabidopsis genome contains
resembles programmed cell death (PCD) in that both profour class 1l KNOTTED-like genes, KNAT3, KNATH4,
cesses involve loss of cell integrity, nuclear fragmentationKNATS, and KNAT7. KNAT3 and KNAT4 share 84%
mitochondrial degeneration, vacuolar collapse, and releas@aomology outside of the homeodomain, based on the pre-
of phenolic extractives (Frey-Wyssling and Bosshd®89  dicted amino acid sequences (Serikawa etl@96. The
Bosshard1965 Hauch and Magell998 Magel 2000.  brst systematic survey &NAT gene expression indicated
Previous studies of heartwood formation have focused othat KNAT3,-4, and 5 genes show distinct cell type-spe-
the role of hormones or other physiological changes thatibc expression patterns in tleabidopsis root along the
occur during heartwood formation, such as changes itongitudinal root axis and in lateral root primordia
parenchyma cell numbers and radial carbohydrate districTruernit et al.200§. KNAT4 transcript is most abundant
bution (Frey-Wyssling and Bosshat®59 Carrodusl97%  in leaves and young siliques (Serikawa et E96. It is
Shain and Hillis1973 Miller et al. 1985 Hillis 1987  reported that KNAT3, KNAT4, and KNATS5 proteins form
Nobuchi et al.1987 Abeles et al1989. Other researchers heterodimers with BEL proteins, especially BLH1, known
have analyzed the activity of enzymes that are related tas KNOXBDBEL interactions, which are thought to regulate
synthesis of sugar, lipids, polypropanoids, and phenolicplant development (Hackbusch et @005. Localization
during heartwood formation, such as sucrose-phosphatesults using promoter-GUS fusion analysis and in situ
synthase (Schrader and Sau2@02), triacylglycerol acyl-  hybridization revealed thakKNAT3 was mainly expressed
hydrolase (Hillinger et al1996, cinnamate 4-hydroxylase in early organ development of leaves, buds, and pedicels, at
(C4H), 4-coumarate CoA ligase (4CL), chalcone synthas¢he junction between two organs, and in tissues such as the
(CHS), Ravanone 3-hydroxylase (F3H), and dihydroRavopetioles of maturing leaves and most of the root (Serikawa
nol reductase (DFR) (Hauch and Mad®I98 Magel200Q et al. 1997). In root developmentKNAT3 expression is
Yang et al.2003. The exact mechanism of heartwood repressed by cytokinin indicating that plant hormones may
formation remains unclear, as do the pathways involved imegulate the function of some KNOX gene family members
heartwood development. (Truernit et al.2006. In this study, we present the isolation
Knotted-like homeobx (KNOX) plant genes are a and basal characterization of a KNOX gene from black
subfamily of the Three Amino acid Loop Extension walnut (Juglans nigra L.), JnKNAT3-like. These experi-
(TALE) homeodomain family. They were brst character-ments provide insight into the genetic pathways regulating
ized as regulatory genes that control cell specibcation andeartwood formation in walnut, and potentially in other
patterning inDrosophila (Gehring1987). Homeobox genes hardwood species.
share a unique structure referred to as the homeodomain,
which consists of a highly conserved 60 amino acid stretch,
including threex helices, and a helix-turn-helix-type DNA- Materials and methods
binding domain (Desplan et al.988 Otting et al. 1990).
This domain recognizes and binds to specibc DNAPlant materials and growth conditions
sequences, regulating their expression. The brst homeobox
gene identibed in plants wawrted] (KNI) from maize  Thirty-nine-year-old black walnut trees grown at the
(Vollbrecht et al.1991). Since then, many other homeobox Martell Research Forest, Tippecanoe County, IN, were cut
genes have been cloned and characterized from other pladbwn on July 1, 2004, and October 14, 2004. These trees
species. The most intensively investigated, KN1-typewere labeled OOsummer treeOO and OOfall treed), respectively
homeodomain proteins, have been subdivided into tw@nother four black walnut trees were felled on the same
groups, classes | and Il (Kerstetter et &B94). Class | dates in 2006. Immediately after the trees were cut, stem
genes are more similar to the maiZV/ gene, sharing cross-sections (OOcookiesOO), approximately 2.5-cm-thick,
major amino acids in the homeodomain, and are strongl0 cm in diameter, were cut with a chainsaw. The cookies
expressed in meristematic tissues, mostly the apicavere immediately submerged in liquid nitrogen. After
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returning to the laboratory, the cookies were transferred téor 30 min, followed by the addition of fl DNase inac-

an ultra-low freezer{£80°C) for storage. Transition zones tivation solution (Ambion, Foster City, CA) at room tem-
(TZ) were identibed under UV light and carefully chiseled perature. After 2 min, the mixture was spun for 2 min
out of the cookies from each tree. Other tissues, includindull-speed in a table-top centrifuge at room temperature, and
interior sapwood, exterior sapwood, and cambium werdhe supernatant was recovered for reverse transcription (RT).
also removed (Figla). Roots were collected from young 18S rRNA was used as the internal standard for normali-
walnut trees growing in a greenhouse. Embryogenic callzation. RT-PCR primers were designed with the aid of the
were from in vitro cultures. Pith meristem, female Rowers,web-based program OOPrimer3&Y/\yww.frodo.wi.mit.
male Bowers, green leaves, and partially and fully senesedu/cgi-bin/primer3/primer3_www.cgiand potential inhi-
cent leaves were obtained from a 15-year-old black walnubitory secondary structures of primers and the predicted
tree growing on the Purdue University campus. Pith meramplicon were checked using the web-based program
istems were identibed as the region subtending the apic@OmFoldOO (Zukkf03 (http://www.bioweb.pasteur.fr/
meristem superior to the pith and inside the vasculaseganal/interfaces/mfold-simple.hjmPrimers were designed

cylinder (Fig. 1b). to produce amplicons of 150D500 bp in size. The primers
included: /JnKNAT3-like forward, 3-TTCAGACTGGAGC
RNA isolation CGTTTCT-3, and reverse, 'SCAAGACCTGCACAGGT

ACGA-3; sequences of the 18S rRNA forward and reverse
RNA was isolated as described previously (Kolosova et alprimers were 5AGAGGCCTACAATGGTGGTG-3 and
2004). Xylem tissue was ground to a Pne powder in a 675G -CTCCAATGGATCCTCGTTA-3, respectively. First-
SPEX CertiPrep freezer mill (SPEX CertiPrep, INC; Metu-strand cDNA was synthesized as described by the manu-
chen, NJ). Extraction buffer consisted of the following: facturer (Invitrogen, Carlsbad, CA). One microliter of
200 mM Tris, pH 8.5, 1.5% lithium dodecyl sulfate, cDNA derived from 10ug of total RNA was added to a
300 mM lithium chloride, 10 mM disodium salt EDTA, 1% PCR consisting of & reaction buffer, 10uM MgCl,
sodium deoxycholate, 1% tergito powder P-40, 5 mM thio-100 uM dNTPs, 10 pmol each primer, 0.25 U of TaqGo
urea, 1 mM aurintricarboxylic acid, 10 mM dithiothreitol, polymerase (Promega, Madison, WI) in a total volume
2% polyvinylpolypyrrolidone, and 29-mercaptoethanol. of 25 pl. The PCR program consisted of a 2-min denatur-
RNA concentration was measured at 260 nM with anation step at 92C, followed by 24 cycles of 94
NanoDrop 1000 spectrophotometer (Wilmington, DE). (30 s), annealing at 3€ (30 s), 68C (45 s), followed by a

10-min extension at 6&€. Amplibed products were elec-
Semi-quantitative RT-PCR trophoresed through 1% agarose gels, detected by ethidium

bromide staining, and photographed under UV light (UVP,
To analyze transcript abundance, 1§ total RNA was BioDoc-It, Upland, CA).
incubated with DNase (Ambion, Foster City, CA) at°87

Real-time PCR

A Heartwood

We used i@ SYBR Green Supermix (Bio-Rad; Hercules,
CA) and the iQ5 multicolor real-time PCR Detection System
(BioRad, Hercules, CA). Control (18S rRNA) and six samples
(TZ, interior sapwood, and exterior sapwood, for both summer
tree and fall trees) were run in triplicate and repeated twice
(technical replicates). Three biological replicates were from
different OOcookiesOO harvested in summer and fall of 2004.
Each 25pl reaction consisted of 12.6l of SYBR Green
PCR Master Mix (Bio-Rad), Ll of each primer (1QuM,
JnKNAT3-like forward and reverse; these primers were also
used for semi-quantitative RT-PCR) andull of cDNA
derived from 10ug of total RNA. The reaction was run at
95°C for 10 min, followed by 40 cycles at 96 for 15 s, 58C

for 30 s, and 72ZC for 30 s, and an extension phase of 81
- cycles of melt-curve analysis as described by the manufac-
Fig. 1 aCross-section of a black walnut stem under white light. Theturer' BioRadOs iQ5 software was allowed to choose cycle
transition zone Ruoresces blue under UV lightThe location of the  threshold levels and debne the log-phase cycle number used
pith meristem in a branch of black walnuicale bar = 1 mm for comparing gene-expression levels. The fold change of

Transition zone (TZ)
Interior sapwood

Middle sapwood

Exterior sapwood

Apical meristem

Pith meristem
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gene expression relative to the standard (18S rRNA) waKalanchoe x houghtonii, A. thaliana, P. trichocarpa, Vitis
debned by the formula24¢T (comparativeCy method)  vinifera, and Nicotiana tabacum, were selected based on
(UserOs Manual, ABI PRISM 7700 Sequence Detection Sythe results from basic local alignment search tool (BLAST)
tem, Perkin-Elmer Applied Biosystems), whet&t = C;y  and their sequences were aligned using Clustal W
(sample)— Cr (18SrRNA)AACT = ACrofsamples-ACr  (Thompson et al1997) with the purpose of discerning the
of the TZ harvested from fallCy values are the number of Knox I, Knox I, ELK, and Homeobox domains. For
PCR cycles at which signal signibcantly rises above th@hylogenetic analysis, the neighbor-joining trees were
background; a consiste@t was applied across all replicates. constructed with software Mega4 (Molecular Evolutionary
Genetics Analysis) (Kumar et a2004).
DNA isolation

Fresh plant tissues (1 g) was ground in 10 ml of DNAResults and discussion

extraction buffer (50 mM TrisbClI, pH 8.0, 20 mM EDTA,

1.4 M sodium chloride, 0.4 M lithium chloride, 2% CTAB, Isolation and sequence analysis of the putative

2% PVP, 2% SDS) using a mortar and pestle. Two percentnKNAT3-like transcription factor cDNA

(v/v) p-mercaptoethanol and 0.1 g PVP were added to each

sample and before incubation at°65for at least 1 h with  To understand the genetic regulation of heartwood forma-
periodic shaking. Two chloroform extractions were per-tion, we partially sequenced a cDNA library using RNA
formed followed by one extraction with phenol/chloroform/ isolated from the TZ of black walnut (data not shown).
isoamyl alcohol (25:24:1), pH 8.0, and two additional chlo-Candidate genes potentially associated with heartwood
roform extractions. The supernatant was transferred to a cledormation were screened using semi-quantitative RT-PCR.
tube and 0.9 volume of cold isopropanol and 0.1 volume 3 MPreliminary results showed that a cDNA clone containing
sodium acetate were added. After gentle swirling, the DNAhomeobox domain was differentially expressed in the TZ
was precipitated by centrifugation for 15-min full-speed in aof the trees entering dormancy (data not shown). Based on
table-top centrifuge at°€. The pellet was washed with 1 ml the partial cDNA sequence, the full-length coding sequence
of 70% ethanol followed by 10 additional minute of centri- of a KNAT3-like gene was isolated JEKNAT3-like;
fugation. Pellets were air-dried and then dissolved in {00 Accession no.: FJ388876) by-&and 3-RACE. The full-

TE buffer, pH 8.0, or sterile water. RNase A (18/ml) was length coding sequence of this putative transcription factor
added to each sample followed by incubation at@B37Tor is 1,449 bp in length. It encodes a predicted protein of 483
30 min. DNA purity was checked by means of absorbancemino acids with a molecular weight of 53 kD (Figg).

ratios. DNA quality was evaluated electrophoretically. Analysis via the conserved domain database and search
service, v2.13 NCBI (Jackson et &l994 showed that
Isolation of full-length cDNA by 5 and 3-RACE JnKNAT3-like contains a Knox1 Nogs — Assg domain,

Knox2 (L262 — Q317) domain, ELK 6379 — D3g4) domain,
The SMART RACE cDNA Amplibcation kit (Clontech; and homeodomain Rgos — Rss9 (Fig. 2a). Sequence
Mountain View, CA) was used to perform-@and 3-RACE  alignment showed that the JnKNAT3-like protein is 67%
following the manufacturerOs instructions. Samplesafaf ~ and 66% similar toArabidopsis KNAT3 and KNATA4,
total RNA were used for reverse transcription. The generespectively. Comparison of the deduced amino acid
specibc primers GSP1{BAGCGCAAAACCAAGGCTTG  sequences with orthologs in other species showed that
CCTGAC-3), designed from the antisense strand was used for
5-RACE, and the GSP2 (&ETTGCGTACGGAGGAGA  Fig. 2 Deduced amino acid sequence fakNAT3-like. a Alignment -
GCGCTGTTG-3), from the sense strand, was used forof the Knox domain and homeodomain of JnKNAT3-like with
3-RACE. All RACE reactions were performed using the pr_otelns of _other species. Thg consensus sequence o_Ierl_ved from the

) alignment is underlined and invariant residues are indicated as

following PCR program: 9%C for 30 s, 68C for 30 s and  ;erisks in the consensus. Théold, underscored amino acids
72°C for 3 min for 30 cycles. The PCR product was subclonedepresent a Knox 1 domain from amino acids 206 to 250, Knox 2
into pGEM-T vector (Promega; Madison, WI) and recombi- domain from amino acids 262 to_317, ELK d(_)main f_rom amino acids
nant clones sequenced. The Contgs Were. aIGNEd W s nio T s et
Sequencet” 4.1 (Gene Codes; Ann Arbor, MI). software Megad. The distance along the horizontal axis is propor-

tional to the difference between sequences, whereas the distance

Multiple alignment and phylogenetic tree construction along the vertical axis has no signibcance. Pairwise similarity scores
were expressed as percentage of identical residues in comparison of

. . . . amino acid sequences deduced fréanKNAT3-like in black walnut
Orthologs of JnKNAT3-like in different plant species, yith KNOX genes from other species. The comparisons were based

including  Prunus  persica, Medicago  truncatula,  on full-length proteins
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A Jn KNATS-like
Ppersicaclass IKNOX
Athaliana KNAT3
Athaliana KNAT4
Ptichocarpaclass IKNOX
Mtuncatulaclass IKNOX

RN QH LEIJEINE | O MY TNNNNNN SFRS I LP- -

Khoughtoniiclass IKNOX - M AYH SQMelE[MaMo SRIGPJMo L AETTSSVMQQM P --
Vviniferaunnamedprotein - MAFHNQ L§H BIM A[§O ZRIBI SH L TEN TAVLRG I LPEQLG - -
NiabacumNTH23 RN PN HMEISEMD MH ZHE S} ENSAVLRSILPEQLA-------

Clustal Consensus

110 1 130 |
NTN STN FLN LHTASDSTAA§QSS- - - PILHRY

GGGAN FLNLHVTASDSTTEQASINURSQ PHR P | LHR(]

Jn KNAT3-like

Ppersica class IIKNOX
Ataliana KNAT3

Athaliana KNAT4
Ptichocarpaclass IKNOX
Mtuncatula class IIKNOX
Khoughtoniiclass IKNOX
Vinifera unnamed protein
NiabacumNTH23

Clustal Consensus

SSSDEPSS AAAAAAANIRCEIYS SFLQRN - - -
SDSPH- - - - B AAANICMIRSER S S FLQR G
TSD SN SEIERIO WL SR SEISEIMENEIN
ND SDGNGASN - -
SNPNGDRMMS - -
- STSEPATAT
SNSEESAAAS- - --------

AASMSHERANLGDG

Knoxl

0 2 Ed © £ )
MAVHODLPL'H ASRORI‘EAONOGLPDN;‘%ALRT ILPDQLATHSSPSD éSKPGSNHHHHL

----QASPDASGKASSEQN @ TG SXAIARNN Y |
-QSSSDGAGK PSHWY LGGGGGGGGTNI

77 7NV SN VG AQNJDD VPVSSG SV IAA I SADLNGNQEKRNGGNNQNRGDNNGEDMLDCD
QAS|TNIREES | LRRNVSDVQTSNNSSAVIAAADLKNDDGNNNNDNGNNN AGGQLTD SEVVGGG

PNWLN
SDQHDIN SKP- TEPHH P F{e]P ALNNIARNY T Iy
PPFOFFFPQOHFQEAPPTL
QPP- - [H4PQQefJ0QH FQ ESAPLAKIYL R SDNUNFLMLHTAASAAATS
ENH TAGENWLN - TALLRSEQPOOOTHHH FTDNNNTEUN FLMLHTATTTATAT

NVTNADANNHNNS - PNNNG
SSDNNN FLOLHTATANTTTA

o
TQAOYmDTSTTAAGAANNNN

-DSPDIIN SKPD SDPNNQLET TIANTNNN THYTDNINNNFINNNDD VTNN VN

HQQNHQ YGGDN SSGFLNLHAS
QSQYADGSFLHLQTNSD -
ESHYTGTGGRGVGENFLN LH

QSSPD--V LDH rrrrrrrr T LNESIAL

170 180

140 150 | 160 1

HgEV IDDVASAAAGD PM | AATI\;SHDSAEN LKN]NDGSDN LN ITSGN F‘l\‘lKSEGG?QVG\/GVVVESEF‘ﬂ
HSDVIDDVTAIAG-DSMIAATISHDSADLKPDSSLNKTD IVVESGGGGGDG
NNNNAS|VGDG IDDVTGGAD TM IQGEMKTGGGENKNDGGGAT
TANNNNNETSGDVIEDVPGGEESMIG
HSDVIDDVAAGGDHA I ITS|ISQESSELKNMNKGEG EAMD SG -
FLNLQQTED TVQTTGQWLARSILHRQHGEVIDNVTMASEVEHELANMKNDGD SDGLGGKSEVAVVGD -

SRVGRNGNGEQELVVESGAVVVAGGV- - -

KnoxH

JnKNAT3-like
Ppersicaclass IKNOX
Athaliana KNAT3

Ataliana KNAT4
Ptichocarpaclass IKNOX
Mtuncatulaclass IKNOX
Khoughtoniiclass IKNOX
Vinifera unnamed protein
N tabacumNTH23

Clustal Consensus

G [WN wa
GNWQ
[eIcIRN WEN ARNK AR I LB PLYEQLLSAHYV
NWONAKAEILHP

JnKNAT3-like

Ppersica class IKNOX
Athaliana KNAT3
Adthaliana KNAT4
P.trichocarpa class Il KNOX
M.truncatula class II KNOX
Khoughtoniiclass IKNOX
Vvinifera unnamed protein
N tabacum NTH23

Clustal Consensus

HAMEAVMACWE IEQSLQSLTGVSPG EGMGATMSDD ED[EQ V|
H AMEAVMACWE | EQSLQSETGVSPGEG TGATMS[ED ED[F0 v
H AMEAVMACWE | EQSLQSLTGVSPGEGTGATMSDDHE

AMEAN VM»AGW»EEE&&LQL&L -TG-V-$,PGEG TGATMSDDE

VDSDANLFIGSLGDC

H AMEAVMACWE |EQSLQSLTGVSPGEGTGATMSDD ED[Ha VD SD AN L FDG S[EG Nl G PL | PTEFJER SLMER VRQEL KH EL KJIG YKEK | VD

H AMEAVMACWE | EQSLQSL TG VEIPGEGTGATMSDD EDDQ VD SD AN LEpGELpJc ERAYelFG PL | PTESERSLMER VRQELKHELKQG YKEK | VD
El

RUKAE IMH PLYEQLLSAHVACLR IATPVDQLPR IDAQLAQSQYVVAKYSARGNE
ARMKAERLEH PLYEQL L SAH \/EC LRIATPVDQLPR \DAOL.OSQ VVEKYSLG'GDDKELDOFMT.VVLLLCSFKEOLOOH VR V|

BFGPL IPTEQJER SLMER VRQELKH ELKGYKEK\\/D
QIFGPLIPTESERSLMERVRQELKHELKQGYKEK VD
LVL- FGPLIPTESERSLMERVRQELKHELKQGYKEKIVD
[RDCARGRFGPLMPTESER SLMERVRQELKHELKQGYKEK | VD
FGPLYPTESERSLMERVRQELKHELKQGYKEKIVD

FG-P-LJJP-T-EQRER-SLM-ER-VRQ-E-L-KH-E-LKQG-Y-KEK-+VD—+R-E

JnKNAT3-like

Ppersica class IKNOX
Athaliana KNAT3

Athaliana KNAT4
Pirichocarpa class IIKNOX
Mtuncatula class IKNOX
Khoughtoniiclass IKNOX
Vinifera unname d protein
N.tabacum NTH23

Clustal Consensus

Juglans nigra

RKRRAGKLPGDTTSVLKAWWQSHSKWPYPTEEDKARLVOETGLQLKO INNWF INQR KRNWH SN P
R KRRAGKLPGD TTSVLKEWWQSHSKWPYPTEED KARLVQETGLQLKQ INNWF INQR KRNWH SN PSS T VEK|

SERRARAN LGRUSN AGDN SGR ERJF A

GIR SN AG EN SGRD(- -

JnKNAT3-like

Prunus persica (77)

Medicago truncatula (69)

Pp Class II Knotted-like homeobox

Kalanchoe x houghtonii (72)

Md Class II KNOX homeobox

Kn Class 1 Knox protein

(67)
’ At KNAT3
Arabidopsis thaliana (66)
— L At KNAT4
Populus trich 70
opulus trichocarpa (70) Pt KNOX
(61)
At KNATS
2D
(A STM (SHOOT MERISTEMLESS)
m (23)
Arabidopsis thaliana RN
@ At KNAT2
22 At KNAT6
Arabidopsis thaliana (62)
At KNAT7
is vini 7
Vitis vinifera (67) Van d protein
] Nicotiana tabacum (70) Nt NTH23
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JNKNAT3-like shared 77% similarity with a class Il A
knotted-like homeobox protein fromPrunus persica

(Fig. 2b), and 70% similarity with the ortholog
estExt_fgenesh4_pg.C_LG_XVIII0454 [Poptrl_1:825765],

in Populus. We conclude thainKNAT3-like is most likely

a class Il KN1-type homeodomain proteins.

Expression of the putativénKNAT3-like transcription 18srRNA >
factor in black walnut tissues

1Kb DNA ladder
Negative Control
Embryogenic Callus
Transition Zone
Vascular Cembium
Female Flower

Male flower

GL w/o RTase

Green Leaves

Partially Senescent Leaves
Fully Senescent Leaves
Pith Meristem

1Kb DNA ladder

Roots

=~

12

To better understand the role of tlieKNAT3-like gene in 10

tree growth and development, we examined its expressio
in a series of tissues, including pith meristem, vascula
cambium, embryogenic callus, roots, female and male
Bowers, green leaves, and partially and fully senescer
leaves. Total RNA was extracted from these tissues an

Relative expression level of JnKNAT3-like

cDNA was synthesized using random primers. RT-PCF

ywth 35 cycles was performed to test the level of expressiol o LI I .
in each tested tissue, and the results showed/HFVAT3- F 5 g z 4 4 4 8
. . . = = S 3 2 3 X «
like was expressed in nearly all tissues (R3g). The § S & 2 2 i ] =
. . . . . . o~ o o s - -
widespread expression GhKNAT3-like is consistent with g g ] 3 g s 5
. . ~ S Z @
the previous research showing that class Il genes at 5 g £ g 2
. . . . . @ 75}
expressed in differentiated organs or tissues (Serikaw = = =z z
£ £

<

et al. 1997 indicating that these homeodomain proteins

may also be important for controlling developmental

transitions in black walnut. RT-PCR with 35 cycles usually Fig. 3 Transcript abundance dhKNAT3-like transcription factor in
tissues of black walnuta Test for the presence of transcript of

has reached the saturated stage. _ o o

T . h iot | s of AT3-like i JnKNAT3-like transcription factor in tissues of black walnut by

0 quam'fy the _transcrlpt_ evels afnKNAT3-like I pT.pcR (35 cycle). Equal loading of total RNA samples was
these tissues, semi-quantitative RT-PCR (24 cycles) (dalconbrmed by 18S rRNAb Quantibcation ofinKANT3-like expres-

not shown) and real-time PCR (Figb) were performed. sion in black walnut tissues using real-time PCR. 18S rRNA was used
as a standard. The fold changes were quantibed and analyzed by the

The results showed thdzKNAT3-like was weakly detect- ;

. . comparative Ct method. Values are the meanSE for two
able in male Rowers, partially and fully senescent Ieavesbimogical replicates
but was most abundant in female RBowers (11-fold greater),
followed by roots (1.9-fold greater) and green leaves (1.3-
fold greater), weakly expressed in embryogenic callus (0.26Hackbusch et al2005 Pagnussat et al2007). Thus,
time as much), when compared with the expression iWnKNAT3-like might play a similar role in the embryo sac
vascular cambium (Fig8b), demonstrating thatiKNAT3-  development of black walnut.
like is expressed at different levels in different tissues. The Class | KNOX genes are also known to play an
conRBicting results between semi-quantitative RT-PCR andmportant role in meristem maintenance in plants (Miller

real-time PCR for transcript levels in green leaves may bet al. 1989. In Arabidopsis, three class | KNOX family
attributed to the greater sensitivity of real-time PCR whengenes, KNATI, KNAT2, and SHOOTMERISTEMLESS

compared with semi-quantitative RT-PCR. (STM), are expressed in shoot apical meristems (SAM), but
Interestingly, the expression ofnKNAT3-like was not in leaves or other differentiated organs (Jackson et al.
readily detected in female Rowers, indicating that it may1994). Class Il genes are typically expressed in all differ-
play an important role in female gametophyte develop-entiated plant organs (Kerstetter et 094 Serikawa et al.
ment. Previous research has shown that the class Il KNOX997). JnKNAT3-like is thought to be a class Il gene, so it
protein KNAT3 interacts with BEL1-like homeodomain 1 was not surprising thainKNAT3-like was expressed at
(BLH1) proteins as heterodimers whose activity is, in turn,different levels in tested tissues based on quantitative RT-
regulated by the OVATE protein family (Pagnussat et al.PCR (Fig.3b). Vascular cambium is a secondary meriste-
2007. The Arabidopsis OVATE family protein AtOFP5 matic tissue that divides bi-directionally, producing xylem
affects the subcellular re-localization of BLH1 from the and phloem. Pith meristem is found in the zone of rapidly
nucleus to the cytoplasmic space and appears to bdividing cells in the central zone of dicot shoot tips that
essential for embryo sac development iabidopsis  gives rise to the pith of a stem or branch (Fidp).
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Interestingly,/JnKNAT3-like was expressed in both vascu- pattern of phospholipase C, sucrose synthase (SuSy), and
lar cambium and pith meristem (Fi@a), in contrast to the sucrose-phosphate synthase (SPS) in the trunkwood of
previous research showing that only class | genes arR. pseudoacacia L. (Hillinger et al. 1996 Hauch and Magel
expressed in meristematic tissues (Kerstetter el 294). 1998, and the radial distribution of starch in trunk tissue of
These results indicate that class Il genes might also bfour tropical woods,Cecropia, Urera, Anacardium, and

expressed in meristematic tissues in some species. Luehea (Newell et al.2002.

In the tissues harvested in summ&tKNAT3-like was
Expression of the putativénKNAT3-like transcription mostly expressed in TZ and very weakly expressed in
factor in the transition zone of black walnut interior and exterior sapwood. FurthermoyeKNAT3-like

expression was 2.5-fold higher in the TZ in the fall when
To investigate the expression @#KNAT3-like in the TZ  compared with the TZ harvested in summer (Fy.and
versus sapwood in more detail, the sapwood portion of thevas more than 2.5 times more abundant in the TZ in
black walnut logs harvested in summer and fall was divi-October versus other tissues including interior sapwood
ded into three zones: an interior sapwood zone, which walarvested in summer, and exterior sapwood of trees har-
next to the transition zone; a middle sapwood zone; and amwested in both summer and fall (Fid). Because heart-
exterior sapwood zone, close to the cambium (Bm). wood formation is thought to occur in the autumn, the
Semi-quantitative RT-PCR was brst performed (data noéxpression offnKNAT3-like in xylem tissues harvested in
shown), and it revealed that the expression/@KNAT3-  fall suggests that it might be associated with this process,
like was upregulated in the transition zone of the treethough its role remains unknown. Future study will focus
harvested in the fall when compared with other parts ofon how this transcription factor affects downstream
stems harvested in the fall and summer. Real-time PCRenes or interacts with other proteins during heartwood
(Fig. 4) revealed that/nKNAT3-like was expressed most formation.
abundantly in TZ and interior sapwood and weakly
expressed in exterior sapwood harvested in fall. The .
expression offnKNAT3-like was similar in TZ and inner Conclusions
sapwood of the tree harvested in fall, possibly indicating
that the developmental processes taking place in the intd30th sequence alignment and phylogenetic analysis sup-
rior sapwood in the fall are more like those in the TZ thanPort the view that/nKNAT3-like isolated from black wal-
other portions of the sapwood, or that there was contami0ut belongs to class Il of the KNOX gene family. Real-time
nation of the inner sapwood with TZ cells. The abundancd”CR and semi-quantitative RT-PCR revealed thiek-
of JuKNAT3-like in xylem tissues harvested in fall dis- NAT3-like was expressed at different levels in various
played a radial gradient. This pattern corresponds to théssues. Interestingly,/aKNAT3-like was expressed in

radial gradient of other components, such as the radidneristematic tissues (i.e., vascular cambium and the pith
meristem) indicating that class Il KNOX genes can also be

expressed in meristems, not only in differentiated organs or
Fall Summer tissues. Our data also indicated thetKNAT3-like was

§ 35 highly expressed in female Rowers, consistent with a

S role demonstrated in embryo sac development through

E interaction with BLH1 protein (Pagnussat et &007).

5 25 Furthermore, our results show th@tKNAT3-like tran-

E 2 script is more abundant in the fall than the summer in both

§ 15 the TZ and inner sapwoodnKNAT3-like was also more

g | highly expressed in TZ than all other xylem tissues, indi-

f 05 cating a possible role for this gene in the formation of

e 0.

g , - - i heartwood.
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