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Abstract 

The maize leaf has th ree ma in  axes of g rowth , with an  asymmetric d istr ibution 

of tissue types along each axis. This study focuses on three mutants, Wavy 

auricle in blade 1-R ( Wab 1 -R) , liguleless1 -R (Ig 1-R) and milkweed pod1-R 

(mwp 1 -R) that d isrupt ax ia l  pattern ing of ma ize leaves .  Dominant Wab 1 

m utations d isrupt both med ia l- latera l and proxima l-d ista l pattern ing .  Wab 1  leaf 

b lades are narrow and ectop ic auricle and sheath-l ike tissues extend into the 

leaf blade .  Previous ana lyses have shown that Lg1 a cts cel l-autonomously to 

specify l igu le and auricle t issues. The current study reveals add itional  roles in  

def in ing leaf shape. The recessive Ig1-R mutation exacerbates the Wab 1-R 

phenotype ;  i n  the double m utants, most of the prox ima l  blade is deleted and 

s heath tissue extends along the resid ua l  b lade . 

A mosaic analysis of Wab 1 -R was cond ucted i n  Lg 1 and Ig1-R backgrounds to 

d eterm ine if Wab 1-R affects leaf development in a ce l l-autonomous manner. 

Normal  t issue identity was restored in  al l  wab 11- sectors in a Ig 1-R m utant 

backg rou nd ,  and in three quarters of sectors in a Lg 1 background . These 

resu lts suggest that Lg1 can influence the autonomy of Wab 1 -R. In both 

genotypes ,  leaf-halves with wab11- sectors were s ign ificantly wider than non

sectored leaf-ha lves , suggesting that Wab 1 -R acts cel l-autonomous ly to affect 

latera l  growth . 

m wp 1 -R i s  a recessive m utation that specifica l ly affects patterning of sheath 

t issue. Characterisation of the mwp 1-R phenotype revea led that mwp 1-R h usk 

leaves and the sheaths of vegetative leaves develop pa irs of outgrowths on the 

abaxial  su rface associated with reg ions of adaxia l ised t issue. In situ 

hybrid isation confirmed that d isruptions to adaxial-abaxia l  pattern ing  are 

correlated with m isexpression of leaf polarity genes. Leaf marg ins and fused 

organs such as the prophyl l  a re most severely affected by mwp 1-R. The fi rst 

two husk leaves normal ly  fuse a long adjacent marg ins  to form the b i-keeled 

prophyl l .  I n  the most severe cases the mwp 1 -R prophyl l  is red uced to an  

unfused , two-pronged structure and  keel outgrowth is  s ign ificantly reduced . We 

speculate that the adaxia l-abaxial pattern ing system has been co-opted d u ring 

evo lution to promote outgrowth of the keels in norma l  prophyl l deve lopment. 
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The resu lts of th is study place Mwp 1 ,  wab 1 and Lg 1 i n  a network of genes that 

reg u late leaf polarity and axia l  pattern ing .  
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1. Introduction 

1. 1 Backgro u n d  

A central issue i n  developmental biology i s  how pattern i s  superimposed on 

i n it ia l ly u n iform groups of cel ls (Russo, 1 999;  G i lbert ,  2000). A primary 

mechan ism in  an imal development is  the subdiv is ion of fields of cel ls i nto 

sma ller compartments d efined by d ifferential gene expression (Lawrence a nd 

Struh l ,  1 996) . New axes of growth can form where two compartments are 

juxtaposed (D iaz-Benjumea and Cohen , 1 993) . 

There is evidence that s im i lar  mechanisms operate i n  leaf development. D isti nct 

cel l  types develop on the adaxial (upper) and abaxia l  ( lower) surfaces of most 

leaves (Steeves and Sussex, 1 984) .  The complete loss of either domain resu lts 

in radia l  leaves whereas part ia l  loss generates new boundaries , resu lt ing i n  

ectopic outg rowths (Sussex, 1 954 ; Waites and  H udson , 1 995;  McConnel l  and  

Barton,  1 998; Eshed et  al. , 200 1 ) .  Many  genes invo lved i n  the establ ishment of 

leaf polarity have been identified in d icots (McConnel l  and Barton , 1 998; 

Alvarez and Smyth ,  1 999 ;  S iegfried et al. , 1 999 ;  Eshed et al. , 200 1 ;  Kerstetter 

et al. , 200 1 ; McConnel l  et al. , 2001 ) .  However, mechan isms contro l l i ng leaf 

polarity in monocots are less wel l  known.  

One approach that has been successfu l in  e lucidating  the mechan isms that 

control development is the study of mutants that exh ib it developmental defects .  

The curre nt study focuses on two maize mutants that d isrupt leaf polarity. Wavy 

auricle in blade 1-R ( Wab 1-R) i s  a domi nant m utat ion that d isrupts media l-lateral 

and prox imal-d istal pattern ing of leaves, result ing i n  n arrow leaves a nd 

i nappropriate cel l  d ifferentiation (Hay and Hake ,  2004) .  I have used mosaic 

ana lysis to investigate the mode of action  of Wab 1-R a nd to elucidate genetic 

i nteractions between Wab 1 -R a nd Liguleless 1 (Lg 1 ) .  

The recessive milkweed pod1-R (mwp 1-R) mutation was fi rst identified by 

ectopic outg rowths on the abaxial surface of the h usk leaves . This phenotype 

suggested that Mwp 1 may be requ i red for the estab l i shment or ma intenance of 
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leaf polarity. The mwp 1-R mutation specifical ly affects sheath tissue,  the basal 

part of the lower leaf zone. This part of the leaf is extremely red uced in dicots 

(Tro l l ,  1 955 ;  Kaplan , 1 973) . The mwp 1 -R phenotype is particu larly severe in the 

prophyl l  and si lks - organs that are thought to form via phytomer fusion 

(Bossinger et al. ,  1 992) . Thus,  this mutant affords the opportunity to investigate 

the establishment of polarity in latera l organs with diverse morphologies. 

1. 2 G rowth of the ma ize plant 

I n  maize , the primary axis is  generated by a sing le shoot apical meristem 

(SAM) .  The SAM initiates a series of vegetative leaves in an alternate pattern 

before terminating in the tassel (male inflorescence) (Poethig , 1 994) .  

The  male and  female inflorescences are borne separately.  The  female 

inflorescences (ears) arise from meristems in the axils of vegetative leaves at 

the upper nodes . The SAM terminates in the tassel after the production of 

vegetative leaves has ceased . Flowers are initia l ly bisexual  and become 

unisexual  by the abortion of gynoecia in male flowers , and of stamens in female 

flowers .  

The early stages of spikelet and flower development are similar for ma le  and 

female flowers (Cheng et al. , 1 983) .  I nflorescence meristems produce spikelet 

pair primordia . Each spikelet pair primordium prod uces two spikelet primordia 

which in turn initiate two florets each . There are two flowers per male spike let. 

In female spikelets, the lower floret is repressed so that only one fu nctiona l  

floret develops per spikelet. The  spikelet primordia each initiate a series of 

bract- like organs - two g lumes and two lemmas - before the lower floret is 

initiated in the axil of the outer lemma. Each floret meristem initiates a bi-keeled 

palea then lodicu les, stamens and the gynoecium .  The gynoecium is formed by 

the outgrowth of a ridge which overgrows the apical meristem,  giving rise to the 

stylar canal and si lk .  I n  maize , the styles are fused and very short .  The stigmas 

are very long and can reach up to 75cm . They arise close to the ovary and are 

fused for most of their length, bifu rcating at the very tip (C lifford , 1 988) . There is 

evidence that the si lks are formed via the preprimordial fusion of the two 
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posterior carpels along two sets of margins (see Fig u re 1 .6 D) (Cronq uist, 1 988 ;  

Scan lon and  Freeling ,  1 998) .  

1.3 Leaves have th ree main axes of g rowth 

Leaves have th ree main a xes of growth defined with reference to the SAM .  

These are the proximal-dista l axis , the adaxial-abaxia l  axis and the medial

lateral axis (Figu re 1 . 1 ) . The proximal end is attached and closest to the SAM ,  

....J ....J <{ <{ fo- f0-
CI) Cl) 
0 (5 , , Blade ....J ....J <{ <{ � � 
>< 0 Cl:: Cl.. 

Auricle 
Ligu le 
Sheath 

Figure 1 . 1 .  Leaf axes. Axes of g rowth of d icot 
( left) and monocot (right) leaves. AD-AB = 
adaxial-abaxia l  M-L = med ia l-lateral. 

while the dista l end is 

unattached . The adaxial surface 

of a leaf is the one adjacent to 

the SAM , general ly the top 

surface of the mature leaf, while 

the abaxial  su rface is the one 

furthest from the SAM .  The 

media l- latera l  axis is defined as 

midrib to margin .  In most species 

there are characteristic 

anatomica l and morphologica l 

asymmetries along each axis 

that specialise different reg ions 

of the leaf for particu lar functions  

(Sylvester et  al. , 1 990; Kerstetter 

et al., 200 1 ) .  

The maize leaf is d ivided into sheath and blade along the p roxima l-distal axis 

(Fig ure 1 . 1 ) . The sheath wraps tig htly around the cu lm (stem) of the plant and is 

separated from the blade by a fringe of ligu le tissue and two wedges of auricle 

tissue .  Each of the tissue types has characteristic epiderma l  and anatomica l 

features (Sylvester et al. , 1990). The adaxial b lade s u rface is characterised by 

rows of bu l liform cel ls and three types of hair. Cel l  wal l  junctions are crenu lated 

and  interlocking . Sheath cel ls are non-crenu lated and  elongated , the abaxial 

su rface has long hairs whereas the adaxial surface has shorter prickle-type 

hairs . The leaves of dicots such as Arabidopsis have a proximal petiole and a 
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distal lamina .  Dicot petioles are often radial in transverse section , whereas the 

blade has d istinct adaxial and abaxial surfaces (Kerstetter et aI. , 200 1 ) .  

1.4 Leaf in itiati on and ea rly development 

1 .4.1 Founder cells 

Morphologica l differences in the development of dicot and grass leaves are 

apparent from the time the leaf primord ia emerge.  Dicot leaf primordia emerge 

as peg-like outg rowths on the flanks of the SAM ,  whereas the maize leaf 

SAM 

primordium emerges as a 

ridge of cel ls that encircles 

the SAM . Differences in the 

morphology of dicot and 

grass leaf primordia reflect 

differences in the 

distribution of leaf founder 

cel ls  (F igure 1 . 2 ) .  The term 

"founder cell popu lation"  

refers to those cel ls within 

the meristem that are 

specified to become 

incorporated into a lateral  

organ (Poethig , 1 984). 

Figure 1 .2 .  Founder cells. Leaf founder cel l  
populations ( black) in maize ( left) and Arabidopsis 
(right) . SAMs are shown in longitudinal (top) and 
transverse (bottom) planes. I ncipient leaf primordia are 
shown in black. Newly i n itiated leaf primordia are shown 
in grey. Founder cell recruitment in maize beg ins at the 
future mid rib (0), and is propagated to the marg ins 
(arrows). 

I n  Arabidopsis, a smal l  

g roup of about 30 leaf 

founder cel l s  is recruited , while in tobacco , the founder cel l  popu lation is about 

50- 1 00 cel ls  (Poethig and Sussex, 1 985a ;  I rish and Sussex, 1 992) .  In maize, 

the founder cel l  n umber is est imated to be about 200 cel ls (Poethig and 

Szymkowiak, 1 995) .  Leaf founder cel ls  in dicots occupy only a fraction of the 

circumference of the SAM ,  whereas in maize, founder cel ls a re recruited from 

the entire circumference of the SAM (Figu re 1 .2 ) .  I nitia lisation of leaf founder 

cel ls in maize begins at the futu re mid rib ,  and is propagated outward toward the 

margins (Sharman ,  1 942).  The domains that give r ise to the sheath margins 

overlap,  so that c lona l sectors aris ing in  this part of the SAM i nclude both 
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margins of the sheath (Poethig , 1 984) .  A number of maize m utants have narrow 

leaves d ue to defects in founder cel l  recruitment (Timmermans et al. , 1 998;  

Scanlon ,  2000) . 

1 Mitos is .  
Loss of G 

./ 1 Further 
cell 
d ivisions 

Radiation
induced 
chromosome 
breakage 

f J J lllll 
Figure 1 .3 .  Generation of albino sectors for 
clonal analysis. Seeds or seed l ings that are 
heterozygous for a recessive albino mutation (g) 
are i rradiated causing chromosome breakages. 
Loss of the chromosome arm carrying the wild-type 
al lele (G) uncovers the alb ino al lele. Derivatives of 
this cell are white, wh ile the rest of the plant is 
green . 

Clonal ana lysis has been used 

to trace cel l  lineage and 

patterns of cel l  division ,  both 

within the meristem and in 

developing organs ,  and to 

estimate leaf founder cel l  

numbers (Steffensen , 1 968;  

Poethig and Sussex, 1 985b;  

I rish and Sussex, 1 992;  

Poeth ig and Szymkowiak ,  

1 995) . C lonal  ana lysis 

req uires that a cel l  be marked 

with a heritable ,  visible, cel l

autonomous marker. This 

a l lows derivatives of the 

marked cel l  to be identified 

(Figure 1 .3) .  Hyperploidy has  

been used as a marker of ce l l  

lineage within the SAM 

(Steeves and Sussex, 1 984) . 

Albino mutations are 

commonly used to investigate cel l  lineage and cel l  division patterns in leaves 

(Steffensen ,  1 968;  Poethig and Sussex, 1 985b;  Langdale et a l . , 1 989; I rish and 

Sussex, 1 992 ; Poethig and Szymkowiak,  1 995) . 

1 .4.2 Development of dicot leaves 

Dicot leaves are initiated by periclina l  divisions in a subset of cel ls  in the 

peripheral zone of the SAM .  The first periclinal d ivisions are genera l ly in the 

subsurface layers , and are fol lowed by anticl ina l  divisions in the surface layer 

(Esau ,  1 960) . These divisions resu lt in a bulge on the flank of the SAM , referred 
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to as the leaf buttress .  The leaf primordium emerges from the leaf buttress as  a 

peg-like outgrowth . Esau ( 1 960) refers to this phase as formation of the leaf 

axis. At this stage there is no distinction between the blade and petiole (Poethig 

and Sussex, 1 985a) . During this phase , the procam bium is differentiated in 

continuity with the procam bium of the internode below. The lamina is initiated 

from cel ls  at the boundary between the adaxial and abaxial  faces of the 

primordium (Poethig and Sussex, 1 985a) .  Subsequent latera l g rowth of the 

lamina gives the leaf obvious medial- latera l ,  and adaxial-abaxia l  axes (Esau ,  

1 960) . Lateral veins are initiated at an  oblique ang le to the midrib (Poethig and  

Sussex, 1 985a) .  

A series of classic surgica l experiments provided evidence that commu nication 

between the SAM and developing leaf primordia is required for the 

establishment of adaxial  cel l  identity, and for subsequent lamina outgrowth 

(Sussex, 1 955; Snow, 1 959) .  Sussex ( 1 955) found that leaf an lagen ( incipient 

leaf primordia) isolated from the shoot apex by tangential incisions developed 

as radial ly symmetrica l ,  abaxia l ised organs.  Leaf primordia isolated after 

emergence developed flattened laminae. Sussex proposed that communication 

between the shoot apex and developing leaf primordia is required for the 

development of adaxia l  features and lateral g rowth . These experiments imply 

that adaxial and abaxial domains are established d u ring the transition from 

an lagen to leaf primordium .  Furthermore , they suggest that abaxia l  identity is 

the defau lt state when the leaf primordium is deprived of positiona l  cues . 

1 .4.3 Development of maize leaves 

The maize leaf is derived from cel ls of the two outer layers of the SAM , the L 1 

and L2 (Sharman ,  1 942 ;  Poethig ,  1 984).  Pericl ina l  cel l  divisions a re initiated in 

a position that corresponds to the futu re m id rib ,  and a re propagated latera l ly in 

both directions until they encircle the SAM .  The leaf primordium appears first as 

a crescent shaped protrusion and then as a ridge of cel ls that encircles the apex 

(Sharman ,  1 942 ;  Esau ,  1 965) .  Vascu larisation begins with the acropeta l (base 

to tip) development of the midvein into the PO or P1 primordiu m .  This occurs in 

continuity with the procam bium of the shoot apex (Sharman ,  1 942) .  
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Sylvester et al. ( 1 990) have defined three phases of leaf development fol lowing 

emergence of the leaf primordium.  I nitial ly, cel l  division is even throughout the 

leaf primordium and the sheath and b lade regions a re morphological ly 

indistinguishab le .  Latera l veins differentiate acropeta l ly du ring this primordial 

stage , beginning near the midrib (Sharman , 1 942) . 

Du ring the second stage , a localised increase in cel l  division rate , accompanied 

by a decrease in cel l  extension ,  generates a band of smal l  cel ls  (the prelig ule 

band) near the base of the leaf primordium.  Formation of the pre ligule band 

separates the future blade and sheath . Periclinal divisions by epidermal cel ls at 

the base of the preligule band form the ligu le ,  and the remaining cel ls of the 

pre lig u le band form the auricle . During this phase, cel l  divisions in the leaf blade 

become exclusively transverse and differentiation begins at the tip of the b lade. 

I ntermediate veins differentiate basipetal ly, subdividing the regions between the 

laterals .  Transverse veins develop and connect the system of longitudinal  veins 

(Sharman ,  1 942) .  During the third stage,  the sheath grows rapid ly. 

Differentiation proceeds basipeta l ly ,  with the sheath being the last part of the 

leaf to differentiate (Sharman ,  1 942) .  

1.5 Developm ental com partme nts a n d  axial pattern i ng 

1 .5.1  Developmental  compartments 

A primary mechanism in anima l  development is the subdivision of fields of cel l s  

into progressively smal ler compartments (Lawrence and Struh l ,  1 996) . 

Compartments are defined by differential gene expression .  New axes may form 

when two compartments are juxtaposed.  In Drosophila limb development, the 

boundaries between anterior and posterior, and dorsal and ventra l ,  

compartments act as  organising centres.  Experiments show that generation of 

ventral  cel l -types in the dorsal  compartment creates an ectopic boundary,  

resu lting  in  the formation of a secondary axis (Diaz-Benjumea and Cohen ,  

1 993) .  There is evidence for similar mechanisms in leaf development, a lthough 

compartment boundaries are less rigid . Analysis of genetic mosaics in 

Drosophila demonstrates that cel ls do not divide across compartment 

boundaries (Garcia-Bellido et al. , 1 973) .  In plants , d evelopmental compartments 

are more plastic. Cells may divide into adjacent compartments , a nd 
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subsequently differentiate according to position rather than lineage (Steeves 

and Sussex, 1 984) . 

1 .5 .2 Analysis of leaf pattern ing mutants 

Ana lysis of mutants that show defects at different stages of leaf development 

provide clues about the genetic pathways that reg u late normal development. 

Maize is a usefu l  model for such investigations as it is amenable to genetic 

ana lysis .  Many mutants have been described and the leaves a re large ,  with 

d istinct bou ndaries and cel l  types distinguishing different compartments 

(Freeling and Hake, 1 985 ;  Freeling ,  1 992). I nformation about the normal  role of 

a gene m ay be obtained by comparisons of norma l  and m utant morphogenes is ,  

and of matu re organ phenotypes (Sylvester et al. , 1 990). I nteractions between 

m utants can help determine their order in genetic pathways , whi lst ana lysis of 

dominant mutations a l lows identification of genes that may be obscured by 

genetic redundancy in s ingle loss-of-function mutants (Freeling and Fowler, 

1 994) . Mapping and cloning of genes opens the way for further  fu nctional  

ana lyses such as studies of gene expression in wild-type and in  other mutant 

backgrou nds.  

1 .5.3 Proximal-d istal patterning 

The maize leaf is  comprised of a proximal s heath and d istal b lade,  separated by 

a fringe of ligu le tissue and two wedges of auricle tissue. M utants that affect 

p roximal-distal patterning of the maize leaf include dom inant Knox mutants and  

Wab 1  m utants (Sin ha  and Hake, 1 990 ; Hay and  H ake, 2004) .  The ligu/eless (Ig) 

m utants, Ig1 and Ig2, remove ligu le and auricle tissue,  but maintain a bou ndary 

between b lade and sheath (Emerson ,  1 9 1 2 ;  Brink ,  1 933). Although dominant 

Knox m utations disrupt proxima l-distal patterning , their normal  fu nction is not 

specification of the blade-sheath bou ndary. 

Domi nant Knox mutations 

I n  maize , a number of dominant Knox mutations disrupt proxima l-distal 

patterning of the leaf (Sinha and Hake,  1 990;  Becraft and Freeling ,  1 994 ; Foster 

et al. , 1 999) .  The mutants are characterised by the development of proximal 

t issue types, such as sheath and auricle, in the leaf b lade. Knotted1 (Kn 1) 
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mutants were the first of these to be identified . Cloning of dominant Kn 1 a l le les 

revealed that m utations in non-coding reg ions are responsible for ectopic 

expression of kn 1 (Hake et al. ,  1 989 ;  Veit et al. , 1 990) .  In situ hybrid isation and 

immunoloca lisation have shown that the wild-type gene (kn 1 )  is expressed in 

the SAM ,  and is down regulated in incipient leaf primord ia (Smith et al. , 1 992) .  

The reg ion of knox downregu lation correlates with estimates of founder cel l  

populations obtained from clonal ana lysis. I n  Kn 1 m utants, the gene is 

ectopical ly expressed in the vascu lar  bund les of developing leaves. Based on 

these resu lts , i t  is hypothesised that the normal fu nction of kn 1 is to maintain 

cel ls in a meristematic state , and that ectopic expression delays differentiation ,  

th us a ltering cel l  fates (Smith e t  al. , 1 992).  

Knox genes appear to have similar functions in dicots and g rasses. 

SHOO TMERIS TEMLESS (STM) , the kn 1 homologue in A rabidopsis , has an 

expression pattern that is  comparab le to kn 1 .  Loss-of function stm mutations 

resu lt in embryos that lack SAMs, whereas overexpression of Knox genes is 

associated with less determinate patterns of growth ,  such as lobed leaves and 

ectopic meristem formation (Barton and Poethig , 1 993; Sinha et al. , 1 993 ; 

Chuck et al. , 1 996) . 

Rough sheath2 (Rs2) negatively regu lates knox expression in maize . rs2 loss

of-function mutants ectopical ly express knox genes and have p henotypes 

sim i lar to Knox misexpression (Schneeberger et al. ,  1 998) .  Ectopic knox 

expression in  rs2 mutants is patchy and appears clonal in nature (Timmermans 

et aI. , 1 999) .There is  evidence that Rs2 and the Arabidopsis orthologue,  

ASYMMETRIC LEAVES 1 ,  act as epigenetic regu lators of knox genes, possibly 

by modifying chromatin structure (Phelps-Durr et al. , 2005) .  

Freeling ( 1 992) has proposed a "maturation schedu le" hypothesis to account for 

dominant Knox phenotypes. These mutations cause proximal  tissues to extend 

into the blade,  and immature cel l  types are often associated with reg ions of 

d isp laced tissue (Freeling and H ake, 1 985) . Freeling ( 1 992) specu lates that the 

ectopic tissues a re the resu lt of a retarded maturation sched u le .  According to 

this mode l ,  ectopic expression of Knox genes delays the maturation of cel ls .  

Affected cel ls are not competent to respond to signals to differentiate at the t ime 
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when the rest of the blade is differentiating . Instead , they differentiate as the 

more juvenile sheath tissue . 

Although proximal-dista l patterning is d isrupted by dominant Knox mutations, 

the normal role of these genes is not to specify blade or sheath compartments, 

nor to demark a boundary between these regions. I n  wild-type maize, knox 

genes are not expressed in  the leaf primordium .  Rather, their normal role 

seems to be to define a "meristematic domain". 

Wab 1-R causes proximal-to-d ista l  tissue displacement 

In maize,  dominant Wab 1 mutations cause displacement of proximal tissues 

such as s heath and auricle into the leaf blade (Hay and Hake,  2004). I n  

addition ,  the leaf blade is narrower than norma l .  This defect i s  apparent b y  P3-

P5 (i.e .  in leaf primord ia that a re third to fifth from the SAM) .  Although the 

phenotype is similar to domina nt Knox mutations ,  Wab 1  m utants show no 

alteration in knox expression (Hay and Hake, 2004) .  

/igu/e/ess1 a nd /igu/e/ess2 delete l igu le and auricle tissue 

Lg1 and Lg2 act in a pathway that specifies ligu le and auricle tissues. Loss of 

either gene function resu lts in deletion of these tissues. However ,  leaves retai n  

distinct reg ions of blade and sheath (Becraft et al. , 1 990;  Harper and Freeling , 

1 996) . Lg1 encodes a novel p rotein  that localises to the nucleus (Moreno et al. , 

1 997) .  Lg2 encodes a basic leucine zipper p rotein (Walsh et aI. , 1 997) . Mosaic 

ana lysis ind icates that Lg1 has a role in signal  propagation ,  and  acts cell

autonomously to specify l igu le and  auricle tissues (Becraft et al. , 1 990; Becraft 

and Freel ing , 1 99 1 ) . Lg2 acts non-cel l  autonomously (Walsh et aI. ,  1 997) . 

Sylvester et al. ( 1 990) have analysed cel l  division in  Ig1 m utants . They found 

that the localised cel l  divisions that norma lly give rise to the pre l igu le band are 

absent in  Ig1 leaves. 

Mosaic ana lyses have been used to investigate the roles of Lg1  and Lg2 in 

maize leaf development. Mosaic analysis combines clona l ana lysis and analysis 

of m utant phenotypes.  The technique involves the generation of organisms that 

are genetic mosaics for a gene of interest and a linked marker gene. Mosaic 

ana lysis  has s hown that Lg1 acts cel l -autonomously to specify l igu le and auric le 
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t issues (Becraft et al. , 1 990) . When Ig 1 -R/- sectors a re induced in Lg1/lg1-R 

p lants , the l igu le and auricle are deleted with in the sector and reinitiate at the 

marg ina l  sector boundary. The rein itiated l igu le and auricle a re often disp laced 

toward s the base of the leaf (Becraft and Freel ing , 1 99 1 ) .  One interpretation i s  

that Lg1 is  i nvolved i n  the reception and/or transm ission of a "make lig u le and 

auricle" signa l  that emanates from the m idr ib towards the marg ins.  As 

d ifferentiation proceeds basipeta l ly, the t ime taken for the s igna l  to cross the 

Ig1 -Rl- sector means that the tissue d i rectly opposite the in itiation point is no 

longer competent to respond to the signa l .  Cells i n  more proximal  positions 

respond , resu lt ing i n  d isp lacement of the l ig u le and auricle at the outer sector 

border (Becraft and Free l ing ,  1 99 1 ) . 

1 .5 .4 Adaxial-abaxial pattern ing 

Perhaps the most compel l ing example of compartments in  leaf development is  

adaxial-abaxial  patterning .  I n  d icots, the leaf primord i um emerges as a rad ia l  or 

peg- l ike outg rowth and polarity genes a re expressed un iformly. As the 

pr imord i um emerges, adaxia l  and abaxial  patterning genes become confined to 

thei r  respective domains (Sawa et al. , 1 999; Siegfried et al. , 1 999;  Kerstetter et 

al. , 200 1 ; M cConnel l  et al. , 200 1 ) . One theme that has emerged from m utant 

stud ies is that the juxtaposition of adaxia l  and abaxia l  compartments is requ i red 

for subseq uent lamina outgrowth (Waites and H udson,  1 995) .  I t  is hypothesised 

that s igna l l i ng  at the boundary between the two domains creates a lateral axis , 

and in some way ind uces growth a long this axis. Complete loss of either adaxia l  

or abaxia l identity resu lts in  the formation of rad ia l ised lateral organs.  

Conversely, when ectopic patches of e ither adaxia l  or abaxia l  t issue occur next 

to tissue with the opposite identity, ectopic outgrowths occur .  It is proposed that 

the adaxia l is ing s ignal  orig inates in the centre of the SAM (McConnel l  et al. , 

200 1 ) . These stud ies are consistent with ,  and extend , classic surg ical 

investigations of leaf development (Sussex, 1 955 ;  Snow, 1 959) .  

phantastica and the juxtaposition model 

The j uxtaposition hypothesis for lamina development was insp i red by the 

phantastica (phan) loss-of-function phenotype in Antirrhinum (Wa ites and 

H udson,  1 995) .  phan mutants exh ib it a range of phenotypes inc lud ing rad ia l  
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leaves with abaxial cel l  types, and leaves with outg rowths at the boundaries 

between adaxial and ectopic abaxial t issues. It was hypothesised that signa l l ing 

between adjacent adaxia l  and abaxial domains induces lamina outgrowth .  

The phan phenotype was initia l ly characterised as a loss of adaxial identity . An 

a lternative explanation has been offered by Tsiantis and co-workers ( 1 999) who 

propose that  phan is  primari ly a proximal-dista l patterning defect, with the 

radialised leaves resu lting from extension of the proximal  petiole. This 

hypothesis wil l  be discussed further with reference to the maize homologue 

Rough sheath2 (Rs2) . Nonetheless , the juxtaposition model has provided a key 

to interpreting the phenotypes of other mutants that affect adaxia l-abaxial 

polarity. 

HD-ZIPIII genes specify adaxial cel l  fate 

Genetic ana lyses indicate that the Class III homeodomain-/eucine zipper (HD

ZIPII/) genes specify adaxial identity in lateral organs in dicot species and in 

maize . H D-ZI P I I I  proteins have a homeodomain-Ieucine zipper domain and a 

START domain similar to mammalian sterol/lipid-binding proteins (Sessa et al. , 

1 998;  Pontig and Aravind ,  1 999 ;  McConnel 1  et al. , 2001 ; Juarez et al. , 2004a) . 

Dominant m utations in the Arabidopsis HD-ZIPIII genes, PHABULOSA (PHB) , 

PHA VOLUTA (PHV) and REVOLUTA (REV) ,  resu lt in their ectopic expression 

and adaxialisation of latera l  organs (McConnell and Barton ,  1 998 ;  McConnel l  et 

al. , 200 1 ) . REV mutants have an additional  phenotype - the development of 

rad ia l ,  adaxia l ised vascular bund les in  the stem (Emery et al. , 2003) . Triple 

loss-of-function mutants have abaxial ised cotyledons ,  and the SAM fails to 

form . Vascular bund les in the cotyledons a re radia l ised ,  with ph loem 

surrounding xylem (Emery et al. , 2003) . 

Expression studies show that PHB, PHV and REV are initia l ly expressed 

throug hout leaf an lagen , and become localised to the adaxial domain by the P2  

stage of  leaf development. They a re a lso expressed in  the centra l part of the 

embryo from the globu lar  stage, and in xylem of developing vascu lar  bund les 

(McConnel l  et al. , 200 1 ; Emery et al. , 2003) . In dominant mutants , HO-ZIPIII 
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genes a re expressed in both the adaxial and abaxial domains and are 

expressed at h igher levels than in wild-type (McConnel l  and Barton , 1 998;  

McConnel 1  et al. , 200 1 ) .  The expression patterns ,  a long with the mutant 

phenotypes suggest mu ltiple roles in patterning the embryo, lateral organs and 

vascu lature (McConnel l  et al. , 200 1 ;  Emery et al. , 2003).  

Dominant mutations in a maize HO- ZIPIII gene , rolled leaf1 (rld1) ,  a lso affect 

adaxia l-abaxia l  polarity. rld1 is the maize homologue of REV (Juarez et al. , 

2004b) . Dominant Rld1 mutants show partia l to complete switching of adaxial 

and abaxial epidermal features in sectors of the leaf (Figu re 1 .4 B) ( Nelson et 

al. , 2002). These switches involve adaxialisation of abaxial regions ,  such as 

ligu le flaps on the abaxial surface , or a complete switching of epidermal 

features .  

A. Wild-type 

B. Rolled leaf1 (Rld1) 

-�<========��======�� MG 
V 
MR  

�<========::==��==========�>--V 

c. Severe leafbladeless 1 (Ib11 )  U 

-<::--= ==¥�'-...)�==::>->-D. Mi ld Ibl1 

E. narrowsheath (ns 1;ns2) 

Fig u re 1 .4. Maize leaf patterning m utants. (A) Wild-type maize leaf. (8)  Dominant Rld1 
mutants show switching of adaxial and abaxial epidermal features in sectors of the leaf. 
(C) Severe Ib 1 1  mutants have very narrow leaves with an extremely reduced adaxial 
domain.  (D) M i lder Ibl1 mutants have ectopic outgrowths associated with abaxial ised 
sectors on the adaxia l side of the leaf. (E) ns m utants have narrow leaves that lack 
normal marginal characteristics. Adaxial epidermal characteristics are represented in 
red . Abaxial epidermal characteristics are represented in g reen .  Marginal  characteristics, 
such as saw-tooth hairs, are represented by b lue triang les. MR = midrib. MG = marg in .  

Like the Arabidopsis HO-ZIPIII genes, rld1 and a maize PHB homologue a re 

norma l ly expressed at the tip of the SAM and on the adaxial  side of incipient 

and young leaf primordia (Juarez et al. , 2004b) .  Expression persists in the 

vascu lature and at the margins .  The dominant Rld1-0 a l lele is misexpressed on 

the abaxial s ide of leaf primordia , a lthough expression in the meristem is not 

a ltered . 
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Regu lation of HD-ZIPIII genes by microRNAs 

McConnel l  and co-workers (2001 )  proposed that PHAB acts as a receptor for 

an  adaxialising signal that originates in the centre of the SAM .  Dominant a l leles 

have m utations in the START domain and initia l ly it was thought these 

mutations caused the protein to be constitutively active in the absence of ligand 

binding (McConnel l  et al. , 200 1 ) .  However, subsequent investigations indicate 

that th is domain overlaps with a miRNA-complementary region and that ectopic 

expression is due to loss of regu lation by the miRNAs miR 1 65 and m iR  1 66 

(Rhoades et al. , 2002 ; Emery et al. , 2003). Similarly, dominant Rld1 a l leles in 

maize h ave nucleotide changes in the miRNA-complementary region ,  indicating 

that reg u lation by miRNA1 65/1 66 is a conserved mechanism (Juarez et al. , 

2004b) . I n  maize , miRNA1 66 is expressed immediately below the incipient leaf 

primordiu m .  Subsequently , the expression domain expands to include the 

abaxial side of the primordium (Juarez et al. , 2004b) . 

These findings do not preclude a role for a ligand that activates H O-ZI P " I  

proteins i n  adaxial regions of lateral organs .  Regulation b y  miRNAs and a ligand 

produced in the SAM cou ld act together to specify and refine the domain of 

active H O-ZI P " I  protein (Emery et al. , 2003; Juarez et al. , 2004b). Juarez et al. 

(2004b) suggest that rld1 may act to integrate positional  information from the 

SAM and from below the leaf primordium .  

KANADI genes specify abaxial cell  fate 

Members of the Arabidopsis KANADI (KAN) gene family a re expressed 

abaxial ly  in lateral organs,  and ana lysis of loss-of-function and overexpression 

phenotypes ind icate that they a re requ i red for abaxial cel l  identity. KAN genes 

belong to the GARP family of transcription factors (Kerstetter et aI. , 200 1 ) .  

The KAN family has four  members in Arabidopsis (Kerstetter et aI. , 2001 ; Eshed 

et al. , 2004) .  Due to genetic redundancy, loss of several genes is required to 

generate the most severe phenotypes (Eshed et al. , 1 999; Eshed et aI. , 2001 ; 

Kerstetter et al. , 200 1 ) .  kan 1 and kan 1;kan2 m utant floral organs a re 

adaxia lised , and leaves a re narrow with ectopic outgrowths on their abaxia l 
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surface associated with patches of adaxial tissue (Eshed et al. , 200 1 ; Kerstetter 

et al. , 200 1 ) . When kan 1, 2 and 3 functions are lost, outgrowths are red uced 

and leaves are nearly radial .  Vascu lar bund les in the stem are often radialised 

with xylem surround ing ph loem (Emery et al. , 2003; Eshed et al. , 2004) .  

Seed l ings that overexpress KAN genes often lack a SAM and vascular tissue, 

and have a single abaxia lised cotyledon . If leaves are p roduced , they a re 

narrow or radial (Kerstetter et al. , 200 1 ; Emery et aI. , 2003) . 

KAN1, 2 and 3 are expressed in a l l  lateral organs, wh i le KAN4 expression is 

limited to the ovu les (Kerstetter et al. , 200 1 ; Eshed et al. , 2004) .  KAN genes a re 

initia l ly expressed th roughout the leaf an lagen, and become confined to the 

abaxial  domain after emergence of the primordiu m  (Kerstetter et al. , 200 1 ) . 

KAN1,  2 and 3 are expressed i n  developing vascu lature and loca lise to the 

ph loem (Emery et al. , 2003) .  KANs are expressed throughout the early g lobular 

stage embryo , before becoming confined to the peripheral region by the late 

g lobu lar  stage (Kerstetter et al. , 200 1 ) .  

Less i s  known about the KAN fami ly in maize . There are at least 1 1  KA N  family 

members in maize (pers .  com m . ,  Hector Candela and Sarah Hake) . Therefore, 

there is likely to be a high level of functiona l  red undancy. ZmKAN2, the maize 

homolog ue of Arabidopsis KA N2, is expressed on the a baxial side of young leaf 

p rimordia in a pattern complementary to rld 1 .  It is a lso expressed in the 

periphera l  zone of the SAM and in the stem at the base of the P 1  primordium 

(Henderson et al. , 2006) .  The expression pattern in leaf primordia is sim i lar to 

the KAN expression pattern in Arabidopsis. However, Arabidopsis KANs are not 

expressed in the SAM or the stem.  Therefore, there may be functional  

differences in maize and Arabidopsis. Henderson et al. (2006) state that whi le 

the abaxial expression pattern is consistent with a role in  promoting abaxial 

identity as in Arabidopsis, this is  specu lative as no mutant phenotypes have yet 

been ana lysed . 

Recent data indicate that the KAN genes may act in a para l le l  pathway with the 

auxin response factors ETTlN (ETT) and Auxin Response Factor4 (ARF4) 

(Pekker et al. , 2005) . These genes a re expressed on the abaxia l  side of leaf 

primordia and in kan 1;kan2 outgrowths. ett;arf4 loss-of-fu nction mutants have 
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adaxia l ised leaves, simi lar  to kan loss of fu nction phenotypes .  The d ata indicate 

that ETT and ARF4 do not act downstream of KAN, but in a paral le l  pathway. It 

is proposed that these genes are expressed in the abaxial domain in response 

to a uxin gradients in the primordium.  Recent research has begun  to e lucidate 

many other interactions between p lant hormones and genes that reg ulate organ 

development (Kepinski ,  2006).  

I nteractions between HD·ZIPIII a nd KANADI genes 

Genetic interactions indicate that HO-ZIP/II and KAN genes a ct antagonistical ly 

to estab lish adaxial and abaxial domains.  REV gain-of-function a l le les , and loss 

of KAN activity have similar phenotypes , characterised by adaxialised lateral 

organs and altered vascu lar  patterning .  Converse ly, phb;phv;rev loss-of

function m utant embryos lack a SAM and , i n  severe cases, h ave a single rad ia l ,  

abaxialised cotyledon (Emery et al. , 2003) . Overexpression of  KAN causes a 

similar phenotype (Eshed et aI. ,  2001 ; Kerstetter et al. , 2001 ) .  HO-ZIPIII and 

KAN genes normally have complementary expression patterns .  Loss of KAN 

activity resu lts in expansion of the HD-ZIPIII expression domain (Eshed et al. , 

200 1 ) . It is not clear whether the KAN genes specify abaxial cel l  types directly, 

or if their primary role is to repress HO-ZIPIII expression in abaxial domains 

(Emery et al. , 2003) . Based on the complementary expression patterns and 

m utant phenotypes of KAN and HO-ZIPIII genes , i t  has been proposed that a 

common mechanism patterns the centra l-peripheral axis of the embryo and the 

adaxial-abaxial axis of latera l organs and vascu lature (McConnel l  et al. , 200 1 ; 

Emery et al. , 2003) . 

leafblade/ess1 is requ i red for founder cell  recru itment 

Analysis of recessive leafblade/ess 1 (Ib11 )  mutants in maize s uggests that 

adaxial-abaxial polarity is estab lished within the SAM ,  and is required for the 

lateral propagation of founder cel l  recruitment (Timmermans et al. , 1 998) . 

Severe Ibl1  mutants have extremely narrow, abaxia lised leaves. The need le

shaped leaves usual ly have a narrow ligu lar  fringe and two rows of margina l  

h airs in close proximity ,  suggesting a severely red uced adaxia l  domain (Figu re 

1 .4 C) .  Immunolocalisation of KN1  protein shows the region of K N 1  

downregulation is significantly reduced i n  severe Ibl1  m utants, implying that 
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fou nder cel l  recruitment is defective. A less severe phenotype involves the 

formation of ectopic laminae on the adaxia l surface of the leaf blade (Fig u re 1 .4 

D) .  These ectopic outgrowths form at the boundary of adaxia l  tissue and 

abaxialised mutant sectors . The phenotypes suggest that the juxtaposition of 

adaxial and abaxial cel l  types is required for the lateral recruitment of founder 

cel ls  within the SAM , and for subsequent lateral g rowth of the leaf b lade. 

The Rld1 and Ibl1  phenotypes are mutual ly suppressive (J uarez et al. , 2004a) .  

rld1 expression is reduced in Ibl1  m utants , indicating that Ibl1  acts upstream of 

rld1 (Juarez et al. , 2004a) .  It has emerged recently that Ibl1 acts in a pathway 

that prod uces a regu latory RNA which in turn reg u lates MiR 1 66 .  Higher levels 

of MiR 1 66 in Ibl1 mutants would account for the lower levels of rld1 expression 

in these m utants (per. comm.  Marja Tim mermans) .  

YABBY genes promote lamina outgrowth 

Members of the YABB Y ( YAB) gene family are associated with abaxial cel l  fate 

in Arabidopsis. Multiple lines of evidence support a role for the YABs in lamina 

outgrowth in maize and in dicot species . 

The Arabidopsis YABB Y family comprises 6 members (Bowman and Smyth ,  

1 999;  Eshed et al. , 1 999;  Sawa et al. , 1 999; Siegfried et al. , 1 999) . YAB 

proteins have a zinc finger-like domain towards the amino terminus and a helix

loop-helix domain ,  known as the YABB Y domain ,  near the C-termin us (Bowman 

and Smyth , 1 999) . Due to genetic redundancy,  loss of several genes is req uired 

to see a loss-of-function p henotype. Overexpression causes the development of 

abaxia lised latera l  organs and meristem arrest, whereas loss of YAB function 

resu lts in adaxia lised organs (Alvarez and Smyth , 1 999;  Bowman and Smyth , 

1 999;  Eshed et a!. , 1 999 ;  Sawa et aI. , 1 999;  Siegfried et al. , 1 999; Vi l lan ueva et 

al. , 1999) . Loss of YAB function is associated with misexpression of KNOX 

genes and the formation of ectopic meristems on the adaxia l  side of leaves and 

cotyledons,  suggesting an  additiona l  role in repressing meristem initiation 

(Kumaran et aI. , 2002) .  
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Genetic and molecu lar data indicate that YAB function is downstream of KAN in 

Arabidopsis. YAB genes a re expressed in a similar  pattern to the KANs. They 

a re initia l ly expressed throughout lateral organ an lagen,  and become confined 

to the abaxial side of the p rimordium after emergence (Siegfried et al. , 1 999) .  

FILAMENTOUS FLOWER (FIL) is  expressed throughout leaf primordia that 

ectopical ly express KAN2, a lthough expression is transient (Eshed et al. , 2004) .  

YAB activity i s  both necessary and  sufficient for the  d evelopment of  abaxial cel l  

types in a kan loss-of-function background (Eshed et  al. , 200 1 ;  Eshed et al. , 

2004). 

GRAMINIFOLlA (GRAM) is the Antirrhinum orthologue of FIL (Golz et al. , 

2004). gram leaves and petals are partia l ly adaxialised , particularly at the 

margins ,  and are narrower than norma l .  In many cases, the corol la tube is 

u nfused.  GRAM appears to promote abaxia l fate by excluding adaxia l factors 

such as AmPHB, a function performed by KAN genes in Arabidopsis. I n  

addition ,  there is  evidence that GRAM promotes adaxial cel l  identity non

a utonomously. Golz et al. (2004) propose that the primary function of GRAM 

may be to refine and maintain the boundary between adaxia l  and abaxia l 

domains ,  and that this boundary is required for latera l growth.  Un like many 

other leaf polarity mutants , no outgrowths are seen at ectopic adaxia l-abaxial 

boundaries in gram leaves. 

The maize Zea mays yabby (Zyb) genes a re expressed on the adaxial side of 

incipient and young leaf primordia , opposite to the pattern seen in Arabidopsis 

(Juarez et al. , 2004a) .  I n  older leaf primordia,  expression persists at the margins 

and in the central layer. Expression of Zyb9, but not Zyb 14, persists in the 

vasculature .  YAB expression is increased in Rld1-0, suggesting that YAB 

genes a re positively regu lated by rld1 in maize (J uarez et al. , 2004a). 

Various lines of evidence suggest that the YABs are required for lamina 

outgrowth .  Loss of YAB function in Arabidopsis and Antirrhinum resu lts in 

red uced lamina outgrowth , and ectopic outg rowths in kan m utants are 

dependant on YAB function (Siegfried et al. , 1 999;  Eshed et al. , 2004; Golz et 

al. , 2004) .  In Arabidopsis, FIL is expressed in kan outgrowths (Eshed et al. , 

2004). It has been suggested that boundaries between YAB-expressing a nd 
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non-expressing cel ls promote outgrowth rather than absolute levels  of YAB 

activity (Siegfried et aI. , 1 999 ;  Eshed et al. , 2004 ; Golz et al. , 2004) .  This 

function appears to be conserved in maize leaf development (Juarez et al. , 

2004a) .  I n  maize, Zyb expression is associated with abaxia l outg rowths in Rld1-

o leaves and  adaxial  outgrowths in Ib11 . The Rld1-0 outgrowths occur a t  the 

boundaries of Zyb-expressing and non-expressing cel ls  of the central layer. I t  is 

suggested that polarised YAB expression may mediate founder cel l  recruitment 

in  the maize SAM prior to emergence (J uarez et al. , 2004a) . 

Genetic i nteractions that regu late adaxial-abaxia l  polarity 

Figu re 1 . 5 summarises interactions between leaf polarity genes discussed in 

this section .  I n  Arabidopsis, KAN and HO-ZIP"I genes interact antagonistical ly 

to specify adaxia l and abaxial domains in lateral organs .  The expression pattern 

of HO-ZIP'" genes and a maize KAN2 homolog ue suggests a sim i lar  

mechanism exists in maize , but this has not been proven. 

Based on surgica l experiments, Sussex ( 1 955) proposed that comm unication 

between the SAM and lateral organ primordia is requ i red for adaxial cel l  

identity. The HO-ZIP"I proteins are candidate receptors for such a signa l ,  

a lthough a ligand has not been identified . I n  both maize and A rabidopsis , HO

ZIP"I genes are regu lated by miRNAs . It has been suggested that the maize 

HO-ZIPI" gene rld1 cou ld integrate a signa l  from the SAM and miR NA signa l ling 

from below the leaf primordium (J uarez et al. , 2004a) .  Recent data indicate that 

miRNA 1 66 in maize is reg u lated by a second miRNA, and that Ibl 1  is involved in 

this pathway. 

The HO-ZIP'" genes are associated with adaxial cell fate in both Arabidopsis 

and maize . A role for the m aize KAN genes in promoting abaxial cel l  fate is  

speculative at  th is  stage. The Arabidopsis KAN genes are associated with 

abaxial identity, but appear to act by promoting YAB expression ,  rather than 

specifying abaxial cel l  fate directly. In Arabidopsis, the YABs are expressed 

abaxia l ly ,  downstream of the KANs, and specify abaxia l cel l  identity. In contrast, 

the maize YAB genes are expressed adaxial ly and a re downstream of rld1 
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(Juarez et al. , 2004a) .  I n  both maize and Arabidopsis, the YABs are impl icated 

in lateral growth , and may promote fou nder cel l  recru itment in maize. 

Arabidopsis 

SAM � miRNA 
Ligand? 

1 65/166 � x' 
HO-ZIPIlI I----t1 KANAOI 

1 
� 

Adaxial 
cel l  fate 

YAfBY 

Abaxial 
cel l  fate 

Maize 

SAM � miRNA �Lb11 Ligand? 1 65/1 66 � x' 
HO-ZIPII1 1----,.?:--t1 KANAOI 

! y}r 1 ? 

Adaxial Founder cel l Abaxial 
cel l  fate recruitment? cell fate 

Figu re 1 .5.  Interactions between factors involved i n  the specification of 
adaxial-abaxial polarity in Arabidopsis and maize leaves. 

1 .5.5 Medial-latera l  pattern ing  

Narrow sheath function is req u i red for propagation of  fou nder cell 

recruitment 

Ana lysis of narrow sheath (ns) mutants provides evidence for the existence of 

at least two lateral domains in the maize leaf - a marginal domain defined by 

ns, and a central domain . NS 1 a nd NS2 are dup licate genes. Plants that a re 

homozygous for both ns 1 and ns2 have narrow leaves that lack the margina l  

characteristics of normal  leaves (Figure 1 .4 E) .  Cel l  lineage analysis indicates 

that a latera l domain is deleted . Albino sectors that in wild-type leaves wou ld 

continue into the leaf margins a re confined to the cu lm in ns plants (Scan Ion 

and Freel ing , 1 997) . Immunoloca lisation of KN 1 within the SAM has confirmed 

that KN 1 is not downreg u lated in the domain that wou ld norma l ly g ive rise to the 

leaf margins (Scan Ion et al. , 1 996) . I n  normal development, founder cel l  

recruitment begins at the future mid rib ,  and is propagated latera l ly to the 

marginal  domains (Jackson et al. , 1 994) . A mosaic ana lysis has shown that loss 

of NS function at foca l points on either side of the SAM res ults in the 

development of margin-less leaves (Scanlon,  2000) . When NS is lost in other 

regions, leaves develop normal ly. In situ hybridisation has confirmed that NS i s  
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expressed in two lateral foci in leaf founder cel ls ,  and also at the margin tips of 

leaf primordia (Nardmann et al. , 2004) .These res u lts suggest that NS function in 

lateral foci is required for the propagation of fou nder cel l  recruitment to the 

margina l  domains .  The central domain is initialised by another, as yet u nknown,  

mechanism . 

1 .5.6 Summary of axia l  patterning 

Analysis of leaf patterning mutants demonstrates that disruption of one axis 

affects specification of the other axes, indicating that the major axes of g rowth 

are not estab lished independently. For example ,  disrupting adaxial-abaxial 

polarity affects establishment of the medial- latera l axis. The phenotypes of 

m utants that fail to establish either adaxia l or abaxia l cel l  identity support the 

hypothesis that the juxtaposition of these two com pa rtments establishes the 

medial-lateral axis. There is evidence to support this hypothesis in  both dicot 

and maize leaf development. However, there a re a lso fun damental differences 

in leaf morphogenesis. In  dicots ,  adaxial and abaxial domains a re estab lished 

after founder cel l  recruitment. I n  maize ,  adaxia l and abaxial domains and the 

medial-lateral axis are estab lished in the SAM, and a re required for the latera l 

propagation of founder cel l  recruitment. 

Members of the KAN, YAB and HO-ZIPIII families a re found in monocots and 

dicots (F loyd and Bowman ,  2007) . However, their functions  and interactions 

have diverged somewhat. The Arabidopsis YABs are expressed abaxial ly and 

are downstream of KAN, whereas the maize YABs are expressed adaxia l ly and 

are reg u lated by HO-ZIPllls . I t  has been suggested that the specification of 

abaxial identity that is fu lfi l led by YAB genes in Arabidopsis may be performed 

by KAN genes in maize (Juarez et al. , 2004a) .  A common function of YAB 

genes in A rabidopsis , Antirrhinum and maize appears to be promotion of lateral 

growth. In Antirrhinum, YAB genes may inhibit members of the HO-ZIPIII family, 

a role performed by the KAN genes in Arabidopsis. Thus, it is important not to 

assume orthologous functions without functiona l  d ata . 
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1.6 Esta b l i s h ment a nd m a i ntenance of d evelopme nta l 

doma i ns 

During development, g roups of cells a re partitioned for particu lar  fates. For 

example ,  cel ls that wil l  be incorporated into a lateral organ must be 

d istingu ished from cell s  that wil l  remain  meristematic. Cells that wil l  form the 

sheath or petiole must be distinguished from those that wil l  form the leaf b lade.  

However, to ensure coordinated development there must be contin ued 

communication between g roups of cel ls .  There is a network of transcriptiona l  

activators and repressors that control gene expression .  The previous section 

focused on the importance of domains of gene expression in leaf pattern ing , 

and the consequences of disrupting this positiona l  information .  I n  addition to 

transcriptional  regu lation ,  there are post-transcriptional  mechanisms that act to 

establish and maintain developmental domains .  Two such mechan isms are the 

post-transcriptional  reg u lation of gene expression by miRNAs , and the 

reg u lation of protein movement between cel ls. 

1 .6 .1  MicroRNAs and gene reg u lation 

Recent work has revea led the role of miRNAs as negative regu lators of gene 

expression .  miRNAs are short RNAs transcribed from non-protein coding genes 

that act as specificity determinants with in comp lexes that target m R NAs for 

deg radation (Carrington and Ambros, 2003) .  I nformation has come from studies 

of m utations that disrupt miRNA-mediated regu lation , such as dominant HO

ZIPIII m utants ,  and from m utations to genes encoding proteins that form part of 

the m iRNA processing machinery. M iRNA targets include families of 

transcription factors with roles in development in both plants and animals 

(Carrington and Ambros , 2003). 

In p lants , d isruption of miRNA-mediated gene silencing produces a variety of 

defects , including leaf patterning defects that resemble dominant HO-ZIPIII 

mutations (Foster et al. , 2002). ARGONAUTE1 (A G01)  fu nctions in the miRNA 

pathway, and ag0 1 mutants have leaf polarity defects (Carrington and Ambros , 

2003 ; Kidner and Martienssen ,  2004) .  I n  ag0 1 m utants, PHB is expressed 

throughout the leaf primord ia ( Kidner and Martienssen ,  2004) .  

22 



The HO-ZIPIIf genes PHB, PHV and REV contain a conserved complementary 

site for miRNA1 65/1 66 which can direct their cleavage in vitro (Tang et al. , 

2003). Complementary sites overlap the sites of m utations in dominant a l leles 

that are ectopical ly expressed . Experiments show that changing the REV 

m RNA sequence without changing the protein res u lts in a gain-of-function 

phenotype. It was concluded that this phenotype resu lts from interference with 

miRNA binding (Emery et al. , 2003). There is evidence that miRNAs a lso 

reg u late HO-ZIPIII genes in d ifferentiated cel ls by mediating chromatin 

methylation (Sao et al. , 2004) .  

1 .6 .2  Protein trafficking 

Cel ls m ust communicate with their neighbours to ensure coordinated cel l  

division and differentiation , necessitating the exchange of  signa l ling molecu les. 

The observation that cel ls  d ifferentiate according to position rather than lineage 

imp lies that positional  information is communicated between neighbouring cel ls .  

One method is  the movement of  proteins from ce l l  to cel l  through the 

plasmodesmata. Dynamic reg u lation of the plasmodesmata occu rs du ring 

development. Evidence for symplastic domains included observations of the 

cel l-to-cel l  trafficking of dyes , viral movement prote ins and green fluorescent 

protein (GFP) (Gisel et al. , 1 999 ;  Crawford and Zambryski, 2000) . It was found  

that proteins could move freely between some cel ls ,  but were excluded from 

others .  Recent studies indicate that the passage of specific proteins is under 

developmenta l  control (Kim et al. , 2003) . 

Mosaic ana lysis of a number of developmental ly important genes indicates that 

they may act in a non cell-autonomous manner. A mosaic analysis of Kn 1 fou nd 

that Kn 1 expression in the mesophyl l was sufficient to condition the m utant 

phenotype in all cel l  layers ,  whereas expression in the L 1 alone did not 

condition the mutant phenotype (Hake and F reeling ,  1 986) . This resu lt implied 

that either the gene prod uct itself, or some downstream mediator(s) , a re able to 

move cel l -to-ce l l .  In situ hybridisation and immu nolocalisation confirm that while 

kn 1 mRNA accumu lates in the L2 and L3, but not the L 1 ,  K N 1  protein 

accumu lates in a l l  cel l  layers (Smith et al. , 1 992;  Jackson et al. , 1 994) .  

Similarly, expression of the Arabidopsis flora l meristem identity gene LEAFY 
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(LFY) in just the L 1 of /fy mutants can rescue the /fy mutant phenotype in a l l  cel l  

layers. While LFY mRNA accumu lated only in the L 1 ,  LFY protein was seen in 

a l l  cel l  layers. This finding , as wel l  as confirmation that transported LFY can 

activate downstream genes , indicates that the protein retains its biolog ical 

activity (Sessions et a/. , 2000). 

Exclusion of KN 1 from incipient leaf primordia implies that protein movement 

within the SAM is developmental ly regu lated . Similarly, there is a sharp 

boundary of LFY protein between flora l primordia and the inflorescence 

meristem,  suggesting that protein movement across this boundary is blocked 

(Sessions et al. , 2000) .  The restriction of protein movement may function to 

partition groups of cel ls with different fates. Conversely, protein trafficking 

between cel ls with a common fate cou ld ensure that a l l  cel ls within a 

developmental field a re synchronised to a given programme. For example,  this 

cou ld ensure that floral meristems undergo com plete conversion to floral 

identity, and do not prod uce chimeric organs (Sessions et al. , 2000) . KN 1 

trafficking within the SAM may ensure that a l l  cel ls retain their meristematic 

identity (Kim et al. , 2003) .  

The initiation of organs by the SAM is  a dynamic process. I t  fol lows that the 

reg u lation of developmental domains must a lso be dynamic. Experiments using 

KNOX proteins fused to GFP (GFP-KN 1 )  or viral movement proteins 

demonstrate that trafficking of KNOX proteins is developmenta l ly reg u lated in 

Arabidopsis (Kim et al. , 2003) . GFP-K N 1  could traffic from the inner layers of 

the leaf to the epidermis (L 1 ) , b ut not in the opposite direction ,  but cou ld traffic 

out of the L 1 in the SAM . U nl ike the G FP-KN1 fusion , GFP-movement protein 

cou ld move out of the leaf epidermis , indicating that regu lation was protein

specific. The mechanism is not yet known , but cou ld be mediated by receptors 

within the plasmodesmata that recognise specific motifs , by post-translational  

protein modifications ,  or by a combination of mechanisms. 
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1.7 Homolog i es between lateral organs 

1 .7 . 1  Plants are comprised of  repeated structural  u n its 

Plants have a metameric organisation ,  with the phytomer considered to be the 

basic structural  unit. Each phytomer consists of a node, internode and leaf 

(Weatherwax, 1 923;  Sharman ,  1 942) .  In grasses ,  the leaves are subd ivided i nto 

blade and sheath . Morphological diversity is achieved by the differential 

e laboration or repression of developmental  compartments (Galinat, 1 959) . This 

is apparent in comparisons of different species ,  and when comparing vegetative 

and floral organs of the same plant .  Analysis of developmental  mutants reveals 

that leaves and homologous organs are patterned by common genetic 

program mes,  as wel l  as organ-specific programmes (Bossinger et al. , 1 992) . 

According to the leaf zonation hypothesis, leaves a re comprised of two 

morphological compartments a long the proximal-distal axis - the upper and 

lower leaf zones (Fig u re 1 .7) (Tro l l ,  1 955 ;  Kaplan ,  1 973) . Dicot leaves are 

derived mainly from the upper leaf zone, whereas,  maize leaves are a lmost 

entirely lower leaf zone.  Maize vegetative and h usk leaves differ in the relative 

contributions of the blade and sheath (Figu re 1 . 6 A, B). The b lade is the 

dominant part in vegetative leaves, whereas the husk leaves are main ly sheath 

tissue. 

One conserved element of phytomer organisation in the grasses is the 

prod uction of fused organs by newly initiated meristems. Bossinger et al. ( 1 992) 

termed the first phytomer produced by a newly initiated meristem a "type 2 

phytomer" .  Subsequent phytomers each have a sing le leaf primordium and are 

termed "type 1 phytomers" .  The type 2 phytomer is typified by the prophyl l  

which subtends the female inflorescence (the ear) .  The p rophyl l  is bel ieved to 

develop via the congenital fusion of the first two h usk leaves along adjacent 

margins (Figu re 1 . 6 C) (Bossinger et al. , 1 992; Scan lon a nd Freel ing,  1 998) .  

Other organs that may be classed as type 2 phytomers a re the coleopti le, 

pa lea , lodicu les and stamens (Bossinger et al. , 1 992) .  The g lumes are the first 

organs to be initiated by the spikelet axis. However, in maize and barley they 

are not fused organs.  Bossinger et al. suggest that the two g lumes may be 
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considered together to correspond to a type two phytomer, a s uggestion that is 

supported by the find ing that in  some species the two g lumes a re fused . 

The s i lks (gynoecia) a re thoug ht to represent a d ifferent form of phytomer 

fusion . Accord ing to one mode l ,  the s i lks develop via the congen ita l fus ion of 

two carpels a long two sets of marg ins (Cronquist, 1 988; Scan lon and F ree l ing ,  

1 998) (F igure 1 .6 D) .  

, , 
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A. Vegetative 
leaf 
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B. H usk 
leaf 

c .  Prophyl l  D. Si lk  

Figure 1 .6. Lateral organ homologies in maize. (A) Vegetative leaves are subdivided 
into blade (green) and sheath (blue) .  (B) H usk leaves are primarily sheath tissue with a 
small residual blade at the tip. (C) The prophyl l is believed to develop via the congenital 
fusion of the first two husk leaves along adjacent margins. (D) The silks are thought to 
develop via the congen ita l fusion of two primordia along two sets of margins. 
(Cronqu ist, 1 988; Bossinger et al. , 1 992 ; Scan lon and Freel ing ,  1 998)  
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1 .7 .2 Mutant phenotypes provide a tool for detecting  organ 

homolog ies with in  a species 

Mutant phenotypes provide a usefu l tool for investigat ing homologies between 

lateral organs .  For example,  ana lysis of the ns phenotype provides support for 

the hypothesis that the ma ize prophyl l is derived from two fused leaves 

(Scanlon and F ree l ing ,  1 998) .  The prophyl l is the fi rst organ to be produced by 

the newly in itiated latera l meristem.  It has two m idribs (keels) separated by 

membranous t issue. I n  the ns m utant, the d istance between the two keels is  

red uced , and the membranous tissue between the keels is replaced by th icker 

tissue .  In add it ion , the outer marg ins are rep laced by thick, b l unt marg ins .  

Scan lon and Freel ing ( 1 998) propose that th is  is  due to  the deletion of the 

marg ins of each of the leaves that comprise the prophyl l .  The ns phenotype i s  

consistent with the hypothesis that the prophyl l  is derived from two leaves fused 

a long their inner marg ins,  with each keel representing the m id rib  of a s ing le leaf. 

In contrast, the palea (another organ with two m id ribs) is only affected at the 

marg ins whi le the d istance between the m idribs is not affected . Therefore, the 

ns phenotype provides no evidence that the pa lea is formed by phytomer 

fus ion.  The fused organ theory imp l ies that the prophyll is derived from two 

fou nder cel l  populat ions. One way to test th is would be to observe KNOX 

downregulation i n  lateral meristems du ring  the earl iest stages of prophyl l  

i n it iation .  Downregulation of KNOX proteins in  two d iscrete spots would s upport 

the two phytomer theory. 

1 .7.3 Mutatio ns to orthologous genes in  diverse s pecies 

rough sheath2 a nd phantastica 

The homologous genes PHAN i n  Antirrhinum, and Rs2 i n  ma ize negatively 

regu late Knox expression in latera l organ pr imord ia and have loss-of-fu nction 

phenotypes that a re s imi lar  to overexpression of Knox genes (Waites and 

H udson,  1 995 ;  Schneeberger et al. , 1 998) . Loss of Knox regu lation in  rs2 

mutants causes proximal-to-d istal t issue d isplacement (Schneeberger et al. , 

1 998) . Loss of function of PHAN, the homologous gene in  Antirrhinum, causes 

upper leaves and flora l organs to develop as rad ia l ,  abaxial ised structures 

(Waites and Hudson ,  1 995) .  This phenotype was orig inal ly i nterpreted as a 

defect in adaxial-abaxial pattern ing .  However, i n  l ight of homology between Rs2 
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and PHAN, the phan phenotype has been interpreted by some authors as 

primar i ly a defect in  p roximal-d istal pattern i ng ("petiol ization" of the leaf) rather 

than a defect in establ ish ing adaxial-abaxial polarity (Tsiantis et al. , 1 999) .  I n  

th is interpretation , rad ia l ised phan leaves resu lt from extension of the la rgely 

u nifacial petiole region , equ ivalent to the extension of sheath tissue seen in rs2 

m utants . The fact that PHAN i s  not restricted to the adaxial domain ,  but is  

transcribed throughout the leaf primord i um ,  is  consistent with th is  model 

(Waites et al. , 1 998) . This i nterpretation suggests that PHAN i s  the functional  

ortholog ue of Rs2. 

narrow sheath and pressed flower 

The leaf zonation hypothesis proposes that d iverse leaf morpholog ies have 

evolved by the d ifferential elaboration of upper and lower leaf zones (Tro l l ,  

1 955 ;  Kaplan ,  1 973) . Accord ing to th is model ,  b ifacial monocot leaves such as 

ma ize a re derived almost entirely from the lower leaf zone, whereas d icot 

I 

U pper 

I Lower 

Figure 1 .7. Upper and lower leaf zones. 
Upper and lower leaf zones in d icot ( left) 
and monocot ( right) leaves. B lack ind icates 
regions deleted by prs and ns mutations. 

leaves are derived main ly from the 

upper leaf zone (F igure 1 .7) .  In maize , 

the lower leaf zone is h igh ly 

e laborated , comprising the sheath and 

most of the b lade,  whereas the upper 

leaf zone is represented by only a 

smal l  un ifac ia l  t ip .  I n  Arabidopsis, the 

lower leaf zone consists of the leaf 

base and stipu les whi le the rest of the 

leaf is upper leaf zone. A comparison 

of the loss-of-function phenotypes of 

the homologous genes ns i n  maize, 

and pressed flower (prs) i n  

Arabidopsis support th is  mode l  

(Nard mann et  al. , 2004) . 

NS 1, NS2 and PRS encode WUSCHEL-l ike homeobox genes (Matsumoto and 

Okada,  200 1 ; Nardmann et al. , 2004) .  NS 1 and NS2 are expressed at two foc i  

i n  the SAM ,  where they are requ i red for recru itment of leaf founder cel ls  i n  a 

lateral doma in  of the SAM .  It is proposed that NS function is confined to the 
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lower leaf zone .  Sequence identity , expression patterns , and m utant 

phenotypes suggest that ns and PRS are functional orthologues ( Matsumoto 

and Okada , 200 1 ; Nard mann et al. , 2004) .  ns m utant leaves lack a marg ina l  

domain that encompasses most of the sheath and the lower leaf b lade, whereas 

the leaf phenotype in  Arabidopsis is restricted to deletion of the stipu les at the 

base of the leaf (F igure 1 .7) (Scan lon , 2000; Nardmann et al. , 2004). I t  is 

suggested that the d ifferent phenotypes reflect d ifferences in leaf 

morphogenesis in maize and A rabidopsis , specifica l ly the d ifferent contributions 

of the upper and lower leaf zones, and the portion of the SAM that contributes 

fou nder cel ls to the leaf primord ium (Scanlon ,  2000) .  In maize, the lower leaf 

zone is h igh ly e laborated and ns affects a large portion of the leaf. In contrast , 

the lower leaf zone is much red uced in  d icot leaves and prs only affects the leaf 

base and stipu les .  The maize leaf founder cell popu lation encompasses the 

entire c i rcumference of the SAM .  Therefore, the fai l u re to i n it ia l ise cel ls in a 

lateral port ion of the SAM would be expected to delete a sign ificant port ion of 

the leaf. I n  contrast, Arabidopsis leaf founder cel ls occupy only a fraction of the 

circumference of the SAM and ,  as pred icted , on ly a small portion of the leaf is 

deleted . 

1 . 8  Genome d u pl ication a n d  s u bfu nctional isation 

Polyploidy (whole genome d upl ication) is bel ieved to have p layed an i mportant 

role in p lant evo lution ,  particularly of flowering p lants (Blanc and Wolfe , 2004; 

de Bodt et al. , 2005; Duarte et al. , 2006) There is evidence that ma ize is  the 

descendant of an al lotetraploid event that occurred a round 4 .8  m i l l ion years ago 

(Gaut and Doebley, 1 997;  Swigonova et al. , 2004) . H igh levels of genetic 

redund ancy a re seen in maize as there are d u pl icate copies of most genes . It 

has been proposed that genome dupl ication provides opportun ities for 

subfunctional isation and neofunctional isation ( Lynch and Conery, 2000) . A 

dup l icated gene can have th ree possib le fates - nonfunctiona l isation (one copy 

becomes nonfunctional) ,  neofunctiona l isation (gain of a novel function) or 

subfunctional isation (partitioning of the ancestral expression pattern between 

the two copies).  Dupl ication events, fol lowed by neofunctiona l isation or 

subfunctional isation, are bel ieved to have contributed substantia l ly to the 

evol ution of morphololog ical complexity (de Bodt et al. , 2005) .  
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N umerous examples of subfunctional isation are evident in  the fam i l ies of 

transcription factors that regu late plant development. One example is the role of 

KAN genes in  Arabidopsis ovu le deve lopment (McAbee et al. , 2006) .  

ABERRANT TESTA SHAPE (A TS, also known as KAN4) i s  expressed in  the 

abaxial  layer of the inner integu ment and is requ i red for norma l  development of 

the inner integument. KAN1 and KAN2 act redundantly to provide a 

homologous function in the outer integument. The expression pattern para l le ls 

the expression of KAN genes in  leaves. Thus, KAN fam i ly members have 

become specia l ised for very specific roles i n  ovule development. 

1. 9 Ma ize i n bred l i n es 

Maize is genetica l ly very d iverse, with a genome complexity comparable to that 

of humans (Tena i l lon et al. , 200 1 ) . Inbred l i nes are h igh ly homogeneous ,  

homozygous l i nes that have been created by mu lt iple rounds of self-pol l i nation 

and selection . They provide an a rray of un iform , reproducib le genotypes that 

samples from th is  genetic d iversity (Lee,  1 994) . Comparisons of inbred l ines 

show h igh  levels of sequence polymorph isms (Tena i l lon et al. , 200 1 ; F u  and 

Don ner, 2002 ; Song and Mess ing ,  2003; Brunner et al. , 2005) .  M uch of this 

polymorph ism is  attributable to the activity of transposable elements (Lai et al. , 

2005; Morgante et al. , 2005) . 

Stud ies have fou nd d ifferences in  expression levels of homologous genes in  

d ifferent inbred l ines (Song and Mess ing ,  2003; Guo et  al. , 2004) .  A comparison 

of a l le l ic ch romosomal reg ions i n  two inbred l ine ,  M01 7  and B73, found 

extensive reg ions of non-homology (Bru nner et al. , 2005) . It is proposed that the 

d ifferent sequence environment of conserved genes may affect their 

expression . F lanking seq uences cou ld  i nfluence gene expression by act ing as 

enhancers , producing antisense transcripts , or by i nfluencing chromatin state. 

These non-gen ic sequences could affect expression leve l ,  t issue specificity or 

tempora l regu lation of active genes . 

It is  usefu l to introgress i nto d ifferent inbred l i nes when characterising a m utant 

phenotype. F i rstly, inbred l i nes provide u niform backgrounds in  which to assess 
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the phenotype and,  secondly ,  expression of many morphological traits varies 

g reatly depend ing on background (Coe, 1 994; F reel ing and Fowler, 1 994) .  Th is 

is  due to the variabil ity of mod ifying genetic factors in  d ifferent backgrounds and 

d ifferences such as developmenta l rate . Thus, introgressing into a range of 

i nbreds can provide a spectrum of phenotypes for analysis .  Suppression or  

a lterations to  m utant phenotypes i n  d ifferent genetic backgrounds can provide 

clues as to the function of the gene . 

1 . 10 Aims a n d  objectives 

The overal l  a im of the project was to determine the roles of wab 1 and Mwp 1 i n  

maize leaf d evelopment, and thus ga in  a better understand ing of leaf axia l  

pattern ing  in  g rasses . Specific a ims were a s  fol lows : 

I .  I n  order to test the hypothesis that Wab 1 -R acts cel l-autonomously, and 

to extricate interactions between Wab 1-R and Lg1 ,  a mosaic analysis of 

Wab 1-R was carried out in Lg 1 and /g1-R backg rounds.  To test the 

hypothesis that Lg1 acts cel l-autonomously to condition ectopic auricle 

tissue in Wab 1 -R leaves and to promote lateral growth ,  a mosaic 

ana lysis of /g 1 -R was conducted in  Wab 1-R and wab 1 backgrounds .  

1 1 .  I n  order to gain a better understand ing o f  the mechanisms controll i ng 

lateral g rowth of the maize leaf, the tim ing and location of the Wab 1-R 

lateral g rowth defect were investigated by an analysis of vascular 

development in  Wab 1-R leaf primord ia a nd a cel l  l i neage ana lysis of 

Wab 1 -R leaves .  

I l l .  Characterisation of the mwp 1-R phenotype and in situ hybrid isation of 

known polarity genes were carried out in  order to asce rta in  the role of 

Mwp 1 i n  leaf development and to test the hypothesis that the mwp 1 -R 

m utation d isrupts adaxial-abaxia l  polarity in  lateral organs .  To determine 

i f  mwp 1-R affects lateral and proxima l-d ista l g rowth of  latera l organs ,  

wi ld-type and mwp 1-R leaves and floral organs were measu red .  
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IV. In order to better understand the genetic control of axis specification in 

ma ize lateral organs with d iverse morphologies, the polarity of mwp 1-R 

and wild-type floral organs and p rophylls were investigated by scann ing 

electron m icroscopy (SEM) and l ight m icroscopy. Early prophyll 

development was characterised by SEM,  and by in situ hybrid isation of 

known polarity genes . 
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2.  G eneral Materials and M ethods 

2.1 Maize nomenc lature 

Symbols used to designate genes referred to in  th is  study are i n  accordance 

with standard maize nomenclature (Burr et al. , 1 995) .  

Gene loci a re represented by lower case ita l ic  characters. Where a mutant 

al lele is recessive, it is designated by a lower case, ita l ic ised symbol .  The 

symbol for dom inant wi ld-type a l le les is the same three letter symbol as  for 

mutant a l le les,  but with the first letter capita l ised . Where the m utant a l le le is 

dominant, the first letter of the symbol is  capita l ised . The symbol for the 

corresponding wild-type al le le then has al l  lower case letters . 

I n  ma ize, the first mutant a l le le d iscovered is  referred to as the reference a l le le .  

Reference a l le les are designated by "-R" after the three letter symbol .  Al l  

mutant a l le les used in  this study were reference a l le les .  Thus,  in  this text the 

recessive reference a l lele at the mwp 1  locus is referred to as mwp 1 -R and the 

wi ld-type a l le le is  referred to as  Mwp 1 .  The dominant reference a l lele at the 

wab 1 l ocus is  referred to as Wab 1 -R, and the wi ld-type a l lele is  referred to as 

wab 1. The recessive reference a l le le at the Ig1 locus is  referred to as Ig1 -R, and 

the wi ld-type a l lele is referred to as Lg1 .  

Four marker genes were used for c lonal  and mosaic ana lyses. Recessive 

a l le les of white seedling3-R (w3-R) , lemon white-R (Iw-R) and albescent-R (aI

R) cause ch lorophyl l deficiencies and cond ition a lb ino leaf phenotypes. The 

recessive a l le le virescent4-R (v4-R) delays chlorophyl l  accumulation and 

cond it ions a yel low or v irescent leaf phenotype. 

2 . 2  I n b red l i nes 

A number of standard maize inbred l i nes were used in  th is work. These were; 

A 1 88,  W23 and B73. These stocks were obtained from the Ma ize Genetics 

Coop. 
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2.3 G rowth cond itions 

Field 

The p lants u sed in  th is study were g rown in  fields at the Institute of 

Developmental Phenomenology, Raumai ,  New Zea land and at the Massey 

U n ivers ity P lant Growth Un it, Pa lmerston North , New Zea land .  Seeds were 

hand p lanted into cu ltivated soi l  in late November and grown to maturity . 

G lasshouse 

Seed l ings for h istology and SEM were g rown in  g lasshouses at HortResearch , 

Pa lmerston North ,  New Zealand . Glasshouse temperature was mainta i ned at 

between 23°C and 25°C and photoperiod ic extension l ighting was used over the 

winter months. P lants were watered by hand once per day. 

2.4 Stereom i c roscope a n d  l ight m ic roscopy 

A Leica (MZFL l I I ) stereomicroscope equipped with a DC200 d ig ita l  camera was 

used in  the course of this research . I t  is referred to in the fol lowing text as the 

stereomicroscope. The l i ght microscope used in the course of th is  research was 

an Axioplan m icroscope equ ipped with an Axiophot camera (Zeiss, Jena, 

Germany) . 

2.5 Sca n n i n g  e lectron m ic roscopy 

2.5.1  Preparation of specimens 

For scann ing e lectron m icroscopy (SEM) of mature t issue, ent ire leaves and 

inflorescences were harvested in  the field ,  p laced i n  water and taken to the lab 

where smal l  samples ( less than 4 mm x 4 mm) were excised with a razor b lade 

and fixed . Mature leaf t issue was fixed i n  3% (w/v) g l utara ldehyde and 2% (w/v) 

paraforma ldehyde i n  0 . 1 M phosphate buffer (pH 7 . 2) overn ight at room 

temperature .  

For  ana lysis of younger t issues, seed l i ngs were g rown in  the g lasshouse and 

entire seed l ings were taken to the lab ,  d issected under  the stereomicroscope 

and fixed . Meristematic tissue was fixed in 3% g lutara ldehyde and 2% 
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paraformaldehyde in 0 .05 M phosphate buffer (pH 7 .2) overnight at room 

temperatu re .  

Samples for S E M  were dehyd rated in  a graded ethanol  series, critical-point 

d ried in  l iqu id C02 (Polaron E 3000 critical point d ryer) and sputter coated with 

25 nm gold (SC D-050 sputter coater; Bal-Tec, Ba lzers ,  L iechtenste in) .  

2.5.2 Preparation of rep l icas 

Resin rep l icas of epidermal surfaces and developing prophyl ls were made using 

a d enta l impression med ia method (Wil l iams et al. , 1 987).  Leaf tissue was 

flattened onto double-sided tape on a g lass m icroscope s l ide .  Develop ing 

axi l lary buds were d issected on g lass m icroscope s l ides under the d issecting 

m icroscope. Fresh dental impression media (Coltene@ President l ight body 

dental i mpression media ,  NJ ,  USA) was mixed on a parafi lm strip and the 

specimen was i mmediately pressed into it to create a mou ld . For more 3-

d imensional  specimens, such as axi l la ry buds,  segments of p lastic drink ing 

straw were cut to make smal l  cyl i ndrical containers . Denta l impression med ia 

was transferred to the straw segment immed iately after m ix ing ,  and the 

specimen was pressed into the centre. The med ia was a l lowed to set for five 

m in utes or longer. 

Tissue was gently removed from the mould once the med ia was set. Casts were 

then made by fi l l i ng the mould with resin  (Arald ite super strength l iqu id epoxy 

resi n ,  Sel leys) and applying a vacuum to remove a i r  bubbles. These were left to 

set overnight then rep l icas were gently removed and mounted on SEM stubs. 

Repl icas were sputter coated as described above. 

2.5.3 Viewing and photogra phy 

Specimens were examined on a Cambridge 250 Mark I I I  scann ing electron 

m icroscope (Cambridge I nstruments , Cambridge, U K) operated at 20 kV, and 

images were captured on 35 m m  fi l m .  
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2.6 H istology 

2.6 . 1  Paraffin sections 

Fixation 

Tissue for paraffin embedd ing was fixed in FM (3 . 5% forma ldehyde, 5% acetic 

acid , 50% ethanol (v/v)) .  Excess t issue was removed under the 

stereomicroscope , and samples were transferred to v ia ls contain ing FM. 

These were then put into a desiccator and a vacuu m  was appl ied . Care was 

taken not to a l low the fixative to boi l .  Samp les were held under vacuum for 2-5 

min ,  and then the vacuum was released slowly. FM was replaced and the v ia ls 

were left at room temperatu re for 2-3 h .  

Dehydration 

Dehyd ration steps were carried out at 4°C. F ix was removed by pouri ng or 

p ipetting and samples were r insed with 50% ethanol  (v/v) .  Samples were run 

th rough a graded ethanol series (50%, 70% , 85%. 95% + 0 . 1 % eosin ,  1 00%, 

1 00% for 90 m in  each) ,  then left i n  1 00% ethanol overnight. 

Histoclear i nfi ltration 

Histoclear (National D iag nostics) i nfi ltration was carried out at room 

temperatu re .  Samples were treated with 1 00% ethanol for 2 h ,  50% h istoclear: 

50% ethanol  for 1 h and th ree changes of 1 00% h istoclear for 1 h each .  

Paraffin i nfi ltration 

Paraplast chips (McCormick Scientific) were added to approx imately ha lf the 

volume of h istoclear. Via ls were transferred to a 55°C oven and left overnight .  

The fol lowing morn ing ,  the molten paraffin and h istoclear solution was poured 

off. Molten paraplast was then replaced twice per d ay for three days or  three 

t imes per day for two days. 

Casting blocks 

Paraffin b locks were cast in  fo i l  candy cups (Home Style Chocolates) . Foi l  cups 

were p laced on a 55°C hot p late and fil led with fresh molten paraffin .  Tissue 

samples were transferred to candy cups using clean forceps and positioned i n  

the correct orientation . Cups were then transferred to a cool surface such a s  a n  
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i nverted petri d ish in an ice box to set. Paraffin b locks were stored at 4 QC unt i l  

requ i red .  

Section ing paraffin em bedded material 

5- 1 0  IJm sections were cut on a m icrotome (Leica model Jung RM 2045) . Wax 

r ibbons were transferred to a 42°C water bath (Leica model H I  1 2 1 0) to relax 

any creases in  the ribbon . Ribbons were floated onto m icroscope sl ides 

(ProbeOn Plus ,  Fisher Scientific) and posit ioned using toothp icks. Sl ides were 

held vertica l ly to dra in ,  and excess water was removed by blott ing with a Kim 

wipe ( Kim berly-Clark) . S l ides were then p laced on a 42°C hot p late (Leica 

model H I  1 220) and a l lowed to d ry overn ig ht. 

2.6 .2 Stain ing 

Tolu id ine Blue 

The protocol used for to lu id ine b lue sta in ing of paraffin sections is adapted from 

Ruzin ( 1 999) .  Paraffin sections were sta ined in 0 .05% (w/v) to l u id ine in water 

for 30 m i n  before removal of the paraffin .  S l ides were rinsed i n  water and a i r  

d ried . Paraffin was removed with h istoclear (first r inse 1 0  m in ,  second rinse 5 

m in ) .  Coversl ips were mounted with DPX (d ibutylphthalate ( 1 0 ml )  + polystyrene 

(25 g) + xylene (70 m l))  (Ruzin ,  1 999) .  

Safran in  and fast green 

The protocol for safran in  and fast g reen sta in ing of paraffin sections is adapted 

from Johansen ( 1 940) . S l ides were p laced in metal slide racks, and a l l  steps 

were carried out at room temperature .  Sl ides were dewaxed by immersing i n  

h istoclear for 1 0  min and then i n  fresh h istoclear for a further 1 0  m in .  S l ides 

were run through a graded ethanol series and then sta ined in safran in  solution 

(1 % (w/v) safran in  in 2 :  1 :  1 methyl cel losolve : 95% ethanol : water) for 24 - 48 

h. S l id es were rinsed in  d isti l led water unti l  the water ran clean ,  immersed i n  

7 0 %  ethanol  for 5 m in  a n d  then destained in  picric acid (0 .5% (w/v) p icric acid i n  

95% ethanol)  for 1 0  s .  S l ides were rinsed i n  95% ethanol for 1 m in ,  then in a 

second solution of 95% ethanol  for 1 0  s ,  sta ined in  fast g reen solution (0 . 1 5% 

(w/v) fast g reen in  1 :  1 :  1 methyl cel losolve : ethanol : clove oi l) for 1 0  - 1 5  s ,  

then immed iately rinsed in  clove o i l .  S l ides were then treated with the fol lowing 
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solutions; clove o i l : h istoclear for 1 0  s ,  h istoclear : ethanol  for 5 m in ,  and two 

changes of h istoclear for 5 m in  each . Covers l ips were mounted with DPX. 

2.6.3 Resin sections 

Leaf t issue was fixed in 3% g lutaraldehyde and 2% paraforma ldehyde in 0 . 1 M 

phosphate buffer (pH 7 .2) for 3 h at room temperature .  Samples were infi ltrated 

and embedded in Procure 8 1 2  (ProSciTech , Kelso, Austra l ia ) .  Sections ( 1  iJm) 

were cut, heat mounted and sta ined with 0 . 05% tolu id i ne b lue in water and 

photog raphed under the l ight m icroscope. 

2 .6 .4 Distinguishing xylem and ph loem in sectioned material 

The vessel elements of the xylem have l ign ified cel l  wal l  th i ckenings and lack 

protoplasts. Hel ica l  th icken ings of vesse l  e lements can be identified by 

exam in ing seria l  sections. In tissue that has been stained with tolu id ine b lue ,  

l ign ified cel l  wal l  th ickenings sta in a l ighter colou r  than  other cel l  wa l ls .  I n  tissue 

stai ned with safranin and fast g reen ,  the l ign ified cel l  walls of the vessel 

e lements sta in bright red (Ruzi n ,  1 999) . Cytop lasm and non-l ignified cel l  walls 

sta i n  g reen. The ph loem is  comprised of smal ler, non-l ign ified s ieve tube 

elements with compan ion cel ls .  
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3 .  Wavy auricle in blade 1-R 

3 . 1  I ntrod uction 

Wab 1-R i s  a dominant mutation characterised by ectopic au ricle and sheath-l i ke 

t issue i n  the leaf blade .  Wab 1 -R leaf b lades are narrow and have fewer l ateral 

veins than wi ld-type leaves (Hay and Hake, 2004) . The Wab 1-R al lele used in  

the current study arose in  androgenous tissue cu ltu re and was recovered by 

James Wassom (Hake et al. , 1 999) .  

I n itia l  characterisation of the Wab 1 -R phenotype was undertaken by Angela 

H ay as part of a PhD project supervised by Sarah Hake (P lant Gene Expression 

Center, Albany, CA) . This work has subsequently been pub l ished in Plant 

Physiology (Hay and Hake, 2004) . A second pub l ication in Development deta i ls 

a mosa ic ana lysis of Wab 1-R a nd an ana lysis of Ig 1-R leaf shape u ndertaken 

by Tosh i  Foster, Sarah Hake and myself (Foster et al. , 2004) .  Lg1 expression 

data provided by Angela H ay is  a lso included in  the Development publ icat ion .  

The l igu le less mutants , Ig 1 and Ig2, delete l igu le and auricle tissues (Emerson , 

1 9 1 2 ; Br ink ,  1 933) . Genetic ana lysis ind icates that these genes act in a 

com mon pathway to specify l ig u le and auricle d evelopment (Harper and 

Free l ing ,  1 996) . Lg1 i s  expressed at low levels i n  the l igu lar  reg ion of 

developing leaf primord ia and acts cell-autonomously to specify l ig u le and 

auricle t issues, whereas, Lg2 acts non-autonomously (Becraft et al. , 1 990;  

Harper and Freel ing ,  1 996 ; Moreno et al. , 1 997) . A mosaic ana lysis of Ig1 -R 

found that the l igu le and auricle rei n itiate in a more basal position on the 

marg ina l  side of Ig1-RI- sectors (Becraft and Freel ing , 1 99 1 ) .  This analys is  

supports a model in which Lg1 function is  requ i red for the transmission of an  

i nductive s igna l .  

Crossing Wab 1-R to Ig1-R m utants revea led a novel phenotype.  U n l ike Ig 1 -R 

m utants, wh ich have d istinct reg ions of b lade and sheath , the blade-sheath 

boundary of Ig1-R; Wab 1-R double mutants is severely d isrupted , with str ips of 

sheath- l ike tissue extend ing a long the length of the blade (Hay and Hake, 

2004) .  The leaf b lade of Ig 1-R; Wab 1-R double m utants is m uch narrower than 
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either of the s ing le mutants . Lg1 i s  expressed earl ier and more d ista l ly i n  Wab 1 -

R m utant leaf primord ia ,  fu rther  suggest ing a n  i nteraction between the two 

genes (Foster et al. , 2004) .  To fu rther e lucidate interactions between Lg 1 and 

Wab 1-R, mosaic analyses of Wab 1-R in  Lg1 and Ig 1-R backgrounds and of Ig 1 -

R i n  a Wab 1-R background were conducted . To  better understand the nature of 

the Wab 1 -R narrow leaf phenotype ,  an ana lysis of vascular development and a 

cel l  l i neage ana lysis in Wab 1-R leaves were conducted . 

3 . 2  Specific mate ria ls  a n d  methods 

3.2 .1  Phenotypic ana lysis of Wab 1-R and Ig1-R;Wab 1-R plants 

F3 fami l ies segregating 1 : 1  for Ig1 -R : Ig1-R;Wab 1-Rlwab 1 were used for 

phenotypic analyses . Tissue samples from specific reg ions of the b lade and 

sheath (see F igure 3 .4) were fixed for SEM and l ig ht m icroscopy. 

3.2 .2 Mosaic and c lonal  analyses 

Genetic stocks 

Crosses for the mosaic and c lonal  analyses were carried out by Sarah Hake .  

I ntrogressed materia l  was provided by Sarah H ake and Angela Hay. 

Mosaic analysis of Wab 1-R and clonal analysis of Ig1-R leaves 

For the mosaic analysis of Wab 1-R, heterozygous Wab 1-Rlwab 1 plants were 

crossed to Maize Genetics Coop stocks heterozygous for white seedling3-R 

(w3-R) . For the mosaic ana lysis of Wab 1 -R in a Ig 1-R background,  Ig1-RI/g 1-

R; Wab 1-Rlwab 1 plants were crossed to Ig 1-Rllg 1-R; v4-R w3-Rlv4-R W3 

stocks from the Maize Genetics Coop (F igure 3 . 1 ) . 

The same stock (Ig1-R and Lg1 plants) was also used for the clonal ana lys is of 

/g 1-R leaves , as the w3-R marker gene is on the opposite chromosome arm to 

Ig 1 and is  therefore considered to be un l inked to /g 1 .  
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Figure 3 .1 . Scheme for mosaic analysis of Wab1-R. (A) Seeds are heterozygous for W3 and Wab1-R in coupl ing,  in a Lg1 background.  w3-R is an a lbino marker 
gene. I rrad iating seeds causes chromosome breakages. When the chromosome arm carrying W3 and Wab1-R is lost, the recessive w3-R and wab 1 al leles are 
uncovered in that cel l .  Cel ls that are clonally derived from this cel l  are albino and carry only the non-mutant wab1 al lele. Control plants are heterozygous for W3 and 
homozygous for the wild-type wab1 al lele. (B) Seeds are heterozygous for W3, V4 and Wab1-R in coupl ing ,  or heterozygous for V4 and Wab1-R and homozygous 
for W3, in  a /g 1-R background. Loss of the chromosome arm carrying W3 and Wab1-R results in wh ite, wab 1/- sectors. Loss of V4 and Wab1-R results in yel low 
wabll- sectors. 



Mosaic analysis of Ig1-R in Wab 1-R background 

For the mosaic analysis of Ig 1-R i n  Wab 1-R and wab 1 backgrounds,  

heterozygous Wab1-R plants were crossed to Maize Genetics Coop stocks 

heterozygous for Ig1 -R and the l i nked marker gene albescent-R (al-R) (F igure 

3 .2 ) .  

Rad iation- ind uced chromosome breakage, 
fol lowed by mitosis .  ! Loss of ! Loss of 
Lg1 and Lg1 and 
AI AI 

/g 1-R 
a/oR 

Wab1-R 
l
wab 1 

White, Ig1 -R 1  1-
sector in  g reen,  
Lg 111g 1-R p lant. 
Wab 1-Rlwab 1 
background .  

/g 1-R 
a/oR 

wab1 
l
wab 1 

White, Ig 1-RI
sector in  green,  
Lg 111g 1-R plant .  

wab 11wab 1 
background .  

(Control) 

Figure 3.2. Scheme for mosaic analysis of Ig1-R. Seeds are 
heterozygous for Ig 1-R and al-R in coupl ing, in Wab 1-R and wab 1 
backgrounds. I rradiating seeds causes chromosome breakages. When 
the chromosome arm carrying Lg1 and AI is lost, the recessive /g1-R and 
a/oR al leles are uncovered . Cel ls that are clonally derived from this cell 
are wh ite, and carry only the mutant Ig 1-R al lele. 

Clonal analysis of Wab 1-R leaves 

For the clonal analysis of Wab 1-R leaves, heterozygous Wab 1-Rlwab 1 plants 

were crossed to Ma ize Genetics Coop stocks heterozygous for the un l i nked 

m arker gene lemon white-R (Iw-R) . 
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I rrad iation conditions 

Seeds were imbibed for 48 hours at 25°C then irrad iated with approximately 

1 ,500 rads .  The irrad iat ion ut i l ised a 6 MV photon (X-ray) beam generated by a 

l inear accelerator at the Palmerston North Hospital Rad iotherapy Un it, 

Palmerston North ,  New Zea land . 

Sector analysis 

Plants were g rown to matu rity and screened for a lb ino (w3-Rl- or Iw-Rl- or 

al-Rl-), and yel low (v4-R/-) sectors throughout development. Al l  sectored leaves 

were harvested at maturity and photographed and/or photocopied . Leaf 

number, sector width and the lateral position of the sector with in the blade and 

sheath were recorded .  

Transverse hand sections of freshly harvested sectored leaves were examined 

by epifluorescence m icroscopy using a Leica (MZFL l I I )  stereomicroscope 

equ i pped with a 395-440 nm excitation fi l ter and a 470 nm observation fi lter. Al l  

sections were photographed us ing a DC200 d ig ital camera (Wetzlar, Germany). 

U nder these cond itions, normal ch loroplasts fluoresce bright red and cel l  wal ls  

appear b lue-green .  No chlorophyl l  autofluorescence is  d etected in  w3-RI- or aI

R/- cel ls .  The presence or absence of ch lorophyl l i n  epiderma l  layers was 

scored by inspecting guard cel ls ,  the only ch loroplast-contai n ing cel l-type in  the 

epiderm is .  

Sectors of v4-R/- appear yel low d ue to  a delay in  the accum u lation of 

ch lorophyl l ,  but eventua l ly become green .  Sector boundaries of v4-RI- sectors 

were marked with a pen . Samples of leaf tissue that spanned sector boundaries 

were fixed for SEM. Prior to fixation , a smal l  notch was made at the sector 

boundary.  

Measurements of mosaic leaves 

For the mosaic analyses, the sectored and non-sectored sides of each leaf 

were measured from midri b  to marg in  at th ree points a long the leaf: blade 

m idpoint , b lade-sheath boundary, and sheath midpoint .  The width of the non

sectored leaf-half was s ubtracted from that of the sectored half to g ive an 

absolute d ifference in  leaf-ha lf width . For each genotype and measurement 

position ,  d ata were analysed us ing a non-parametric 1 -s ign test to determine if 
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the med ian values were s ign ificantly d ifferent than O .  This test was used 

because d ata from Wab 1 -R and Ig1-R; Wab 1-R leaves a re not norma l ly 

d istributed .  For the mosaic analysis of Wab 1 -R, the lateral position  of each 

sector was represented as the d istance from the m id  rib to the closest sector 

border, d ivided by the width of the entire leaf-ha lf (see Tab le 3 .5) .  Statistical  

ana lysis  was performed us ing Orig in  6 .0  (M icrocal Software, I nc . ,  Northampton ,  

MA ,  USA) and  M IN ITAB (State Col lege, PA, USA) . 

Clonal  analysis of /g1-R leaves 

For the comparison of clona l ,  w3-R-marked sectors in wi ld-type and /g1 -R 

plants , sector widths were measured at the blade-sheath boundary.  To 

m i n im ise variation in leaf shape,  only leaves 9- 1 7  were i ncluded in  th is  ana lys is .  

The med ian sector width was calcu lated separately for sectors near the m id rib  

( lateral position 0-0.29) and in  latera l p lus marg in  domains (0 .3- 1 .0) .  Data from 

wi ld-type and Ig1-R plants were compared using a Kruskal-Wal l is  test. This test 

was used because the data from /g1 -R plants are not normal ly d istributed . 

C lonal  analysis of Wab 1-R leaves 

To i nvestigate the nature of the Wab 1-R narrow leaf phenotype, a clonal 

analysis was undertaken .  H alf-leaf width (from midrib  to marg in )  and sector 

width were measured at the b lade m idpoint, at the base of the b lade , and i n  the 

cu lm .  The mean sector width was calcu lated separately for sectors near the 

m id rib  ( latera l position 0-0 . 29) , in the latera l domain  (0 .3-0 .59) ,  and near the 

marg in  (0 .6- 1 . 0) .  Means were compared by Student's Hest to determi ne if they 

were s ign ificantly d ifferent at the 0 .05 confidence leve l .  Data were analysed 

us ing M icrosoft Office Excel 2003. 

The position of a sector with in the culm was used to approximate the rad ia l  

position of the sector with i n  the SAM from which that phytomer  arose. This 

method is  s imi lar to that employed by Scan Ion (2000) in  the mosa ic a na lysis  of 

ns. The rad ia l  point of the cu lm corresponding to the m id rib  of the leaf above 

was designated as 0° . Measurements were made from 0° to the inner boundary 

of the sector, from 0° to the outer sector boundary ,  and of the entire cu lm 

circumference. The rad ia l  position of  each sector i n  the cu lm was calcu lated i n  

degrees from the m id rib (see F igure 3 .8) us ing the fol lowing equations :  
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Position of inner sector boundary=S/C x 360 

Position of outer sector boundary=So/C x 360 

Where; 

Si =d istance from midrib to inner sector boundary 

C=circumference of cu lm 

So =d istance from mid rib to outer sector boundary 

Thus ,  for a sector that beg ins 8 mm from the midrib , in a culm with a 

circumference of 60 m m ,  the position of the inner sector boundary is calcu lated 

as 8/60 x 360=48" .  

3.2 .3 /g1-R leaf measu rements 

The /g1-R m utation was introgressed at least four times into the W23 i nbred 

background and plants were g rown to m aturity in the Gi l l  Tract nursery, Albany, 

CA. The 9th , 1 0th ,  and 1 1 th leaves down from the tassel were measu red from 

/g 1-R and Lg11/g 1-R sib l ings .  Leaf width was measured at the b lade-sheath 

bou ndary ,  and blade and sheath length were measured a long the midrib .  Data 

were compared by one-way ANOVA. 

3.2.4 Lateral vei n  count i n  Wab1-R leaf primordia 

Wab 1-R leaves have fewer lateral veins than wi ld-type leaves (Hay and Hake, 

2004) .  To determine when th is defect is first apparent , lateral veins were 

counted in early stage leaf p rimord ia .  Th is analysis was done i n  873 stock and 

Wab 1-R introgressed seven times i nto a 873 background .  Wab 1-R 

homozygotes were used , as the phenotype is more severe in homozygotes than 

in heterozygotes (Hay and Hake ,  2004) .  Seed l ings were harvested at 1 2  to 1 6  d 

after germ ination .  Outer leaves were removed and the apices were fixed in FM 

and paraffin embedded . 1 0  IJ m  transverse sections were cut, mounted on sl ides 

and sta ined with tolu id ine blue. Leaf primord ia 9- 1 2  were exam ined . Developing 

latera l veins were counted in sections 20IJm above the base of the primord ium .  

Developing procambia l strands were identified by  cel l d ivisions at  angles that 

d isrupt the paral lel arrangement of cel ls  (Sharman ,  1 942 ;  Esau ,  1 960) . 
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The mean number of latera l veins was calcu lated separately for Wab 1 -R and 

wi ld-type leaf primord ia at each plastochron stage (P 1 - P6) . The means  for 

each p lastoch ron were compared by Student's t-test to determine if they were 

s ign ificantly d ifferent at the 0 .05 confidence leve l .  Data were ana lysed using 

M icrosoft Office Excel 2003 . 

3 . 3  Resu lts 

3.3.1  /g1-R enhances the Wab 1-R mutant phenotype 

Four d istinct tissue types demarcate the proximal-d ista l  axis of the maize leaf, 

the proxima l  sheath and d ista l b lade a re separated by l i gu le and auric le t issues 

(F igu re 3 .3  A, E) .  The l i gu le is an epidermal ly-derived fringe,  and the auricles 

a re th ickened wedges of t issue that act as  a h inge between blade and sheath 

(Sharman ,  1 94 1 ; Becraft et al. , 1 990) . Each of these t issue types has 

characteristic ep iderma l  features and h istological organ isation , wh ich h ave been 

wel l  characterised by scanni ng e lectron and l ig ht m icroscopy (Sharman ,  1 942; 

Esau ,  1 977; Russel l  and Evert ,  1 985; Langdale et al. , 1 989; Sylvester et al. , 

1 990) .  

The Wab 1-R m utation d isrupts normal  pattern ing of the leaf and results i n  

patches of ectopic auricle, sheath and l igu le in  the leaf b lade (F igure 3 . 3  F ;  H a y  

a n d  Hake ,  2004) . Often a local ised i ncrease in blade width occurs immed iately 

d ista l to patches of ectopic auric le. In add it ion, the norma l ly p laced auricle is 

more extens ive , spread ing d ista l ly i nto the leaf blade. Long strips of th i ckened 

a uricle t issue and the reduced lamina width g ive Wab 1 -R plants an unusual  

appearance ;  narrow, r ig id leaves extend from the main axis at a more obtuse 

ang le than wi ld-type leaves (F igure 3 . 3  B) .  Examination of h istological and 

epiderma l  features reveals that the Wab 1 -R blade contains cel ls  with au ricle 

and sheath identity (F igure 3 .4  I ,  J, L). In both ectopic sheath and auric le 

t issue ,  i ntermediate veins fuse i nto l ateral veins ,  and normal bund le sheath 

anatomy is absent or incomplete (arrowheads i n  F igure 3 .4  I ,  J ) .  

We constructed double m utants between Wab 1-R and  Ig 1-R to analyse the 

effect that loss of auricle t issue would h ave on the Wab 1-R phenotype.  

Recessive Ig1 m utations remove l igu le and auricle ,  g iv ing the m utant leaves a 
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more upright appearance (F igure 3 .3  D) (Emerson , 1 9 1 2) .  Despite the lack of 

l igu le and auric le ,  /g 1 -R leaves h ave separate b lade and sheath domains 

(F ig u re 3 . 3  H ) .  /g1-R; Wab 1 -R double m utants exh ib it  a striking , narrow leaf 

phenotype (F igure 3 .3  C ,  G) .  Both the normal and ectopic auricle t issue is 

a bsent in  the double mutant, most of the proxima l  b lade is deleted , and sheath

l i ke tissue extends a long the marg ins of the res id ua l  b lade . 

Figure 3 .3 .  Leaf and whole plant phenotypes. (A) Wild-type, (8) Wab 1-R, (C) /g 1-R; Wab1-R, 
and (D) /g1-R plants 8 weeks after planting. Adaxial view of blade-sheath boundary of (E)  wild
type, (F) Wab1-R, (G) /g1-R; Wab1-R, and (H) /g 1-R leaves. b=blade, s=sheath , Ig=l igule, 
a=auricle, ea=ectopic auricle, ae=auricle extension , es=ectopic sheath . Arrowhead i n  (G) 
ind icates presumptive blade-sheath boundary in /g1-R; Wab 1-R leaf. 

The ectopic tissue i n  /g1 -R;Wab 1-R leaf b lades has h istological and epidermal  

features s imi lar  to s heath t issue. The adaxial surface is ha i rless and cel ls  are 

long with smooth cel l  wal l  j unctions (F igure 3 .4 M ) ,  wh i le the abax ia l  surface is  

covered with ha i rs specific to abaxial sheath t issue (not shown) .  Ig1 -R; Wab 1 -R 

sheath- l ike tissue is very th i n  i n  the transverse d ime nsion (F igure 3 .4  K) and the 

intervascu lar  spacing and prominent transverse veins  resem b le those normal ly 

fou nd in  marg ina l  sheath tissue (F igure 3 .4  G) .  I n  d istal positions and near the 

m id rib ,  /g1-R; Wab 1-R leaves have normal blade tissue (not shown ) .  Sheath 

tissue identity is not affected by the /g 1-R or Wab 1-R mutations. 
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Figure 3.4. Epidermal and h istolog ical features of wild-type, Wab1-R and /g1-R;Wab1-R 
leaves. SEM of adaxial surface of wild-type (A) blade, (8)  auricle and (C) sheath. Transverse 
section through  wild-type (0)  blade, (E )  auricle, (F) internal sheath and (G) marginal sheath 
tissue. (H )  Cartoon depict ing reg ions where tissue was sampled . Transverse sections through 
( I )  ectopic au ricle i n  Wab1-R blade, (J )  ectopic sheath in Wab 1-R blade and (K) ectopic sheath 
in /g1-R; Wab 1-R blade. SEM of adaxial surface of (L) Wab 1-R ectopic auricle and (M) /g 1-
R; Wab1-R ectopic sheath. Al l  sections  are oriented with the adaxial surface upwards. Arrows in 
(A) and (0) ind icate multicel lu lar base of macrohair. Normal bundle-sheath anatomy i ndicated 
by arrowhead in (0) ,  abnormal bundle-sheath anatomy ind icated by arrowheads in ( I )  and (J ) .  
Scale bars = 1 00 I-lm.  

3.3.2 /g1-R alters leaf shape 

Although the /g 1 l igu le defect has been wel l  described by others ,  the a ltered 

shape of /g1 leaves has not been reported .  We fou nd that /g 1-R leaves are 

sign ificantly narrower at the blade-sheath boundary than Lg11/g1-R s ib l ings 

(Table 3 . 1 ) . The mean width of the n inth leaf counting down from the tassel was 

76 mm for /g1-R plants , whereas,  the mean width was 1 02 mm for wi ld-type 

s ib l ings.  A s im i lar  trend was seen for the tenth and e leventh leaves down from 

the tassel .  We a lso noted that whi le the overal l  lengths of /g1 -R and Lg11/g 1-R 

leaves are the same,  /g 1 -R b lades are shorter and /g1 -R sheaths are longer 

than those of Lg 11/g1-R s ib l ings (Tab le 3 . 1 ) . This find ing ind icates that the 

blade-sheath boundary is estab l ished in  a more d ista l position in the /g1 -R 

mutant. 
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Table 3.1 . Comparison of /g1-R and wild-type (Lg11/g1-R) leaf shape. Sheath length , b lade 
length , and leaf width at the blade-sheath boundary were measured for /g 1-R/Ig1-R and 
Lg1/1g 1-R sibl ings. Data were compared by one-way ANOVA. Means of al l  measurements are 
in mm. Leaves were numbered counting down from the tassel. Sample sizes are as follows; /g 1-
R/Ig1-R (N=2 1 ) , Lg11/g1-R (N=1 3) .  * ind icates values that are sign ificantly d ifferent at the 0 .05 
confidence level .  SE = standard error. The schematic shows measurement positions and 
i l lustrates /g1-Rl/g 1-R and Lg11/g1 -R leaf shape. W = width. 

A 
Ninth leaf down Lg11/g1-R /g1-Rl/g1-R P-value 
Total leaf Mean 903 893 0 .607 
length SE 1 7.4 1 0 . 5  
Blade Mean 697 649 0 .006* 
length SE 1 5.2  8.6 
S heath Mean 206 243 <0.00 1 * 
length SE 3 .7  3 . 7  
Blade Mean 1 02 76 <0.00 1 *  
width SE 2 .9  2 .2  

B 
Tenth leaf down Lg11/g1-R /g1-Rl/g1-R P-value 
Total leaf Mean 874 846 0 .346 
length SE 33.3 1 7 . 7  
Blade Mean 660 605 0 .029* 
length SE 2 1 .0 1 3 .6 
Sheath Mean 202 243 <0.001 * 
length SE 4 .3  4 . 0  
Blade Mean 92 65 <0.001 * 
width SE 2.3 2 . 3  

C 
Eleventh leaf down Lg11/g1-R /g1-Rl/g1-R P-value 
Total leaf Mean 789 762 0 . 537 
length SE 38.7 22 .6 
Blade Mean 575 52 1 0. 1 55 
length SE 35.4 1 8 . 5  
Sheath Mean 2 1 2  242 <0.001 * 
length SE 3 .9  3 . 1 
Blade Mean 76 54 <0.00 1 * 
w idth SE 2 .5  2 . 1  

Q) Q) 
"0 "0 
co co 
co CO 

W 

W 
-

-

1 1 1 1  
Lg11/g1-R /g1-R-I/g1-R 
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We compared the width of w3-R-marked clonal sectors in  wi ld-type (Lg 11/g 1-R) 

and /g1 -R plants. Sectors were measured at the base of the b lade. Sectors 

located near the midrib had s imi lar  median widths in wi ld-type and /g 1-R b lades. 

However, sectors in lateral and marg ina l  regions were significantly narrower i n  

/g1-R m utants than i n  wi ld-type leaves (Tab le 3 . 2 ) .  These data ind icate that the 

/g1-R lateral g rowth defect is  local ised to lateral and marg ina l  domains at the 

base of the b lade .  

Table 3 .2 .  Med ian width of  clonal sectors i n  Lg11/g1-R and /g1-Rl/g1-R plants, measu red 
at the blade-sheath boundary. Median sector widths were calcu lated separately for sectors 
near the midrib (0-0 . 29) and sectors in lateral and marginal positions (0 . 3-1 .0) .  Data were 
compared by the Kruskal-Wall is test for non-parametric d istribution of data. * ind icates values 
that are sign ificantly different at the 0 .05 confidence level .  

Latera l Med ian 
position sector 

Genotype N of sector width (mm) P-va lue 

Lg 11/g1 -R 22 0-0 .29 1 . 0 } 0.453 
/g 1-Rl/g 1-R 40 0-0 .29 1 . 0 

Lg 11/g1-R 1 8  0 . 3-1 . 0  5 . 0  } 0. 007* 
/g 1-Rl/g 1-R 45 0 .3- 1 . 0  2 . 0  

3.3.3 Mosaic ana lysis of  Wab 1-R 

Sectors of tissue lacking the dominant Wab 1-R a l lele (wab 1/-)  were created i n  

both Wab 1-R a n d  /g 1 -R; Wab 1-R m utants to determine i f  Wab 1-R d isrupts leaf 

pattern ing in a cel l-autonomous manner (F igure 3 . 1 ) . Stocks carrying Wab1 -R 

in  repu lsion to w3-R were X-i rrad iated to induce random chro mosome breaks. 

Rad iation-ind uced breaks p rox imal  to W3 resu lted in a lb ino,  non-Wab 1 (w3-R 

wab 1/-) sectors in otherwise g reen ,  Wab 1-R or /g 1-R; Wab 1-R plants .  I n  /g1 -

R; Wab 1-R p lants, chromosome breaks prox imal  to V4 created yel low, /g 1-R 

(v4-R wab ll- ; lg 1-Rl/g1-R) sectors . The loss of W3 in normal p lants, and e ither 

W3 or V4 in /g1 -R plants, p rovided control sectors that were hem izygous for 

chromosome 2L .  

Out of 1 68 1  i rrad iated seeds,  93 w3-R wab 1/- sectored leaves were identified i n  

42  Wab 1-Rlwab 1 plants and  5 1  sectored leaves were identified in 32 
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wab 11wab 1 control p lants. I n  the second experiment, 4 ,608 seeds were 

irradiated ; 1 1 5  w3-R wab 11- sectors and 65 v4-R wab ll- sectors were identified 

in 81 /g1 -RlIg1 -R; Wab 1-Rlwab 1 p lants. I n  46 /g1-Rl/g 1-R; wab 11wab 1 control 

p lants , 90 w3-R wab 11- and 50 v4-R wab11- sectors were analysed . 

To ensure that the chromosome arm carrying Wab 1-R was lost early i n  leaf 

development, on ly sectors that extended throug h  both the sheath and b lade 

were ana lysed . Given the variab i l ity of the Wab 1-R phenotype , only sectors 

adjacent to t issue d isp laying a m utant phenotype cou ld be scored . Thus ,  of 273 

tota l sectors , on ly 77 were scorable for t issue identity . Sectors adjacent to 

ectopic auricle and sheath tissue were ana lysed for p henotypic expression 

(m utant or wi ld-type) and cel l  layer composition (green or a lb ino) (Table 3 .3 ) .  

Because v4-R sectors eventua l ly accum u late normal amounts of ch lorophyl l ,  it 

was d ifficult to determ ine the internal layer composition of yel low, v4-R sectors 

in mature leaves.  Th us,  only w3-R sectors were scored for a lb ino versus g reen 

mesophyl l  and epidermal layers . We pred icted that wh ite or yel low (wab 11-) 

sectors wou ld have normal  b lade tissue if Wab 1-R fu nctions cel l  autonomously, 

whereas the sectors would have the same mutant phenotype as the adjacent 

green tissue if Wab 1-R acts in a non-autonomous manner. 

Ectopic auricle and auricle extension phenotypes in  Wab 1-R mutants 

Sectors were examined using SEM and handsections to determine the 

phenotype of wab ll- tissue.  In 77% (24/3 1 )  of scorable sectors , wab 11- cel ls 

exh ib ited normal b lade characteristics whereas adjacent Wab 1-R tissue 

displayed either ectopic auricle or extension of auricle phenotypes (Table 3 .3 ,  

Figu re 3 . 5  A-F) .  These resu lts ind icate that Wab 1-R genera l ly acts in a cel l

autonomous manner in  the lateral d imension to cond ition ectopic auricle and 

auricle extension phenotypes. 

Figu re 3 . 5  F is a SEM of the adaxial epidermis of the boxed region shown in 

Figu re 3 . 5  C. There is  a clear transition from a lb ino wab 11- t issue ,  which has 

b lade characteristics such as macrohairs ( left of arrowhead) , to green,  hai rless 

Wab 1-Rlwab 1 tissue with u nexpanded d ovetai led cel l s  typical of immature 

auric le (right of a rrowhead , F igu re 3 . 5  F) .  Green ,  Wab 1-Rlwab 1  tissue 

fluoresces red under UV i l l um ination wh i le a lb ino wab 11- t issue appears b lue-
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green .  When sectored tissue is viewed in  transverse section , abrupt changes in  

h istology are apparent at  the sector bou ndaries . For example ,  i n  F igure 3 .5  G ,  

the a lb ino wab 11- tissue has characteristics of b lade t issue, whereas the 

adjacent Wab 1-Rlwab 1 t issue is  th icker and a uricle- l ike.  The SEM in F igu re 3 .5  

H shows the same sector boundary, with a lb ino  tissue to the left of the 

arrowhead and g reen tissue to the right. The g reen Wab 1-Rlwab 1 tissue has 

larger mesophyl l cel ls  and is densely covered by long ha irs without m u lt ice l lu lar  

bases; these cel l s  are characteristics of m ature auric le tissue.  The a lb ino 

wab 11- t issue has prickle h ai rs ,  macroha i rs and cel l  types typical of  b lade t issue. 

Of the seven sectors that d isplayed auricle characteristics through al l  or part of 

the sector, s ix had one or more in ner layers of green , Wab 1-R cel ls  (Table 3 .3 ) .  

These resu lts ind icate that Wab 1-R genera l ly acts ce l l-autonomously in  the 

latera l d imension ,  but may act non-cel l  autonomously between cel l  layers . 

Table 3.3 .  Summary of wab11- sector phenotypes. Sectors were scored as " + "  if they 
displayed characteristics of blade tissue ,  and "W" if they exh ibited auricle or sheath 
characteristics. M ixed layer sectors that spanned fewer than three veins were included as part 
of the larger adjacent sector. If adjacent sector types d isplayed d ifferent phenotypes then both 
were scored . Otherwise, only the sector composition adjacent to green, Wab1-R tissue was 
scored .  *Four yel low (v4-R) sectors were not included in sector subtypes due to d ifficu lties in 
determin ing the exact layer composition of wab 1 v4-R/- sectors. 

e 
0 0 0 0 0 0 6 (j) 0 

All 
Scorable sector wh ite L 1 /  green L 1 /  wh ite L1 / g reen L 1 /  

Phenot�t2e sectors t�t2es white L2 white L2 mixed L2 mixed L2 
Wab1 
Ectopic auricle/ 31  24  + (77%) 4 1 7  1 2 
Auricle extension 7 W (23%) 1 2 0 4 

Wab1 
Ectopic sheath 20  1 5  + (75%) 0 1 4  0 

5 W (25%) 1 3 0 

/g1-R;Wab 1 
Ectopic sheath 26* 26 + ( 1 00%) 1 0  1 1  0 1 

o W {O%) 0 0 0 0 
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wab 11-

Figure 3 .5.  Phenotypes of wab11- sectors in  Wab1-R leaves. (A-E) Abaxial 
view of Wab 1 -R leaves exhibiting auricle extension and/or ectopic auricle 
phenotypes with albino wabll- sectors exhibiting normal blade characteristics, (F)  
Scanning electron micrograph of adaxial surface of boxed reg ion shown in (C) ,  
i l lustrating u nexpanded, doveta i led auricle-l ike cells in Wab1 -Rlwab 1  ectopic 
auricle t issue (right of arrowhead),  and normal blade epidermal characteristics 
such as macrohairs in the wab 11- sector ( left of arrowhead) ,  (G) Fluorescence 
m icrograph of a transverse section through a sector adjacent to auricle extension, 
i l lustrating a sharp boundary between green, Wab 1 -Rlwab 1 auricle-l ike tissue 
(fluoresces red), and albino, wab 11- tissue (appears blue-green) ,  ( H )  SEM of 
adaxial surface of sector boundary shown in  (G), exhibiting hairy ,  fully expanded 
auricle- l ike cells in  Wab 1-Rlwab 1 tissue ( right of arrowhead) and normal blade 
cells includ ing prickle hairs and macrohairs in wab11- tissue ( left of arrowhead) ,  ( I )  
Fluorescence micrograph of a transverse section through the sector shown i n  (J ) ,  
Green, Wab 1-Rlwab1 tissue is very th i n  with widely spaced veins,  a hairless 
adaxial surface and abaxial hairs characteristic of marginal sheath tissue, Albino 
wab11- t issue has the h istological organization of normal blade tissue, (J)  Abaxial 
view of sector adjacent to ectopic sheath tissue, arrowhead marks sector 
boundary, (K) Cartoon depicting an alb ino wild-type (wab 11-) sector in a g reen 
Wab1-Rlwab 1 Ieaf. Scale bar = 500jJm in F,  and 1 00jJm in  G-\ . 

53  



An interesting pattern was observed in  Wab 1-R plants with m i ld auricle 

extension phenotypes. In most cases , sectors in  these plants had au ricle 

extension to the midrib s ide of the sector, but recovered normal t issue identity 

both with i n  the sector and on the marg ina l  side of the sector (e.g .  F ig u re 3 .5  A,  

8) . I n  p lants exh ib iting more severe phenotypes such as  ectopic auricle and 

sheath , sectors with normal  t issue identity were flanked by mutant t issue on 

both sides. These results suggest that norma l  (wab 1)  cel ls  may have a 

d i rectional effect on adjacent Wab 1-R cel ls .  There was no obvious relationsh i p  

between recovery of tissue identity and sector s ize . 

Ectopic sheath tissue in  Wab 1-R and /g1-R;Wab 1-R m utants 

I n  Wab 1-R m utants ,  75% ( 1 5/20) of the sectors adjacent to ectopic sheath- l ike 

t issue exh ib ited normal b lade characteristics (Table 3 .3) .  These resu lts a lso 

ind icate that Wab 1-R general ly d isrupts t issue pattern ing i n  a cel l-autonomous 

manner. F igure 3.5 J shows an a lb ino sector adjacent to a reg ion of ectopic 

marg ina l  sheath t issue, and F igure 3 . 5  I is  a transverse section through this 

sector boundary. The g reen ,  Wab 1-Rlwab 1 mutant t issue has characteristics of 

marg ina l  sheath tissue; it is th i n ,  has widely spaced veins ,  the adaxial  su rface is 

ha i rless, and the abaxia l surface has long ha i rs without m u ltice l lu lar  bases 

(F igure 3 . 5  I ) .  In contrast, the adjacent a lb ino wab 1/- t issue exh ib its h istolog ical 

organ isation and epidermal  features specific to normal b lade t issue (F igure 3.4 

D) .  

I n  /g 1-R; Wab 1-R double mutants , a l l  (26/26) scorable wab 1/- sectors exh ib ited 

normal blade characteristics, i nd icating that Wab 1-R acts completely 

autonomously in  the absence of Lg1 (Table 3 .3) .  The widest sectors were 

located at the marg in ,  and restored the leaf ha lf to a more normal  shape and 

width (F igure 3.6 A, B). F igu re 3.6 A shows a yel low wab 1 v4-R/- sector that 

occurred at the marg in .  The yel low blade tissue has a lmost doubled the width of 

the leaf base. The sector shown in  F ig u re 3 .6  C was sectioned and examined 

by SEM (F igure 3.6 0, E). In transverse section , there is a sharp boundary 

between a lb ino wab 1/- b lade t issue and g reen Wab 1-Rlwab 1 t issue with veins  

appressed aga inst the a baxial surface, typ ical  of sheath (F igure 3 .6  D) .  The 

SEM shows crenu lated b lade cel ls to the left of the sector boundary 

(arrowhead) ,  and smooth-wa l led , elongated sheath- l ike cel ls to the rig ht (F ig u re 
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3 .6  E) . F igure 3 .6  F is a transverse section  through another sector boundary ,  

i l l ustrat ing the a brupt trans ition between a lb ino b lade tissue a n d  g reen tissue 

with long abaxia l  hairs and other characteristics typica l of marg ina l  sheath . 

Figure 3.6.  Phenotypes of wab1'- sectors i n  /g1-R;Wab1-R leaves. (A) Abaxial view of 
yel low v4-R wab1/- sector, and (8)  adaxial and (C)  abaxial view of wh ite, w3-R wab 1/- sectors 
adjacent to ectopic sheath tissue. Arrowheads in (A) and (8)  mark sector borders. (0)  
Fluorescence micrograph of a transverse section through the inner sector boundary of  leaf 
shown in (C) .  Green Ig1-R; Wab 1-R tissue has h istological organisation of sheath,  and albino 
wab1/- t issue exh ib its blade histology. (E) SEM of adaxial surface of sector boundary shown in  
(C) and (0) ,  i l l ustrating the sharp boundary between epidermal cell types in /g 1-R; Wab1-R/wab1  
tissue (right of  arrowhead) and  /g 1-R;wab 1/- t issue ( left of arrowhead) .  (F )  Fluorescence 
micrograph of a transverse section through another sector adjacent to marginal  sheath-like 
tissue. The adaxial surface of green sheath-l ike tissue in (0) and (F )  is hairless, whereas the 
albino tissue has hairs specific to blade. Scale bar = 1 00IJm in ( O-F) .  

In summary, m ixed layer sectors behaved d ifferently in  Wab 1-R and /g 1-

R; Wab 1-R p lants. In Wab 1 -R p lants , some m ixed layer sectors exh ib ited the 

Wab 1-R phenotype, whereas none of the m ixed layer sectors in  /g 1 -R; Wab 1 -R 

plants exh ib ited the Wab 1-R phenotype .  Thus,  Wab 1-R may act non

autonomously between layers or latera l ly, but only in  a Lg1 background .  

Effect of  wab11- sectors on leaf width 

The leaf b lades of Wab 1-R and especia l ly /g1-R; Wab 1-R mutants are 

s ign ificantly narrower than those of wi ld-type s ib l i ngs (Hay and Hake ,  2004) .  To 

investigate the effect of wab 1/- sectors on Wab 1-R and /g 1-R; Wab 1-R leaf 

width, the width of sectored and non-sectored halves of each leaf were 

measured and compared . I n  both Wab 1 -R and /g 1-R; Wab 1-R p lants, there is a 

smal l  but s ign ificant i ncrease i n  the med ian  width of the sectored h alf of the 

b lade relative to the non-sectored ha lf (Tab le 3 .4) .  Measu rements made at the 
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sheath m idpo int show no s ign ificant d ifference i n  width between leaf-ha lves , 

i nd icat ing that Wab1-R specifica l ly d isru pts lateral growth of b lade t issue (Tab le 

3 .4) .  No d ifference between the widths of sectored and non-sectored leaf

ha lves was found in wild-type and /g1-R control p lants . 

Table 3.4. Median d ifferences in the width of wab11- sectored and non-sectored leaf
halves at the blade-sheath boundary and sheath midpoint. The sectored and non-sectored 
sides of each leaf were measured from midrib to margin at the blade-sheath boundary and 
sheath midpoint . The width of the non-sectored leaf-half was subtracted from that of the 
sectored half to g ive an absolute d ifference in leaf-half widths. A value greater than 0 indicates 
that the sectored half of the leaf is wider than the non-sectored half. The data were analysed 
using a non-parametric 1 -sign test to determine if the median values were sign ificantly different  
from O .  * ind icates va lues that are sign ificantly d ifferent from 0 at  the 0.05 confidence level .  

Position of 
measurement 
B lade-sheath 

M id-sheath 

Genotype 
Wild-type 
Wab 1 -R 
/g1-R 
/g1-R; Wab 1-R 

Wild-type 
Wab 1-R 
/g1-R 
/g1-R; Wab 1-R 

Median 
d ifference 

N (mm) P-va lue 
5 1  0 . 0  1 .000 
93 1 . 0 0 . 0 1 3* 
1 1 8 0 .0  0 . 1 46 
1 64 0 .5  0 .00 1 *  

29  0 .0  0. 1 89 
33 0.0 0 .690 
48 0 .0  0. 324 
67 0 .0  0 .672 

Analysis of the data suggested a relationsh ip between sector position and effect 

on leaf width . I n  both Wab 1 -R and /g1 -R; Wab 1-R plants, sectors near the m id rib  

were not associated with a s ign ificant d ifference i n  leaf-ha lf width , whereas leaf

h alves with sectors in  lateral and marg ina l  posit ions were s ignificantly wider 

than non-sectored leaf halves (Tab le 3 . 5  A) . 

Many of the widest sectors i n  /g 1-R; Wab 1 -R plants were yel low, v4-R sectors . 

To test if there is  a difference in behaviour  between v4-R and w3-R sectors , the 

median d ifference in leaf-ha lf widths was eva luated separately for yel low and 

wh ite sectors in  /g1-R; Wab 1-R and /g1 -R p lants . Sectors near the m id rib were 

not included in this analysis as we had previously determined that they have no 

s ign ificant effect on leaf width .  Surpr is ingly,  yel low sectors had a s ign ificantly 

g reater effect on leaf width than  the wh ite sectors (Table 3 .5  B). No d ifference 

was detected between yel low and wh ite sectors in  /g1-R contro ls ,  ind icating that 
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th is effect is not inherent to v4-R sectors, but on ly occurs in  a Wab 1-R 

backgrou nd .  

Table 3.5. Median d ifferences i n  wab11- sectored and non-sectored leaf-half w idths, and 
effect of sector positio n .  The sectored and non-sectored sides of each leaf were measured 
from midrib to marg in  at the blade midpoint. The width of the non-sectored leaf-half was 
subtracted from that of the sectored half to g ive an absolute d ifference in leaf-half width . 
Differences i n  leaf-half widths were analysed using a non-parametric 1 -sign test to determine if 
the median values were s ignificantly d ifferent than 0 at the 0 .05 confidence leve l .  (A) The 
relative lateral position of each sector is represented as the d istance from the midrib to the 
closest sector border, divided by the width of the entire leaf-half. Values range from 0 for 
sectors at the m idr ib to near 1 .0 for sectors at the marg in .  (8) Median differences were 
calcu lated separately for white (w3-R) and yel low ( v4-R) sectors in /g1-R and /g 1-R; Wab 1-R 
leaves . ..  ind icates values that are sign ificantly d ifferent from 0 at the 0 .05 confidence level .  

Lateral Median 
position difference 

Genot�Re of sector N (mm) P value 
A. 
Wild-type 0-1 .0 50 0 .0  1 .000 

Wab 1-R 0-1 . 0  83 1 . 0 0.004* 
0-0.29 1 9  0 .0 1 .000 
0 .3-1 .0  64 1 . 0 0 .00 1 *  

1 . 0 

/g 1-R 0-1 . 0  1 40 0 .0  0.440 

/g1-R; Wab 1-R 0-1 . 0  1 80 1 . 0 <0.001  * 
0-0 .29 64 0 .0  0 .390 
0 .3-1 . 0  1 1 6 2 .0  <0.00 1  * 

B. 
/g1-R;w3 0.3-1 . 0  44 0 .0 1 .000 
/g 1-R;v4 0.3-1 .0  1 8  -0. 5  0 .424 

/g 1-R; Wab 1-R w3 0.3-1 .0  77 1 . 5 <0. 0 0 1 *  
/g 1-R; Wab 1-R v4 0.3-1 . 0  39  3 . 5  <0.001  * 

3.3.4 Mosaic analysis of /g1-R 

Previous mosaic ana lyses ind icate that Lg1 acts cel l-autonomously to specify 

l i gu le and auric le tissues (Becraft et al. , 1 990) . My resu lts ind icate that Lg 1 has 

a role in  positioning of  the b lade-sheath boundary and promotes latera l growth 

at the base of the blade. To determine if these effects a re cel l-autonomous or 

non-autonomous and to test the hypothesis that Lg1 cond it ions ectopic auricle 

t issue in  Wab 1-R leaves , sectors of a lb ino /g1-R /- t issue were induced in 

Lg1;wab 1 and Lg1;Wab 1-R plants (F ig u re 3 .2) .  From th is mosa ic ana lysis ,  a 
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tota l of 66 a/ /g 1-RI- secta red leaves were identified in  3 1  Lg1 ; wab 1 plants and  

98  sectored leaves were identified in 44  Lg1 ; Wab 1-R plants . 

Effects of Ig1�RI- sectors on normal  and Wab1-R ectopic auricle tissue 

Sectors of wh ite, /g 1-RI- tissue in Lg1;wab 1 and Lg 1 ;Wab 1-R plants were 

scored for their  effects on normal  l igu le and au ricle t issues (Table 3 .6) .  Sectors 

in Lg1; Wab 1-R plants were a lso scored for thei r  effects on ectopic auricle and 

sheath t issue. Sectors through the auric le had e ither a uricle or b lade 

characterist ics. Sectors through the l i gu le were scored as norma l ,  m issing or 

reduced . M iss ing l igu les were completely deleted with in  sectors . Reduced 

l ig u les were present, but the l ig u le was s horter with in  the sector than in 

surround ing tissue. 

Table 3.6.  Summary of Ig1-RI- sector phenotypes. /g 1-RI- sectors in wab 1  (A) and Wab 1-R 
(B) leaves were scored for layer composition and tissue identity. Sectors were scored as "B I" if 
they d isplayed characteristics of blade tissue, "Aur" if they exh ibited auricle characteristics and 
"Sh" if  they exh ib ited sheath characteristics . Sectors through the l igu le were scored as "N"  if the 
lig ule appeared normal, "Rn i f  the l igule was reduced in height with in the sector and "M" if the 
l igule was completely missing with in the sector. 

All Number of 
scorable 
sectors 

Sector sector 
phenotype types 

A. wab1 
Auricle 

Ligule 

B. Wab1-R 
Auricle 

Ligule 

3 1  Aur 
BI 

33 N 
R 
M 

67 Aur 
BI 

74 N 
R 
M 

Ect auricle 35 Aur 

Ect sheath 9 

BI  

Sh 
BI 

22 (71 %) 
9 (29%) 

1 5  (46%) 
6 ( 1 8%) 
1 2  (36%) 

2 1  (3 1  %) 
46 (69%) 

24 (32%) 
1 3  ( 1 8%) 
37 (50%) 

7 (20%) 
28 (80%) 

5 (56%) 
4 (44%) 

0 0 0  0 0 0  o 

white L 1 /  g reen L 1 1  white L 1 /  green L 1 1  
wh ite L2 wh ite L2 mixed L2 mixed L2 
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1 
o 
2 

3 
14  

5 
3 
9 

o 
1 0  

1 
1 

1 3  
7 

9 
5 
7 

6 
27 

9 
7 
24 

3 
1 8  

4 
3 

o 
1 

o 
o 
1 

o 
1 

2 
o 
o 

1 
o 

8 
o 

5 
1 
2 

1 2  
4 

8 
3 
4 

3 
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I n  wab 1 plants, 7 1 %  (22/3 1 )  of /g 1 -R/- sectors that passed through the auricle 

had norma l  au ricle characteristics (Table 3.6 A) . Fourteen of these sectors had 

a l l  white, Ig1 -R/- mesophyl l layers .  Th is resu lt d iffers from the find ings of Becraft 

et al. ( 1 990) , who found that sectors with a l l  white Ig1 -R/- mesophyl l layers 

developed blade characteristics in a l l  (25 1 /25 1 )  cases. Four sectors that had 

wh ite ep idermis were scorab le for l igu le characteristics. I n  three cases the l igu le 

was m iss ing with in the sector, wh i le  i n  one case the l igu le appeared norma l .  

Surpris ing ly, the about half ( 1 4/29) of the sectors with green epidermis had 

l igu les that were reduced or m issing .  This d iffers from the resu lts of Becraft et 

al. ( 1 990) , who found that g reen ,  Lg1 epidermal  tissue was strictly correlated 

with the development of a norma l- looking l igule .  

I n  Wab 1-R plants, 67 Ig 1 -R/- sectors were scorab le for their effect on normal  

auricle t issue (Table 3 .6 B) .  Of these, 31 % (2 1 /67) had auricle characteristics 

and 69% (46/67) had blade cha racteristics. The majority (4 1 /50) of sectors with 

wh ite mesophyl l  had blade characteristics , whereas, the majority ( 1 2/1 7) of 

sectors with some green mesophyl l had auricle characteristics . I n  Wab 1-R 

plants , 74 sectors were scorable for l i gu le characteristics . The majority of these 

(50/74) had l ig u les that were red uced or m issing .  

Only Ig 1-R/- sectors that traversed ectopic a uricle t issue in  Wab 1-R leaves 

cou ld be scored for their effect on th is mutant p henotype. Th us ,  only 35 sectors 

were scorab le for ectopic au ricle identity. Sectors adjacent to ectopic auricle 

t issue were ana lysed for phenotyp ic express ion (blade or au ricle identity) and 

cel l  layer composition (green Lg111g 1-R or a lb ino Ig 1-R/-) (Tab le 3.6 B). Of the 

sectors that were scorable for ectopic auricle, most (80%) showed normal  b lade 

characteristics with in the sector .  An example of a /g 1 -RI- sector with blade 

characteristics is shown in  F igure 3 .7 .  The sectored tissue is th i nner than the 

surround ing ectopic auricle tissue,  caus ing buckl ing of the leaf (F igure 3 . 7  A). 

Sections through the sectored reg ion show that the surround ing g reen Lg 111g1-

R t issue has large cells and long ha i rs without mu lt ice l lu lar  bases characterist ic  

of auricle t issue. Wh ite Ig 1-R/- t issue is  th inner and b lade- l ike (F igure 3 .7  B ,  C) .  

Al l  ( 1 0/ 1 0) of the sectors that had a l l  wh ite cel l  layers , and most ( 1 8/2 1 )  of the 

sectors with wh ite mesophyl l  and g reen epidermis ,  had normal  b lade identity 
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(F igure 3 .7  8) .  I n  contrast, a l l  (4/4) of the sectors with green mesophyl l  layers 

had auricle characteristics .  No examples of conversion of ectopic au ric le to 

sheath tissue were observed . 

Figure 3 .7.  Phenotype of Ig1-RI- sector in Lg1 ;Wab1-R leaf. (A) Wab1-R leaf with wh ite, Ig1-
RI- sector that traverses ectopic auricle t issue. (8)  Hand-section through sector boundary at 
position ind icated by upper arrowhead . Green Lg 1 tissue has long hai rs without mu lticel lu lar 
bases characteristic of auricle tissue. White Ig1 -RI- tissue has bu l l iform cells and prickle hairs 
characteristic of blade tissue. (C) Hand-section through sectored region ind icated by lower 
arrowhead . Green tissue is thick and auricle-l ike, with large cel ls and long hairs. White Ig1-RI
t issue is thinner, with smaller cel ls .  Scale bars = 200l-lm.  

Effects of /g1-RI- sectors on Wab 1-R ectopic sheath tissue 

In  Wab 1-R plants, on ly /g 1-RI- sectors that traversed ectopic sheath t issue were 

scorab le for th is characteristic .  Sectors were ana lysed for phenotypic 

expression and cel l  layer composition . Of the n ine scorab le sectors, 5 (56%) 

sectors had sheath identity and 4 had b lade identity (Tab le 3 .68) . Only two 

completely white (/g1 -RI-) sectors were obta ined . One of these had sheath- l ike 

characteristics , whi le the other had norma l  blade characteristics .  Of the seven 

sectors with g reen epiderm is and wh ite interna l  layers, 4 had sheath- l ike 

characteristics, whi le 3 had the characteristics of blade tissue.  No sectors were 

obtai ned that were scorab le for ectopic sheath and had g reen interna l  cel l  

layers .  
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Effects of /g1-RI- sectors on leaf width 

We hypothesised that if Lg1 promotes latera l growth in a cel l-autonomous 

manner, then /g 1-RI- sectors should u ndergo less latera l growth than 

su rrou nd ing green tissue.  Therefore, leaf ha lves with sectors should be 

narrower than non-sectored leaf-ha lves. The sectored a nd non-sectored ha lves 

of each leaf were measu red from m id rib to marg in  at the b lade-sheath boundary 

a nd at the b lade mid-point. Measurements were made of 66 wab 1 1eaves with 

/g 1-RI- sectors and 96 Wab 1-R leaves with /g1-RI- sectors . Fewer leaves were 

measured at the blade m idpoint than at the base of the b lade, as some sectors 

intersect the marg in of the leaf before they reach the b lade midpoint. No  

s ign ificant d ifference was found in  the width of sectored and non-sectored leaf

h alves i n  either the wab 1 or Wab 1-R backg rou nds (Table 3 .7) .  

Table 3 .7 .  Median d ifferences in the width of Ig1-RI- sectored and non-sectored leaf
halves. The sectored and non-sectored sides of each leaf were measured from midrib to 
margin at the blade midpoint and the base of the blade. The width of the non-sectored leaf-half 
was subtracted from that of the sectored half to g ive an absolute d ifference in  leaf-half widths .  A 
va lue greater than 0 indicates that the sectored half of the leaf is wider than the non-sectored 
ha lf. The data were analysed us ing a non-parametric 1 -sign test to determine if the median 
values were sign ificantly d ifferent than 0 at the 0.05 confidence level .  

Median  
Position of d ifference 
measurement GenotYRe N (mm) P-va lue 
M id-blade wab 1 63 0 . 0  0 .775 

Wab 1-R 9 1  0 . 0  0 .289 

Base blade wab 1 66 0 .0  0. 890 

Wab 1-R 96 0 .0  0 . 320 

3.3 .5 Clonal ana lysis of Wab 1-R leaves 

Wab 1-R leaves are narrower than wi ld-type leaves (Hay a nd Hake, 2004) . To 

i nvestigate the nature of the narrow leaf phenotype, a cel l  l i neage ana lysis was 

u ndertaken . C lonal  sectors of wh ite (Iw-RI-) cel ls were i nduced i n  Wab 1 -R 

p lants and wi ld-type (wab 1 )  controls. 37 sectored leaves were obta ined i n  23 

wi ld-type p lants and 81 sectored leaves were obta ined i n  32 Wab 1-R p lants. 

E leven sectors were recorded in the cu lm of wi ld-type p lants, and 28 sectors i n  

Wab 1-R plants . 
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Leaves were measured from m idrib  to marg i n  at the b lade midpoint and at the 

base of the b lade.  Wab 1-R leaves were s ign ificantly narrower than wi ld-type 

leaves (Tab le 3 .8) .  The d ifference i n  width was more pronounced at the blade 

m idpoint than at the base of the blade. 

Sectors were assigned to one of th ree latera l posit ions within the leaf b lade; 

mid rib (0-0 .29) ,  lateral (0 .3-0 . 59) or marg ina l  (0 .6- 1 .0 ) .  Mean sector widths in 

Wab 1-R and wi ld-type leaves were compared separately for sectors in each 

latera l position (Table 3 . 8) .  At the b lade midpo int ,  mean sector widths in midri b  

a n d  lateral domains were not s ign ificantly d ifferent for Wab1-R a n d  wi ld-type 

leaves . However, only three lateral position sectors were obtai ned in wi ld-type 

leaves and these were notab ly wider  than sectors in Wab 1-R leaves . Sectors in  

the marg i na l  part of the leaf were s ign ificantly wider in  wi ld-type leaves than i n  

Wab 1-R leaves . At the base of the blade, m idrib domain sectors were 

s ign ificantly wider in Wab 1-R leaves than i n  wi ld-type leaves. There was no 

sig n ificant d ifference in the width of Wab 1-R and wi ld-type lateral or marg ina l  

domain sectors measured at the base of the blade .  

Table 3.8. Mean widths of clonal sectors in Wab 1-R a n d  wild-type leaves. Sector width and 
leaf-half width were measured at the blade midpoint and the base of the blade.  Mean sector 
widths were calculated separately for sectors near the midrib (sector position 0-0 .29) ,  in the 
lateral domain (0 . 3-0 .59), and near the margin (0 .6- 1 . 0) .  Wild-type and Wab 1-R means were 
compared by Student's T-test to determine if they are sign ificantly d ifferent at the 0 .05  
confidence level. * indicates values that are sign ificantly different. Sample sizes for each 
category are indicated in brackets. SE = standard error. 

Sector 
position 

M id-blade Half-leaf Mean 
width (mm) SE 
Sector 0-0.29 Mean 
width (mm) SE 

0.3-0.59 Mean 
SE 

0.6-1 .0 Mean 
SE 

Base blade Half-leaf Mean 
width (mm) SE 
Sector 0-0.29 Mean 
width (mm) SE 

0 .3-0.59 Mean 
SE 

0.6-1 .0 Mean 
SE 
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Wild-type 

34 .2  (N=35) 
1 .6 
1 . 9 ( N= 1 3) 
0 .3  
4 .5  (N=3) 
0.3 
3 . 1  ( N= 1 9) 
0.6 
34 . 8  (N=37) 
2 .0 
1 .3 (N=1 8) 
0.2 
4 .0  (N=1 3) 
1 .0 
3 .5  ( N=6) 
1 . 3 

Wab1-R 

1 9.7 (N=66) 
0 .2 
2 .0 (N= 1 7) 
0 .6  
2 .9  (N=1 1 )  
0 .4  
1 .9 (N=38) 
0 . 3  
29 .5  (N=8 1 )  
1 . 3 
2 . 3  (N=37) 
0 .3 
4 . 1  (N=28) 
0 . 7  
2 . 9  (N= 1 6) 
0 .6 

P-value 

<0.001 * 

0 . 873 

0 .057 

0 .048* 

0 .020* 

0 . 036* 

0 . 940 

0 .670 



H ay and H ake (2004) hypothesised that the narrowness of Wab 1-R leaves i s  

due  to the  deletion of a l ateral d omain .  I f  th i s  hypothesis i s  correct, then we 

wou ld p red ict that sectors that orig inate in th is part icular reg ion of the SAM 

wou ld not extend into the leaf b lade.  The cu lm is not affected by Wab1-R and , 

s ince i t  is  a radia l  structu re , the position of clona l  sectors i n  the cu lm 

approximates the position of sectors i n  the SAM from which i t  is derived 

(Scan lon ,  2000) .  Therefore , to determine if a l ateral domain is deleted in Wab 1 -

R leaves ,  the position of each c lonal  sector i n  the cu lm was recorded and its 

posit ion ca lcu lated i n  degrees from the m idrib  (F ig u re 3 .8) . It was then noted 

whether the sector continued i nto the leaf above. 

From the Wab 1-R clonal ana lysis , sectors were obta ined that covered a l l  rad ia l  

positions  of the cu lm except the reg ion between 00  and  3 1 0 . A l l  sectors that 

were observed in the cu lm continued into the b lade of the leaf above . These 

resu lts do not support the hypothesis that the Wab 1-R n arrow leaf phenotype is 

caused by the deletion of a lateral domai n .  

M idrib 
00 

Sector 

Fig u re 3.8.  Calculation of radial 
position of clonal sectors in the 
culm.  The position in  the culm 
corresponding to the midrib  of the leaf 
above was designated 0°. 
Measurements were made from 0° to 
the inner boundary of the sector 
(dashed l ine) ,  from 0° to the outer sector 
boundary, and of the entire culm 
circumference. The rad ial position of 
the inner and outer sector boundaries 
were then calculated in degrees from 
the midrib (see text) . 

3.3.6 Wab1-R leaves have fewer lateral veins  by plastoch ron 4 

Hay and H ake (2004) fou nd that Wab 1-R leaves a re n arrower and h ave fewer 

lateral veins  than wi ld-type leaves . To determine when the reduction in  lateral 

veins is  fi rst apparent, latera l veins were counted in transverse sections of 
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Wab 1-R and wi ld-type (873) leaf primord ia .  My data show no s ign ificant 

d ifference i n  the number of lateral veins i n  Wab 1-R and wi ld-type leaf primord ia 

at stages P 1 , P2 or P3 (F ig u re 3 .9 ) .  At P4, there was a sign ificant d ifference in  

the n umber of latera l  veins  i n  Wab 1-R and wild-type leaf primord ia .  Wild-type 

leaf primord ia at P4 had a n  average of 1 5 .3  latera l veins ,  whereas Wab 1-R leaf 

pr imord ia at the same stage had an average of 1 3 .4 lateral veins.  At P5 the 

d ifference was even more pronounced - wi ld-type leaf primord ia had an 

average of  2 1 .4 latera l veins ,  whereas Wab 1-R leaf pr imord ia had a n  average 

of 1 6 .6 latera l veins. 
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A. Lateral vein number i n  wi ld-type and Wab 1-R leaf primord ia 
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B.  
Plastochron 

P1 Mean 
SE 

P2 Mean 
SE 

P3 Mean 
SE 

P4 Mean 
SE 

P5 Mean 
SE 

PG Mean 
SE 

3 4 

Plastochron 

Wild-type 
(873) 
0 .4 
0 .2 (N=8) 
3 .2  
0.6 (N= 1 2) 
8 .8  
0 .7  (N= 1 2) 
1 5 . 3  
0.6 (N=8) 
2 1 .4 
0.4 (N=5) 
26 
0 . 8  (N=4) 

5 6 

• Wild-type 
D Wab 1-R 

Wab1-R P -value 

0 . 1  0 .225 
0 . 1 (N=9) 
3 .3  0 .878 
0 .6 (N= 1 1 )  
9. 1 0. 752 
0.4 (N= 1 6) 
1 3.4 0 . 03 1  * 
0 .5  (N= 1 4) 
1 6.6 <0.001 * 
0 .8  (N=8) 
1 8  <0.001 * 
0 . 6  (N=3) 

Figure 3.9.  Lateral vein number in wild-type and Wab 1-R leaf primordia.  

(A) Lateral veins were counted in  wild-type (B73) and Wab1 -R leaf primordia at stages P 1 -P6. 
The mean number of lateral veins was calcu lated separately for wild-type and Wab1-R leaf 
primordia at each plastochron .  Mean number of lateral veins in wild-type and Wab1-R leaf 
primordia is plotted against plastochron number. Bars represent standard error. 
(8)  The wild-type and Wab 1-R means for each plastochron were compared by Student's  t-test 
to determine if they are sign ificantly different at the 0 .05 confidence level .  * ind icates va lues that 
are sign ificantly different. SE = standard error. 
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3.4 Disc uss ion 

I n  the maize leaf, l igu le and auricle form at  the boundary between the b lade a nd 

sheath . Lg1 has been imp l icated i n  the p ropagation of a s ignal  that correctly 

posit ions th is boundary, a nd is necessary for the development of l i gu le and 

au ri cle t issues. The dom inant Wab 1-R m utation affects med ia l- lateral and 

proxima l-d istal pattern ing ,  resu lt ing in  narrow leaves and inappropriate cel l  

d ifferentiation . The recessive Ig1-R mutation exacerbates the Wab 1-R 

phenotype .  Lg 1 expression is activated precociously in Wab 1-R leaves and may 

counteract some effects of the Wab 1-R mutation (Foster et al. , 2004) .  A mosaic 

ana lysis of Wab 1-R was conducted in  Lg1 and Ig 1-R backg rounds to determine 

i f  Wab 1-R affects leaf deve lopment i n  a cel l-autonomous manner .  This a nalysis 

showed that Wab 1-R general ly acts cell-autonomously to d isrupt proximal-dista l 

patterning . Examples of Wab 1 -R non-autonomy were only observed i n  a Lg1 

background ,  support ing a role for Lg 1 i n  s igna l  propagation .  A mosaic ana lys is  

of /g1 -R i n  a Wab 1-R background ind icated that Wab 1-R ectopic a u ricle tissue 

is cond itioned by Lg 1 .  The mosaic analyses and comparison of m utant leaf 

shapes revea led previously un reported functions of Lg 1 in both normal leaf 

development and in the dominant Wab 1-R mutant. A deta i led d iscussion of 

these resu lts is presented below. 

3.4. 1 Lg1 influences cel l -autonomy of the Wab1-R phenotype 

I n  the majority of Wab 1-R leaves and in a l l  Ig1-R; Wab 1-R leaves , scorable 

wab 1/- sectors exh ib ited characteristics of normal  b lade tissue, whereas 

adjacent t issue d ifferentiated inappropriately as sheath or auricle . The sharp 

boundaries between t issue types were coincident with sector boundaries, 

i nd icat ing that Wab1-R general ly acts cel l  autonomously i n  the lateral d imension 

to d isrupt normal proximal-d ista l pattern ing .  

Twelve of the 5 1  scorable sectors showed some aspect of the Wab 1-R m utant 

phenotype and thus are exceptions to the genera l  ru le of cel l-autonomy. Of 

these 1 2 , two were comp letely a lb ino a nd therefore had no layer with Wab 1-R. 

Of the 1 0  rema in ing sectors , ha lf carried Wab 1-R on ly in the ep idermis ,  and ha lf 

carried Wab 1-R i n  the epidermis and/or one mesophyl l  layer. Thus,  Wab 1-R 
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may act non-autonomously in  the latera l d imension and/or between cel l  layers 

to i nfluence cel l  identity i n  wab 11- tissue.  

In  contrast, a l l  wab11- sectors i n  Ig1-R; Wab 1-R plants had norma l  cel l  types. 

Wab 1-R in either the epidermis or a s ing le mesophyl l  layer  d id not cond ition the 

mutant phenotype ( 1 2 of 26 sectors) .  These resu lts suggest that normal  Lg1 

fu nction is requ i red for Wab 1-R to act non-autonomously. 

A few cases of non-autonomy were observed in which the norma l  b lade 

phenotype (wab 1 )  was seen on the marg in  side of the sector as wel l  as with in  

the sector (F igure 3 .5  A,  B) .  The extens ion of the normal phenotype from the 

sector i nto genetica l ly Wab 1-R cel ls  was only seen in  mi ld ly affected p la nts. 

This pattern could reflect the fact that the Wab 1-R phenotype is most severe i n  

the latera l doma in .  Alternatively, it may be that once correct proxima l-d ista l 

pattern i ng is establ ished with i n  wab 11- t issue, th is information can be 

propagated towards the marg ins  i nto Wab 1-Rlwab 1 tissue,  but on ly if Wab 1 -R 

activity is low. I nteresting ly, non-autonomy was never documented in  Ig 1-

R,' Wab 1-R plants . Cel ls  i n  Ig1-R;wabl- sectors a lways had blade identity a nd 

cel ls  outside of these sectors a lways had sheath identity. Thus, Lg1 may affect 

the autonomy of Wab 1-R i n  both latera l and transverse d imensions.  

Previous mosa ic ana lyses of /g 1-R have ind icated that Lg1 is involved i n  s igna l  

propagation ,  wh i le a lso acting cel l-autonomously to induce l igu le and auricle 

(Becraft et ai, 1 990; Becraft and Free l ing ,  1 99 1 ) .  One of the key find ings of th is 

work was the observation that l igu le and auricle re i n itiated immed iately with in  

Lg 111g 1-R tissue on the marg in  s ide of /g1-RI- sectors , but  was d isplaced 

proxima l ly .  The authors i nterpreted th is as evidence that Lg1 is i nvolved in the 

propagation of a "make l i gu le a nd auricle" s igna l ,  and that this s igna l  moves 

from the m id rib  towards the marg ins .  Observations from the cu rrent ana lysis 

support this hypothesis .  

These data suggest that Wab 1-R alters positiona l  i nformation in a cel l 

autonomous manner, resu lt ing in  inappropriate cel l  d ifferentiation .  We specu late 

that Lg1 is responsib le for the non-autonomous effects of Wab 1 -R that were 

observed in our  mosaic a na lysis .  Accord ing to th is model ,  Lg1 may occasiona l ly 
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transm it the s igna l  to in itiate ectop ic au ricle from Wab1-R t issue i nto wab 11-

sectors (F igure 3 . 1 0  A) . S im i larly, Lg1 may relay correct position ing of the 

au ricle and l igu le from wab 11- sectors i nto adjacent Wab 1-R tissue. In the 

absence of Lg 1 ,  there is no l ateral sig na l l ing from Wab 1 -R tissue into wab 11-

sectors , or from sectors i nto Wab 1-R tissue (F ig u re 3. 1 0  8) .  

A. Wab 1-R B. Ig 1-R;Wab 1-R 

Figure 3 .1 0. Lg1 affects cel l-autonomy of the Wab1-R phenotype. (A) Cartoon 
i l l ustrating spread of the Wab 1-R phenotype (wavy lines) into a wab 1/- sector and 
spread of normal phenotype (no wavy l ines) from a wab 1/- sector into Wab 1-
R/wab 1 tissue. We propose that Lg 1 can transmit both correct and i ncorrect 
positional signals towards the leaf margins (red arrows). (8) I n  the absence of Lg 1 ,  
the Wab 1-R phenotype is strictly cell-autonomous. 

3.4.2 Loss of Wab1-R is associated with an increase in leaf width 

A s ignificant d ifference was fou nd between  the widths of sectored ( i .e .  cel ls that 

have lost Wab 1-R) a nd non-sectored leaf-ha lves in  Wab 1-R a nd Ig1 -R; Wab 1 -R 

plants, but not in  wi ld-type or Ig 1-R control plants. No obvious d ifferences i n  cel l  

width were seen between  s imi lar  cel l  types i n  sectored and non-sectored t issue 

(data not shown) .  Therefore, i t  can be inferred that the i ncrease in  lateral g rowth 

associated with wab 1/- sectors was the resu lt of increased long itud ina l  cel l  

d iv is ions .  I t  is  d ifficult to dete rm ine if  i ncreased cel l  d iv is ion was confined to the 

sectored tissue or occurred throughout the sectored leaf-half. The fact that a 

s ign ificant d ifference was recorded between sectored a nd non-sectored leaf

ha lf widths suggests that Wab 1-R restricts latera l growth with at least some 

degree of a utonomy. If Wab 1-R were entirely non-autonomous, then the 

p resence of a wab 1/- sector would have no effect on leaf-half width . A mosaic 

a na lysis of the tangled m utation in  maize found that the cel l  d iv is ion defect is 

autonomous in  both the lateral and transverse d imensions (Walker and S m ith , 
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2002) . Thus ,  there is precedence for strict autonomy of cel l  d iv is ion patterns in  

ch imeric t issues. 

In both /g1 -R; Wab 1-R and Wab 1-R leaves, sectors posit ioned near the m id rib 

had no s ign ificant effect on leaf-half width,  whereas sectors in the outer two 

th i rds  of the leaf-half were associated with s ign ificant d ifferences between 

sectored and non-sectored leaf-half widths.  Th i s  resu lt cou ld reflect the fact that 

sectors near the midr ib tend to be very narrow, and hence have a m in ima l  effect 

on lateral growth . Alternatively, it may reflect the fact that the Wab 1-R 

phenotype pr imari ly affects reg ions outside the m id rib  domain (Hay and Hake, 

2004) . 

3.4.3 The role of Lg1 in leaf morphogenesis 

This study provides evidence of previously unreported functions of Lg 1 in  leaf 

morphogenesis .  /g 1-R leaves were found to have longer sheaths and shorter 

b lades than wi ld-type (Lg 11/g 1 -R) s ib l ings ,  a lthough  overa l l  leaf length was not 

s ign ificantly d ifferent. Thus,  the b lade-sheath boundary was shifted d ista l ly i n  

/g 1-R leaves (F igure 3 . 1 1  8) . These resu lts suggest that Lg1  is requ i red for 

correct position ing of the blade-sheath boundary.  

I t  was a lso determined that /g1 -R leaves were n arrower at the base of the b lade 

than wi ld-type s ib l ings (F igure 3 . 1 1  8) . A comparison of clonal sectors in /g 1 -R 

and wi ld-type control p lants i nd icated that marg i n  and lateral sectors were 

s ign ificantly narrower in /g 1-R mutants than in wi ld-type leaves . These resu lts 

imp ly that Lg 1 promotes lateral g rowth at the base of the blade. Sylvester and 

co-workers ( 1 990) showed that a local ised increase in  both long itud ina l  and 

transverse anticl ina l  d iv is ions generates a band of smal l  cells across the base 

of the leaf primord ium . This pre l igu le band is  a necessary prereq uis ite for the 

formation of l igu le and auricle. /g1 -R m utants are specifi cal ly defective i n  

longitud ina l  d iv is ions i n  the prel ig u le region and a t  the base of the b lade.  L g 1  

may promote lateral g rowth via a d i rect effect on the rate and orientation of cel l  

d iv is ions.  Alternatively, the development of the a u ric le itself may d rive latera l 

growth of the lower leaf b lade, ensuring the coord inated expansion of the leaf. 
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We suggest that m isexpression of Lg 1 is respons ib le for the ectopic au ric le a nd 

much of the lateral g rowth at the base of Wab 1-R leaf b lades. Th is is reflected 

in the shape of Wab 1 -R leaves , which a re relatively wide at the base of the 

b lade, but narrow in  more d istal areas (F igure 3 . 1 1  C) .  We speculate that the 

latera l s igna l l i ng  function of Lg1 permits some recovery of proxi ma l-d ista l 

pattern i ng at the marg ins  of Wab 1-R leaves (F igure 3 . 1 1 C) . I n  the absence of 

Lg1 ,  Wab 1-R leaves never estab l ish b lade in th is  region , and a re extremely 

n arrow (F igure 3 . 1 1  D) .  

A. Wild-type B. /g 1 -R C. Wab 1-R D. /g1-R; Wab 1-R 

Figure 3 . 1 1 .  M odel for Lg1 function in leaf morphogenesis. (A) Cartoon of wild-type 
leaf i l lustrating d istal blade (green)  and proximal sheath (blue) separated by l igu le and 
auricle ( red) .  (8) In  the absence of Lg1 ,  l igu le and auricle are deleted , the blade-sheath 
boundary is sh ifted d istal ly ,  and the base of the blade is  narrower than in wild-type 
leaves. (C) Wab 1-R d isrupts proximal-d istal patterning and restricts lateral g rowth of the 
blade. Misexpression of Lg1 in Wab1-R leaves results in ectopic l igule and auricle, and 
partial ly compensates for the narrow leaf phenotype at the base of the blade. The lateral 
signal l ing function of Lg1 permits some recovery of proximal-distal patterning at the 
margins of Wab 1-R leaves.  (0)  In the absence of Lg1 ,  Wab1-R leaves never establ ish 
blade at the margins and are extremely narrow. 

3.4.4 Ectopic auricle tissue in  Wab 1-R leaves is conditioned by Lg1 

To further i nvestigate interactions between Lg1 and Wab 1-R, a mosaic a nalysis  

of /g1-R was conducted in  a Wab 1 -R background . /g1-RI- sectors were 

analysed for their effects on ectopic auricle and s heath t issue. The majority 
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(28/35) of Ig1-R/- sectors in  Wab 1-R leaves that were scorab le for ectopic 

auricle tissue exh ib ited normal  b lade characteristics. In these cases, ectopic 

auricle t issue ended abruptly at sector boundaries (F igure 3 . 7) .  The resu lts of 

this ana lysis suggest that Lg 1 acts cel l-autonomously in the latera l d imension to 

specify ectopic au ricle tissue in Wab 1-R mutants and supports the hypothesis 

that m isexpression of Lg1 is responsible for the ectopic a uricle t issue in  Wab 1 -

R leaf b lades . 

Al l  ( 1 0/1 0) of the sectors that were completely white and traversed ectopic 

auricle t issue had b lade identity (Table 3.6 B) .  This resu lt suggests that Lg 1 

acts strictly cel l-autonomously in the latera l d imension to cond ition ectopic 

auricle in Wab 1-R leaves. Where Lg1 was present on ly in the epidermis ,  the 

majority ( 1 8/2 1 )  of sectors that traversed ectopic auric le t issue had blade 

identity. The observation that a smal l  number (3/2 1 )  of such sectors exh ib ited 

auricle characteristics may indicate that there is some Lg 1-med iated signa l l ing 

between the ep idermis and internal cel l  layers. However, there are a lternative 

exp lanations .  The Ig 1 -R phenotype varies in expressivity , thus these sectors 

may reflect a lack of expressivity rather than non-autonomy by Lg1 (Becraft et 

al. , 1 990) . Alternatively ,  they could be a resu lt of recombination events between 

Lg 1 and al-R. Becraft et a/. ( 1 9 90) estimated that there may be 7% 

recombination between /g 1 -R and al-R. The cu rrent data do not a l low these 

possibi l ities to be distinguished.  

On ly four  sectors with interna l  layers of green,  Lg1 cel ls were obtained that 

were scorable for the ectopic auricle phenotype (Table 3 .6  B). Al l  of these 

sectors had auricle identity. This resu lt suggests that Lg1 in internal  cel l  layers 

may act non-autonomously to condition the Wab 1-R ectopic au ricle phenotype 

in overlying cel l  layers . However, more sectors would need to be analysed to 

confi rm this.  The resu lt is consistent with the work of Becraft et al. ( 1 990) ,  who 

fou nd that Lg1 in  any cel l  l ayer is sufficient to induce the development of norma l  

auric le in  a l l  layers . 

The Wab 1 -R m utation causes d istal tissues to d ifferentiate as  more proxima l  

tissue types (Hay and  Hake, 2004) .  I n  a Lg1 background ,  ectopic auricle and 

sheath-l ike tissues develop in the leaf b lade. I n  the absence of Lg1 most of the 
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blade is converted to sheath- l ike tissue. Lg 1 has previously been shown to 

specify auricle t issue (Becraft et aI. , 1 990) . We hypothesised that the pr imary 

Wab 1-R defect is  the "proximal isation" of d ista l tissues,  and that ectopic auricle 

tissue in  Wab 1-R mutants is cond itioned through ectopic expression of Lg1 .  If 

th is  hypothesis is correct, then ,  in the absence of Lg 1 ,  sheath wou ld be the 

"defau lt" t issue type. This hypothesis p red icts that Ig1-RI- sectors that traverse 

reg ions of ectopic auricle wi l l  h ave sheath identity .  

In the mosaic ana lysis of Ig1 -R i n  Wab 1 -R plants , the majority (28/35) of sectors 

that passed through ectopic auricle tissue had b lade identity, the rema inder 

were auricle- l ike (Table 3 .6  B) .  No examp les of conversion of ectopic au ricle to 

sheath t issue were observed . These d ata are consistent with the hypothesis 

that ectopic auricle in  Wab 1-R mutants is  cond itioned through Lg 1 .  However, 

they do not support the hypothesis that sheath tissue is the defau lt t issue type 

in the absence of Lg1 function . 

The resu lts of th is mosa ic a na lysis of Ig1-R i n  wab 1 leaves d iffered from those 

of previous ana lyses (Becraft et aI. , 1 990) .  Becraft et al. ( 1 990) found that 

sectors with a l l  white (/g1 -RI-) mesophyl l l ayers had b lade characteristics i n  a l l  

(25 1 /251 )  cases.  In  our experiment, 1 4/22 sectors with a l l  wh ite mesophyl l  

l ayers had auricle characteristics (Tab le 3.6 A) . There a re a number of possib le 

explanations for th is resu lt .  F i rstly, there may have been a recomb ination event 

between a/-R and Lg 1 ,  such that wh ite sectors i n  these leaves were Lg1 a/-R/

rather than Ig1-R al-R/-. Second ly, the genetic stock may have been 

heterozygous for a second , un l i nked a lb ino  marker gene. This second marker 

may have been u ncovered in some plants, thus creating a lb ino sectors that 

were Lg11Ig1 -R. F inal ly, wh ite sectors with au ricle characteristics m ay reflect the 

variable expressivity of the Ig 1-R phenotype . Vestiges of l ig u le and auricle often 

occur on upper leaves of Ig1-R plants ( Becraft et al. , 1 990; Sylvester et al. , 

1 990) . F ive of the sectors we observed with auricle characteristics occu rred on 

leaf ten or lower,  suggesting that these were not the resu lt of i ncomplete 

expressivity of the Ig1 -R phenotype. The results of th is ana lysis a lso d iffered 

from those of Becraft et al. i n  that about ha lf ( 1 4/29) of the sectors with g reen 

(Lg 11Ig1-R) epidermis had l igu les that were red uced or m iss ing .  Becraft et al. 

( 1 990) fou nd that green,  Lg1 epidermal  t issue was strictly correlated with the 
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deve lopment of a norma l-looking l igu le .  It is not c lear why our  result  d iffered 

from th is ana lysis . 

3.4.5 Effects of /g1-RI- sectors on Wab1-R ectopic sheath tissue 

N ine sectors were obtained that were scorab le for ectopic sheath- l ike tissue 

(Table 3 .6  B) .  Seven had wh ite (/g1 -RI-) mesophyl l  with green (Lg 11Ig 1 -R) 

epidermis and two were entirely white . Of these, fou r  had b lade identity and five 

had sheath- l ike characteristics . Ig 1 -R leaves have a less d efined blade-sheath 

boundary than wild-type leaves , and Ig1 -R;Wab 1-R double mutants h ave more 

extensive regions of sheath tissue extend ing into the leaf b lade than Wab1-R 

single mutants (Becraft et al. , 1 990) .  Therefore, it was not pred icted that Ig 1-RI

sectors wou ld  restore blade- l ike characteristics . The fact that ha lf of the 

observed sectors had sheath- l ike identity ind icates that ectopic sheath tissue is  

not dependent on Lg1 function.  Some areas of ectopic sheath tissue d id end at 

Ig1 -RI- sector boundaries . This may reflect the fact that clona l  sectors in maize 

leaves and regions of cleared tissue in Wab 1-R leaves both tend to be bordered 

by l ateral veins (Ceriol i  et al. , 1 994) . Thus ,  it is l ike ly that c lonal  sectors were 

simply coincident with boundaries of ectopic sheath tissue.  

3.4.6 Lg1 promotes latera l  g rowth in  a non-cell a utonomous 

man ner 

The ana lysis of Ig 1-R leaf shape ind icates that Lg1 promotes lateral g rowth of 

leaves i n  both wab 1 and Wab 1 -R backgrounds.  To determine if Lg1 promotes 

lateral growth in a cel l-autonomous manner ,  Lg 1;Wab 1 -R and Lg1;wab 1 leaves 

with Ig1-RI- sectors were measured at the b lade m idpoint and the base of the 

b lade.  

It was pred icted that if  Lg1 promotes lateral growth cell-autonomously, then 

leaf-halves with Ig 1-RI- sectors should be n arrower than non-sectored halves of 

the same leaves.  Analysis of measurement data showed no  sign ificant 

d ifference in the width of sectored and non-sectored leaf-halves in  either the 

wab 1 or Wab 1 -R backgrounds (Tab le 3 .7 ) .  Thus, the data do not support the 

hypothesis that Lg1 promotes l ateral growth in  a cel l-autonomous manner, 

suggesting  that Lg1 acts non-autonomously to promote lateral growth .  
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3.4.7 Lg1 has both cel l-autonomous a nd non-autonomous 

functions 

Previous mosaic analyses have shown that Lg1 acts cel l-autonomously to 

specify au ricle and l ig u le (Becraft et al. , 1 990;  Becraft and Freel i ng ,  1 99 1 ) .  

The current study ind icates that Lg1 also condit ions Wab 1 -R ectopic auricle 

t issue in a cell-autonomous manner. However, our  data suggest that Lg1 

promotes latera l growth in a non-autonomous manner. Thus,  Lg1 has both ce l l

autonomous and non-autonomous functions. In add ition to specifying l igu le and 

au ricle t issue, there i s  evidence that Lg1 i s  requ ired for correct positioning of the 

blade-sheath boundary. The blade-sheath boundary of Lg1 leaves is  less 

defined and is s h ifted d istally (Becraft et al. , 1 990) .  These resu lts point to 

m u lt iple roles for Lg1 i n  leaf morphogenesis and t issue specification , which may 

be mediated by multiple downstream pathways . 

3.4.8 Wab1-R leaf primord ia a re narrower and i n itiate fewer latera l  

veins than wi ld-type leaf primordia 

Hay and Hake (2004) found that Wab 1 -R leaf b lades are much narrower than 

wi ld-type and have fewer lateral veins .  Sheath width is  not affected by Wab 1-R. 

The latera l  g rowth defect was seen i n  leaf primord ia as young as P3 .  Wild-type 

P3 leaf pr imord ia completely enclosed the SAM and younger leaf primord ia ,  

whereas ,  Wab 1 -R leaf primord ia  at  the  same stage d id not fu l ly enclose the 

apex (Hay and H ake, 2004). To determine when the reduction in lateral vei n  

number i s  fi rst apparent, lateral veins were counted in  early leaf pr imord ia of 

Wab 1-R and wi ld-type p lants. My resu lts show no s ign ificant d ifference in 

Wab 1-R and wild-type latera l vein number in  P3 stage p rimord ia (F igure 3.9) .  At 

P4 , Wab 1-R leaf primord ia have fewer lateral veins than wi ld-type . Thus,  the 

d ifference in lateral vein  number is  apparent one p lastochron later than the 

v is ib le red u ct ion in width . Th is  find ing  is consistent with a model in which 

primord ium size governs the number of veins that a re i n itiated . It has been 

proposed that vascular pattern is determined by a self-organ is ing system 

involving aux in transport (Scarppella et aI. , 2006) .  
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Hay and Hake (2004) hypothesised that the Wab 1-R narrow leaf phenotype is  

due to the deletion of a latera l domain in  the leaf b lade. To test th is  hypothesis ,  

a c lonal analysis was cond ucted in  Wab 1-R and wi ld-type leaves . A simi lar 

c lonal analysis of ns leaves fou nd that sectors derived from a specific reg ion of 

the ns meristem d id not extend into the leaf above (Scan Ion and Freel ing ,  

1 997) . This study provided evidence that a lateral domain  encompassing the 

leaf marg ins  is not init ial ised in  ns m utants . 

It was pred icted that if Wab 1-R causes the deletion of a specific lateral domain  

in the leaf, then sectors that a re present in  the correspond ing rad ia l  position in 

the SAM wou ld  not extend into the leaf b lade.  The position of sectors with in  the 

cu lm was used to approximate thei r  rad ia l  position with in the SAM (F igure 3 .8 ) .  

Overlapping sectors that covered a lmost a l l  positions of the cu lm were obtained . 

A" of these sectors continued into the leaf b lade .  Thus,  these resu lts do not 

support the hypothesis that Wab 1-R causes the deletion of a latera l domain .  No 

cu lm sectors were obtained in  the reg ion nearest the midrib .  Therefore ,  the 

possibi l ity that this reg ion is affected by Wab 1-R cannot be ru led out. This 

seems u n l ikely, however, as the cel ls  immed iately adjacent to the midrib 

contribute l itt le to the overal l  width of the leaf (Poethig a nd Szymkowiak, 1 995) ,  

and Wab 1-R has no obvious effect on tissue identity in  th is  reg ion .  

We suggest that Wab 1-R causes a reduction in  lateral g rowth ,  rather than the 

deletion of a specific domain .  A comparison of c lonal sector width in  Wab 1-R 

and wild-type leaves provides support for this hypothesis , a lthough the 

experiment d id not generate enough sectored leaves to undertake a detailed 

comparison of cell fate in Wab 1-R and wi ld-type leaves. The g reatest d ifference 

in  the width of Wab 1-R a nd wild-type leaves was seen at the b lade m idpoint 

(Table 3 .8) .  Sectors in the marg ina l  domain of Wab 1-R leaves were s ign ificantly 

narrower than sectors in the marg ina l  domain of wi ld-type leaves . There was 

a lso a notab le d ifference in the width of latera l domain sectors measu red at the 

blade midpoint in Wab 1-R and wi ld-type leaves, a lthough this d ifference was 

not found to be statistica l ly s ign ificant. This is l ikely to reflect the smal l  number 

of sectors obta ined in  this reg ion . 
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At the base of the blade, sectors i n  the m idrib  domain of Wab 1-R leaves were 

wider tha n  sectors in the equ ivalent position in wi ld-type leaves.  Th is result was 

surpris ing ,  as Wab 1-R leaves a re s l ightly narrower than wild-type leaves at th i s  

point ,  although the reduction is  less severe than at the b lade m idpo int .  No 

s ign ificant d ifference was fou nd in  the width of Wab 1-R and wi ld-type lateral 

and marg ina l  domain sectors measured at the base of the b lade. This may 

reflect the fact that the narrow leaf phenotype is much less severe at the base 

of the blade tha n  at the b lade m idpoint (Hay and Hake ,  2004) . This find ing is 

consistent with the hypothesis that ectopic Lg1 expression in Wab 1 -R leaves 

promotes lateral  growth at the base of the b lade and partial ly com pensates for 

the Wab 1-R n arrow leaf defect. 
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4. milkweed pod1-R 

4.1 I ntrod uction 

milkweed pod1-R (mwp 1-R) is a recessive mutation that was first identified by 

ectopic outg rowths on the abaxial su rface of the husk leaves. The m utant was 

d iscovered by O l iver Nelson and is bel ieved to be a spontaneous mutation 

(pers .  com m . ,  Hector Candela and Sarah Hake) .  The Mwp 1 gene has recently 

been cloned by Hector Candela ,  a postdoctoral fe l low in Sarah Hake's lab .  

Mwp 1 is a member of the KANAOI gene fam i ly, and mwp 1-R is the first kan 

loss-of-fu nction mutant to be reported i n  ma ize (pers .  comm . ,  Hector Candela 

and Sarah Hake) .  

The various ma ize latera l organs exhibit morpholog ical  d ifferences which may 

be viewed as d ifferential e laboration of a common pattern.  The vegetative leaf is 

subd ivided i nto blade and sheath , with the b lade being the dom inant part ,  

whereas the h usk leaves a re main ly sheath tissue with a smal l  res idua l  b lade at 

the tip. The prophyl l  and gynoecium are each thought to be derived from the 

fusion of two phytomers .  The prophyl l  is bel ieved to form via the fusion of two 

primord ia a long adjacent marg ins.  Each of the m idrib reg ions develops a 

prominent kee l .  The mwp 1-R phenotypes observed i n  d ifferent lateral organs 

reflect their d iverse morphologies. 

In order to e luc idate the role of Mwp 1  i n  normal leaf development, a detai led 

a na lysis of the mwp1-R phenotype and characterisation of the expression 

patterns of known polarity genes in mwp 1-R latera l organs were u ndertaken .  I n  

add ition ,  prophyl l  development was investigated i n  mwp 1-R and wi ld-type 

backgrounds i n  order to ga in  a better understand ing of axial  pattern ing  in lateral 

organs with d iverse morphologies. 
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4.2 S pecific Materials and Methods 

4.2.1 Materia l  for SEM and h istology 

Detai led protocols for SEM and h istology are provided in Sections 2 . 5  and 2 . 6 .  

Tissue from mwp 1-R and wild-type husk  leaves was fixed for SEM and 

section ing .  Samples were taken from a point midway between the base and tip 

and midway between the centre and margin of the leaf. 

Samples of mwp 1-R and wi ld-type prophyl l  tissue were fixed for SEM and 

section ing .  Tissue was taken from the keel reg ion,  m idway between the base 

and tip of the prophyl l .  

Tissue from unfused mwp 1-R prophylls d isplaying the "tab" phenotype was 

fixed for SEM and section ing .  Tissue was taken from the "tabs" of mwp 1-R 

prophyl ls and from the central membrane of wi ld-type prophyl ls at a point 

m idway between the base and tip of the prophyl l .  

Tissue from mwp 1 -R and wild-type vegetative leaf sheath marg ins was fixed for 

SEM and sectioning. Tissue was taken from a point m idway between the base 

of the leaf and the blade-sheath boundary. 

Segments of mwp 1-R and wi ld-type s i l k  tissue were fixed for SEM and 

section ing . Samples for SEM were taken from the base of the s i lk .  Samp les for 

sectioning were taken at a point m idway between the base and tip of the s i lk .  

Tissue from mwp 1-R,· Wab 1-R leaves was fixed for SEM and section ing . 

Samples were taken from reg ions where ectopic sheath- l ike t issue extended 

into the leaf blade in mwp 1 -R; Wab 1-R leaves and equ ivalent positions in wild

type leaves . 
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4.2.2 Measurements of mwp 1-R and wild-type lateral organs 

Measurements were a l l  made on mature field g rown W23 and A 1 88 i nbred 

plants, and on mwp1-R i ntrogressed i nto either W23 or A 1 88 five times. 

I ntrogressed materia l  was suppl ied by Sarah H ake and Hector Candela .  H usk 

leaf, prophyl l and vegetative leaf measurements were made us ing a ru ler and a 

flexib le d ressmakers' measur ing tape . Each data set comprised eight or more 

ind ivid ua ls  (exact sample s izes are g iven i n  resu lts tables) . 

Prophyl ls and husk leaves 

The prophyl l  and husk leaves 1 ,  4 and 8 (numbered from outer to inner) from 

the u pper ear of each plant were measured . Prophyl l  and h usk leaf length were 

measured from the base of the leaf to the b lade-sheath bou ndary. Width was 

measu red from marg in  to marg in  at a point m idway between the base of the leaf 

and the b lade-sheath boundary. For prophyl ls, the d istance between the keels 

was measured at a point m idway between the base and tip of the leaf (see 

Table 4 . 1 ) . 

Vegetative leaves 

Veg etative leaves 8, 9 and 1 0  (counting down from the tasse l )  were measured . 

B lade length was measured from the blade-sheath boundary to the tip of the 

leaf. Sheath length was measured from the base of the leaf to the b lade-sheath 

boundary. Ha lf- leaf width was measured from m id rib to marg i n .  Blade width was 

measured at the widest part at the base of the b lade. Sheath width was 

measured at a point m idway between the base of the leaf and the blade-sheath 

boundary.  

Si lks 

Sectioned materia l  was photographed under the stereom icroscope. 

Measurements were made from cal ibrated d ig ital photographs .  Measu rements 

were m ade of the d istance between the veins a nd of the d istance from one vein 

to the outer edge of the s i l k  (see Table 4 .6) .  

Paleae and g lumes 

Paleae and g lumes were d issected from male florets and flattened onto doub le 

s ided tape attached to g lass m icroscope sl ides. They were photographed u nd er 
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the stereomicroscope. Measurements were made from cal ib rated dig ita l 

photographs .  Length was measured from base to t ip .  Width was measured from 

marg i n  to marg in at the widest point .  For each palea, the d istance between the 

veins  was measured . 

Statistical ana lysis 

Mean values for each measurement point were calculated separately for mwp 1 -

R a n d  wi ld-type .  Means were compared b y  Student's t-test to determine if they 

were s ign ificantly d ifferent at the 0 .05 confidence leve l .  Data were ana lysed 

us ing M icrosoft Office Excel 2003. 

4.2.3 SEM of developing prophyl ls 

Repl icas of axi l lary buds were created using the method described i n  Section 

2 . 5 . 2 .  Axi l lary buds were taken from reprod uctive nodes. Axi l l a ry buds are 

suppressed in  nodes above the ear, so the most d ista l nodes that contained 

axi l la ry buds were selected (Poeth ig ,  1 988) . Subtending leaves were removed 

to expose axi l la ry buds.  Buds at the earl iest stages were cast whi le sti l l  

attached to  the ma in  axis. Later stage buds were detached from the main axis 

us ing a razor blade before casting .  This a l lowed the side of the prophyl l  

adjacent to the cu lm to be viewed . 

4.2.4 Measurements of developing prophyl ls 

Developing prophyl ls were measured from e lectron micrographs .  Overa l l  length 

was measured from base to tip. When the tips were cu rled over, a piece of 

thread was used to trace the l ine of the prophyl l and the length of the 

stra ightened th read was measu red . The length of the fused reg ion was 

measured from the base of the prophyl l  to the cleft where the two prophyl l  tips 

join ,  or to the top of the strip of tissue con necting the two prongs in u nfused 

mwp 1-R prophyl ls (see Figu re 4 . 1 1 ) . 

4.2.5 In situ hybrid isation 

The in situ hybrid isation protocol used is a modified version of the one 

described by Jackson ( 1 99 1 ) .  
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Probe synthesis 

Clones of the rld1 and zyb9 genes in the vector pB luescript (Stratagene) were 

k ind ly p rovided by Marja  Timmermans (Cold Spring Harbou r Laboratory, New 

York) .  The rld1 clone encompassed nucleotides 6 1 9- 1 674 of the rld1 cod ing 

sequence (Juarez et al. , 2004b) .  The zyb9 clone comprised the 5 '  reg ion , 

i nclud ing  the Zn-finger domain (Juarez et al. , 2004a) .  GenBank accession 

n u m bers a re:  rld1 AY50 1 430 ;  zyb9 AY31 3903. 

C lones were transformed i nto D H 5a cel ls ,  selected on ampic i l l i n  plates and cel ls 

were g rown i n  1 0  ml overn ight cu ltu res. P lasmid DNA was extracted using the 

Q IAprep® Spin Min iprep Kit (Q IAG EN) and eluted in  50 � I  of water. P lasmid 

DNA was seq uenced by the Alan Wilson Centre Genome Sequencing Service 

to confi rm that the correct sequence had been obtai ned . 

P lasmid was d igested with the appropriate restriction enzyme to g ive a l i near 

temp late for the transcription reaction . For the zyb9 antisense probe , plasmid 

was l i nearised with Bam H I  and the T7 RNA polymerase (Roche) was used i n  

the transcription reaction .  For the rld1 antisense probe, p lasmid was l inearised 

with Xhol  a nd the T3 RNA polymerase (Roche) was used in the transcription 

reaction .  P rotein  was removed from the l inearised plasmid by phenol chloroform 

extraction . 

D IG- label led probe was synthes ised by in vitro transcription us ing 1 �g of the 

l inearised p lasmid as a template , D I G  RNA labe l l i ng  m ix (Roche) and the 

supp l ied buffer in  a fina l  volume of 20 � I .  The transcription reaction was carried 

out at 37°C for 1 h. An a l iquot was saved to run on a gel after DNase treatment. 

The D NA template was degraded by DNase treatment. Water and 5 � I  RNase 

free D Nase (Roche) were added to the transcription reaction to make a fina l  

volume of 1 00 � I  and incubated at  37°C for 1 0  m i n .  An a l iquot was ru n on a ge l  

a longs ide the reserved a l iq uot from the transcription reaction to ensure that the 

template was degraded . Probe was ethanol precip itated , then resuspended i n  

50 � I  of water and  50  � I  of formamide to create the  stock probe. 
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RNase treatment of solutions and eq u i pment 

Precautions were taken to p revent RNase contam ination d u ring the in situ 

hybrid isation procedu re .  Al l  solutions were made using DEPC-treated water ( 1  

m l  of D EPC was added to 1 L of m i l l i-Q water, i ncubated overn ight with 

occasional  shaking,  and then a utoclaved) .  All g lassware ,  s l ide racks and 

forceps were baked at 250°C for 6-8 h .  P lastic conta iners were soaked i n  H 202 

overn ight and then r insed in R Nase-free water. Benches were cleaned with 

R Nase away (Molecular  BioProducts) . Latex g loves were worn for a l l  steps and 

changed regu larly. 

Prehyb rid isation treatments 

Sl ides were placed in  metal s l ide racks a nd a l l  p rehybridisation treatments were 

carried out at room temperature .  

Dewaxing 

S l ides were dewaxed in  two changes of H istoclear for 1 0  m in  each . 

Hyd ration 

Sl ides were hydrated through a graded ethanol series (2 x 1 00% for 2 m in ,  

95%,  85%, 70%,  50% , 30% for 1 m i n  each ,  0 .85% NaCI  for 2 m in ) ,  then 

immersed in 0 . 1  M HCI for 20 m in ,  water for 5 m i n  and 1 xPBS for 2 m i n .  

Pronase treatment 

Pronase was prepared by pred igesting 50mg/m l p ronase (Roche) at 3rC for 4 

h to remove n ucleases. 1 m l  a l iquots were stored at -20°C.  

Pronase solution was prepared immed iately before use by add ing 1 ml  of 50 

mg/ml pred igested pronase to 400 m l  of 3rC pronase buffer (50 m M  Tris p H  

7 .5 , 5 m M  EDTA) . S l ides were incubated i n  pronase sol ut ion for 20 m in at 3rC .  

Pronase d igestion was stopped b y  immers i ng s l ides i n  0 . 2 %  (w/v) g lycine i n  

1 xPBS for 2 m i n ,  then r ins ing i n  1 xPBS for 2 m in .  

Acetic anhydride 

A 400 ml conta iner of 0 . 1 M triethanolamine was p laced on a sti r plate and the 

s l ide rack was suspended in  this solution . 2 m l  of acetic anhydride was added 
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wh i le the triethanolamine solution was being sti rred . Sl ides were incubated for 

1 0  m in with continued sti rri ng then r insed in PBS for 2 m in .  

Dehyd ration 

S lides were dehydrated i n  a graded ethanol  series us ing the same ethanol 

series as before, but with fresh 1 00% ethanol for the fina l  step .  S l ides were left 

to d ry for 30 m in  or more . 

Hybrid isation 

Working probe was made by d i l uti ng  1 II I  of stock probe to 1 9  II I  of 50% 

formam ide per s l ide.  The working probe was heated at 80°C for 2 min to relax 

secondary structures then cooled on ice before add ing to the hybridisation 

buffer. 

The fol lowing hybrid isation buffer was used ; 

1 rn l  1 0% (w/v) Boehri nger b locking reagent (Roche) 

1 . 1 25 rnl 20xSSPE 

1 g dextran sulfate 

50 II I  1 00 m M  D OT 

1 00 II I  1 0  mg/ml tRNA 

4 ml deion ised formamide 

Water to 8 rnl 

20 II I  of the working probe, 80 II I  of hybrid isation buffer and 1 II I  of RNase OUT 

( I nvitrogen) were used for each s l ide .  

Hybrid i sation solution ( 1 00 Il l )  was pipetted onto each s l ide and covered with a 

g lass covers l ip ,  taking care to remove bubbles . Sl ides were transferred to a 

sea lable p lastic box l i ned with paper towels soaked i n  50% (v/v) forrnarnide.  

Sea led boxes were placed i n  a 50-55°C incubator and left to hybrid ise 

overn ight. 
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Washes 

The fol lowing morning the coversl ips were removed , s l ides were returned to the 

rack a nd washed in 0 .2% SSC for 1 h at 55°C and in fresh 0 .2% SSC for a 

further hour. S l ides were then immersed i n  1 xPBS for 1 0  m in .  

Blocks and antibody incu bation 

Blocking steps were carried out  at  room temperatu re .  S l ides were p laced in  

p lastic trays on a rocking platform and treated with a series of  b locking 

solut ions :  Block A ( 1 % Boerhi nger block in 1 xTBS) for 45 m in ,  B lock A for 20 

m in , B lock B ( 1 % BSA, 0 . 3% Triton x-1 00 (Sigma)  i n  1 xTBS) for 45 m in .  

Anti -D IG conjugated antibody (Roche) was d i l uted 1 : 1 250 in  Block B . 1 50 � I  of 

ant ibody solution was p ipetted onto each s l ide and sl ides were covered with 

g lass covers l ips .  Sl ides were transferred to a sea lable p lastic box l ined with 

damp paper towels, and incubated at room temperature for 2 h .  Coversl ips were 

rem oved and s l ides were returned to plastic trays . S l ides were treated with fou r  

changes of Block B for 2 0  m in  each . 

S l ides were returned to the rack and immersed i n  Buffer C ( 1 00 mM Tris p H  9 . 5 ,  

50  m M  MgCI2 ,  1 00 mM NaCI) for 1 5  m i n  then in  fresh B uffer C for a further 1 5  

m i n .  

Digoxygenin detection 

1 00 �I of N BT/BC I P  (Roche) was d i l uted in 5 m l  of Buffer C j ust before use.  

1 00 � I  of solution was p ipetted onto each s l ide and covered with a g lass 

coversl ip .  S l ides were transferred to a sea lable p lastic box l i ned with damp 

paper towels,  and incubated at room temperature i n  complete darkness for 1 5  -

48 h .  Sta in ing  i ntensity was c hecked u nder the stereomicroscope. 

To stop the sta in ing reaction ,  sl ides were returned to the rack and r insed for 1 0  

m in  i n  TE.  S l ides were a l lowed to a i r  d ry before mounting covers l ips with 

immunomount (Shandon) .  
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4.2.6 H usk leaf and prophyl l  material for in situ hybrid isation 

To determ ine the expression patterns of adaxial ly expressed genes i n  

develop ing prophyl ls, h usk leaves and  vegetative leaves , t issue was fixed and  

probed for zyb9 and rld1 expression . 

For h usk leaves and prophyl ls ,  seed l i ngs were harvested at 28 to 50 days after 

p lant ing . Approximately seven outer leaves were removed from each , leaving 

lateral buds in  upper nodes and the i r  subtending leaves i ntact. 

To fac i l itate comparisons of mutant and wild-type development, buds at s im i lar  

developmenta l stages, and sections from eq u ivalent posit ions with in the bud 

were compared . Buds at s im i la r  developmenta l  stages were identified by 

cou nting the n umber of leaves that had been in itiated by the lateral meristem.  

Sect ions from equ ivalent posit ions were selected by cou nt ing the number of 

sect ions from the base of the bud .  

For ana lysis of sheath marg ins ,  seed l i ngs were harvested at  24-28 days after 

p lant ing .  The outer four  leaves and the dista l part of the shoot were removed . 

Genetic materia l  was chosen from backgrounds that exh ib it the part icular trait 

be ing stud ied . Husk leaf outgrowths and the subd ivided keel phenotype were 

exam ined i n  mwp 1-R introg ressed into the W23 backgrou nd ,  with wi ld-type 

W23 plants as a contro l .  The u nfused prophyl l  phenotype was stud ied in a non

inbred l ine that consistently showed th is phenotype. Sheath marg in  outgrowths 

were examined in  mwp 1-R i ntrogressed i nto the A 1 88 backg round ,  with wi ld

type A 1 88 as a contro l .  

4.3 Res u lts 

4.3.1  H usk leaf phenotype 

mwp 1-R a nd wi ld-type h usk leaves were examined by SEM and l ight 

m icroscopy of sectioned tissue (F igure 4 . 1 ,  F igure 4 .2) .  In transverse section 

the wi ld-type h usk leaf has a r ibbed appearance a nd the vascu lar  bund les a re 

oriented with xylem at the adaxial  pole (false coloured p ink) and ph loem at the 
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abaxia l  pole (fa lse coloured b lue) (F igu re 4 .2  A,  8) .  Wi ld-type husk leaves are 

relatively smooth on the adaxia l  surface , with b rick-shaped cel ls and shorter  

pr ickle- l i ke h ai rs (F igu re 4 .2  C) .  The abaxial  surface is h ai rier, particu larly near 

the marg ins ,  and the cel ls  are more rou nded (F igure 4.2 D) .  

O utgrowths on mwp 1-R h usk leaves general ly occur i n  pa i rs on the abaxia l  

su rface (F igu re 4 . 1  0 ,  Figu re 4 .2  E ,  F) .  The outer surfaces of ectopic flaps are 

ha i ry a nd have rounded cel ls ,  s imi lar  to abaxial marg in  t issue (F igure 4 .2  F) .  

The ep idermis between outg rowth pairs is smoother, with brick- l ike cel ls  a nd 

on ly s horter prickle- l i ke h ai rs ,  s im i lar to adaxia l  epidermis (F igure 4 .2  J ) .  

Vascu lar  bund les are oriented with xylem to the inner  s ide of ectopic flaps 

(F igure 4 .2  G) .  Vascular bund les at junctions between outg rowths and the main 

l am ina  are often partial ly or fu l ly rad ia l ised , with xylem surround ing phloem 

t issue (F igure 4 .2  H, I ) .  

Figure 4. 1 .  Wild-type and mwp1-R 
ears .  (A) Wild-type ear. (8) Abaxial 
surface of wild-type husk leaf. (C)  
mwp1 -R ear. (0) Abaxial surface of 
mwp 1-R husk leaf with ectopic 
outg rowths .  
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Figure 4.2. Ectopic outgrowths on mwp1-R husk leaves a re associated with 
adaxial ised tissue. 
(A-D) Wild-type husk leaves have a polarised arrangement of vascular tissue and 
epidermal characteristics. (A) Transverse section of wild-type husk leaf. (8) The 
vascu lar bundles of wild-type husk leaves are oriented with xylem (false coloured 
p ink) on the adaxial side and phloem (false coloured blue) on the abaxial side. (C) 
The adaxial epidermis is relatively smooth , has only shorter hairs, and the cel ls are 
brick- l ike. (D)  The abaxial epidermis has a variety of hair types with long hairs near 
the margins,  and more rounded cel ls .  
(E-J) mwp 1-R husk leaves develop pairs of ectopic outgrowths on the abaxial 
surface. (G) Vascu lar bundles are oriented with xylem to the inner side of tissue 
flaps. (H ,  I) Vascu lar bund les at outgrowth junctions are often partial ly rad ial ised . (F)  
The outer epidermis of these outgrowths has long hairs characteristic of abaxial 
marginal tissue. (J) The epidermis between pairs of outgrowths is smooth with only 
shorter hairs and is more s imi lar to adaxial epidermis. (J )  is a piece of tissue 
adjacent to (F) that has been cut away to reveal the epidermis between tissue flaps. 
Red dotted l ines indicate equ ivalent positions. Scale bars in  (8) ,  (H) and ( I )  = 20lJm. 
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Expression of rld1 and zyb9 in  husk leaves 

To determ ine if genes that are norma l ly  expressed adaxial ly are misexpressed 

in mwp 1-R h usk leaves ,  d eveloping husk  leaves were probed with zyb9 and 

rld1 (F igure 4 .3 ,  Figure 4 .4 ) .  Juarez et al .  (2004b) found that zyb9 and zyb 1 4  

h ave s imi lar  expression patterns i n  vegetative leaf primord ia ,  a n d  m y  

p re l im inary resu lts ind icated that they also have s imi lar  expression patterns i n  

d eveloping h usk leaves . Therefore, i t  was decided to use zyb9 a s  a probe 

representative of the YABB Y fami ly. Transverse sections from the basal part of 

latera l buds a re shown . In the centre of each is the ear axis (asterisks) . H usk 

leaf primord ia  surround the ear axes.  

rld1 i s  expressed on the adaxia l  s ide of wi ld-type h usk leaf primord ia (Fig ure 4 . 3  

A-C) .  Ectopic outgrowths o n  mwp 1 -R h usk leaves a re associated with rld1 

misexpression (F igure 4 . 3  D-F). F igure 4.3 0 shows paired outgrowths on the 

abaxial  side of husk leaves two and three (arrowheads) . I n  the reg ion between 

the outgrowths,  rld1 is expressed both adaxia l ly and abaxia l ly. Expression is 

particu larly strong on the abaxial side between outgrowths (F igure 4 . 3  E ,  F ) .  

zyb9 is expressed on the adaxial side of  young h usk leaf p rimord ia  (data not 

shown) .  I n  o lder husk leaf primord ia ,  zyb9 expression does not appear strongly 

polarised (F igure 4.4 A, 8) .  zyb9 expression persists at the marg ins and in 

developing vascu lar bund les, but fades from med ia l  regions.  

Ectopic outgrowths on mwp 1-R husk leaves are associated with zyb9 

expression (F igure 4 .4 C ,  D) .  F igu re 4 . 4  C shows pa i red outgrowths on the 

abaxial  side of husk leaves th ree and four  (arrowheads) . These outgrowths 

occur in  the media l  region of each husk leaf. zyb9 i s  expressed in  each 

outgrowth (F igu re 4.4 D), whereas zyb9 is not expressed in the med ia l  reg ion of 

wi ld-type h usk leaves at s im i lar  stages (F igure 4 .4 8) .  
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Figure 4.3. rld1 is misexpressed in mwp1-R h us k  leaf primordia .  (A-C) rld1 is 

expressed on the adaxial side of wild-type husk leaves. (A) Transverse section 

through wild-type lateral bud.  The ear axis can be seen at the centre (asterisk), the 

culm is below and the subtending vegetative leaf is above. Developing husk leaves 
and the prophyll surround the ear axis. (8 ,  C) C lose-ups of wild-type husk leaves 
showing rld1 expression on the adaxial side. Expression persists at the margins and 
in developing vascular bund les, but fades from the medial reg ion. 

(D-F) rld1 expression in mwp 1-R husk leaves. (D) Transverse section through 
mwp1-R lateral bud.  Husk leaf primordia have ectopic outgrowths (arrowheads). rld1 
is expressed on the abaxial side, between pairs of ectopic outgrowths. (E,  F) C lose
ups of ectopic outgrowths in ( D) .  Scale bars in (A) and (D) = 200lJm.  Scale bars i n  
( 8 ) ,  (C), ( E )  and ( F )  = 50lJm.  
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F ig u re 4.4. zyb9 is misexpressed in mwp 1 -R h usk leaf primordia.  (A, 8) zyb9 
expression in wild-type husk leaf primord ia.  (A) Transverse section through wild

type lateral bud . The ear axis can be seen at the centre (asterisk), the culm is below 

and the subtending vegetative leaf is above. H usk leaf primordia surround the ear 
axis. zyb9 expression persists at the margins and in developing vascular bundles of 
older wi ld-type husk leaves. Expression fades from the medial reg ion. (8) is a 
close-up of the med ial region (arrowhead) of husk leaf three and margins (arrows) 

of husk leaf four. 

(C,  0) zyb9 expression in mwp 1-R husk leaf primordia. (C) Transverse section 
through mwp 1 -R lateral bud. Husk leaf primordia three and four  have pairs of 
ectopic outg rowths on the abaxial side that express zyb9 (arrowheads). (0) Close

up of ectopic outgrowths on h usk leaf four. zyb9 is expressed at the tip of each 

outgrowth . Arrowhead ind icates medial reg ion of h usk leaf four, arrows ind icate 

margins of husk leaf three. Note also that the prophyll is unfused and the keel on 
the right is subdivided i nto two points. Scale bars in  (A) and (0) = 200lJm. Scale 

bars in (8) and (0) = 50lJm. 
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4.3.2 Prophyll phenotypes 

The prophyl l  is the organ most severely affected by mwp 1-R, a lthoug h the 

phenotype varies in both penetrance and expression . 

Wi ld-type prophylls 

The prophyl l  is the fi rst organ  produced by a newly in it iated latera l meristem 

(Arber , 1 934) .  At maturity, the prophyl l  h as two outer margins  that enclose the 

ear, and two prominent keels that wrap a round the cu lm (Figu re 4 . 5 ,  F igure 4 .6  

A-C) (Scan lon and  Free l ing ,  1 998) . The two kee l  reg ions are connected by  

membranous t issue. Wi ld-type prophyl ls b ifurcate at the very t ip .  

Lateral 
meristem 

1Ji'<--'t--- P roph yl l  

q 
Vegetative 
leaf 

F ig u re 4.5. The prophyll .  In maize, the female inflorescences (ears) are 
produced by lateral meristems in the axils of vegetative leaves. The prophyl l  
(blue) is the first organ in itiated by the lateral meristem. At maturity, the prophyll 
is sandwiched between the ear and the culm (stem) .  Two prominent keels extend 
at right angles from the prophyll (arrowhead) .  The two outer margins enclose the 
ear, while the keels wrap around the culm. 

The adaxial ep idermis of the wi ld-type prophyl l is re latively smooth ,  with on ly 

s horter prickle-l i ke hairs (Figure 4 .6  H ) .  The abaxia l  ep iderm is ,  inc lud ing the 

keel reg ion ,  is  covered in  longer ha irs (F igure 4 .6 I) .  M ost veins a re oriented 

with xylem at the adaxia l  pole and ph loem at the abaxia l  pole (F igu re 4 .6  0, F ,  

G) .  However, it was observed that ind ividua l  veins i n  the keel often had a 

d ifferent orientation to veins in  flank ing reg ions (F igure 4 .6  E ,  F igure 4 .7) . This 
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Figure 4.7 . Vascular  polarity i n  wild-type prophyl l  keel. (A) Transverse section 
through wi ld-type prophyl l keel .  (B-E) Close-ups of veins indicated by blue boxes i n  
(A). (B ,  C )  Veins in reg ions adjacent to the  keel are oriented with xylem to the 
adaxial side and ph loem to the abaxial side. (0) Partia l ly rad ial ised vascular bundle 
in keel. (E)  Vein in keel with opposite orientation to veins adjacent to the keel . 
Sections are stained with safran in  and fast green. Xylem elements stain red , 
whereas ph loem cells sta in g reen .  (F) Schematic of vein orientation in keel reg ion. 
Ph loem is ind icated by blue circles, xylem by red arrows. Scale bars in (B-E) = 
20�m. 
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was observed in  4/5 examples in A 1 88 prophyl l s  and 4/4 t imes in W23 

prophyl ls .  

mwp 1-R unfused prophyl l  phenotype 

The prophy l l  is the organ most strongly affected by mwp 1-R. I n  the most severe 

cases the prophyl l  is red uced to two unfused prongs (F igu re 4 .6  J-L). The 

centra l membrane and much of the outer marg ins are deleted . I n  addit ion , keel 

outgrowth is s ign ificantly red u ced . 

The adaxia l  epidermis of mwp 1 -R prophyl l  prongs appears normal (F ig ure 4 . 6  

R ) .  The abaxial side has norma l  looking epidermal  features in  the centra l part 

( ind icated by yel low dotted l i ne) .  However, the epidermis near the edges of the 

prong is smooth and more s imi lar  to adaxial epidermis (F igure 4.6 S) .  The 

orientation of vascu lar bund les with in the prong varies . Bund les near the edge 

of the prong have a relatively norma l  orientation (F igu re 4 .6  M, N, Q), whereas 

bund les in  more central reg ions may be completely or part ia l ly radia l ised 

(F igure 4 .6  0, P). With in mwp 1-R prophyll prongs ,  the d istortions in vascu lar  

polarity a re more extreme and affect a g reater n umber of  vascular bund les than 

the d ifferently oriented vascu lar  bund les seen in the keel reg ion of wi ld-type 

prophyl ls .  

Comparison of mwp 1-R and wi ld-type prophyll  development 

To characterise normal  prophyl l  development, a nd to determine when the 

mwp 1 -R unfused prophyl l  defect first becomes apparent, an  investigation of 

prophyl l  development in  mwp 1-R and wild-type p lants was undertaken by SEM 

(F igure 4 . 8) .  Leaf primord ia a re numbered in the order i n itiated , with pr imord ia 1 

and  2 comprising the prophyl l  and primord ium 3 the fi rst husk leaf. I n  wi ld-type , 

the fi rst two primord ia are connected by a strip of tissue at the time they emerge 

(F igure 4 . 8  A, B) .  At a s imi lar  stage,  the two primord ia compris ing the mwp 1-R 

prophyl l  a lso have a connecting membrane (F igure 4 . 8  E ,  F). By plastoch ron 4 

(F igure 4 . 8  C) ,  the fused reg ion of wi ld-type prophyl ls has g rown upward (a long 

the proximal-d ista l  axis) and the t ips have grown lateral ly .  The third primord i um ,  

the fi rst h usk leaf, can just be  seen between the prophyl l  t ips .  I n  contrast, the 

connecting membrane of the mwp 1 -R prophyl l has undergone l ittle growth 

a long the proximal-d istal axis , and  the tips have not g rown lateral ly ,  leaving  the 
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Figure 4.8. The mwp1-R prophyl l  defect is apparent by plastochron 4. 
SEMs of wild-type (A-D) and mwp 1-R ( E-H) axil lary buds with developing prophyl ls .  
At the earliest visible stages of prophyl l  development, the two primordia that 
comprise the prophyll are connected by a strip of tissue in both wild-type (A, 8) and 
mwp 1-R (E ,  F) .  8y plastochron 4 ,  the mwp 1-R defect is apparent. I n  wild-type (C) ,  
leaves 1 and 2 have grown lateral ly and the central membrane has grown upwards, 
concealing the third primord ium.  In mwp 1-R (G), leaves 1 and 2 have undergone 
l ittle lateral g rowth and the central membrane has not elongated , leaving leaf 3 
exposed. Later in development, these d ifferences are even more pronounced (D ,  
H ) .  Early stage prophylls are shown from above (A, E) and  from the side furthest 
from the culm (8, F). Later stages show the side adjacent to the culm (C ,  D, G, H ) .  
Leaves are numbered i n  the order of in itiation. A l l  scale bars = 1 00l-lm 
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th i rd primord ium exposed (F igu re 4 . 8  G) .  At later stages this d ifference is even 

more apparent .  In wi ld-type ,  the th i rd pr imord ium is enclosed by the prophyll 

(F igure 4 .8  D), whereas in  mwp 1-R there is  wide gap between the prongs that 

leaves the th i rd primord ium completely exposed (Fig u re 4 .8  H) .  

rld1 expression in early stage prophyll development 

rld1 expression was analysed in  early stage prophyl ls of wi ld-type and mwp 1 -R 

plants (F igure 4 .9) . Transverse sections of latera l  buds are shown , with SEMs 

i l l ustrat ing equ ivalent stages. In wi ld-type prophyl ls ,  rld1 is expressed adaxia l ly  

(F igure 4 .9 D ,  E) .  Fig ure 4 .9 D shows a young bud that is just in itiating  the th i rd 

pr imord ium (fi rst husk leaf) . On ly one marg in  of the husk leaf can be seen i n  th is 

section (arrow) , as h usk leaf pr imord ia a re i n itiated at an angle rather than 

perpend icu lar to the main shoot axis .  In very early stage prophyl ls ,  a b lock of 

expression is often seen at the outer edge,  such that a boundary of rld1 

expression extends a long the keel axis (F igure 4 . 9  D ,  F igure 4 . 1 0) .  Th is  b lock of 

expression is not seen at later stages, when expression becomes confined to 

the adaxial  s ide of the prophyl l  (F igure 4 . 9  E) . Expression persists at the outer 

marg ins and on the adax ia l  side of the central membrane,  but often fades in the 

intervening reg ion .  

rld1 expression was ana lysed in mwp 1-R prophyl ls ,  i n  a genetic backg round 

that consistently exhi b its the u nfused prophyl l  phenotype. Un l i ke wild-type 

prophyl ls ,  rld1 expression is seen on the abaxia l s ide of the mwp 1-R prophyl l  

very early in  development (arrowhead in  F igure 4 . 9  I ) .  One marg in of the th ird 

pr imord ium (fi rst husk leaf) can be seen (arrow) . F igure 4 .9 J shows a bud at a 

later stage, equ iva lent to the wild-type bud shown in  F igu re 4 . 9  E. The prophyl l 

is  clearly unfused and the two prongs show patchy rld1 expression throughout. 

The husk leaves d isplay a normal-looking adaxial expression pattern .  
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Fig u re 4.9. The mwp1-R unfused prophyll  phenotype is associated 
with rld1 misexpression early in development. 
SEMs of lateral buds showing early stages of prophyll development in wild
type (A-C) and in situ hybridisation of rld1 in  transverse sections of 
equ ivalent stage buds (0 ,  E). rld1 is normally expressed on the adaxial side 
of developing prophylls and husk leaves (0, E) .  Blocks of rld1 expression 
can be seen at the prophyl l  outer marg ins early in development (0) .  These 
fade at later stages (E). 
SEMs (F-H) and in situ hybrid isation of rld1 ( I ,  J )  i n  mwp 1-R lateral buds. In 
mwp 1 -R, rld1 expression is seen on the abaxial side of the prophyl l  early in 
development (arrowhead in I ) .  Later, d iffuse rld1 expression is seen 
throughout the two prongs of the unfused prophyl l  primordium (J) .  Prophyl l  
primordia are outl ined with dotted l ines in (0) ,  ( E), ( I )  and (J) .  Arrows in (0) 
and ( I )  ind icate P3 leaf primord ia. Scale bars = 1 00\-lm. 
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Figure 4 . 10. rld1 expression i n  wild-type prophyll  primord ium. rld1 is expressed on the 
adaxial side of the prophyl l  primord ium (outl ined) ,  and in blocks at the outer margins .  
Boundaries of expression extend along the keel axes (red dotted l ines) .  Two sets of margins are 
indicated by green arrows. rld1 expression persists at the margins and fades from the 
interven ing reg ions. Green arrowhead represents the point at which the two primord ia fuse 
according to the fused phytomer model. OM=outer marg ins ,  I M=inner margins .  LM = lateral 
meristem . P3 ::: plastochron 3 leaf primordium,  the first husk  leaf to be in itiated after the 
prophyl l .  

Morphometric analys is of mwp 1-R a nd wi ld-type prophyl ls 

To investigate prophyl l  g rowth further, the length of the fused region was 

compared in mwp1-R and norma l  prophyl ls at d ifferent stages of development .  

The length of the fused reg ion was plotted aga inst overa l l  prophyl l  length 

(Fig u re 4 . 1 1 ) . At the earl iest stages (up  to about 1 mm overa l l  length) the length 

of the fused reg ion appears s im i lar  in  mwp 1-R and normal  prophyl ls .  For 

prophyl ls over 1 mm in length , there is a clear d ifference between the length of 

the fused reg ion in mwp 1-R and wi ld-type. This d ifference becomes increas ing ly 

apparent as growth proceeds.  I n  wi ld-type the fused region appears to g row 

rapid ly, whereas in mwp 1-R th is reg ion grows very s lowly .  By the time the 

prophyl ls  were 1 0  mm in  height ,  a l l  wi ld-type p rophyl ls had a fused reg ion of 4 

m m  or longer, whereas none of the mwp 1-R fused regions had reached 2 m m .  

mwp 1-R u nfused prophyl ls with tabs 

A variation of the unfused prophyl l  phenotype is the deve lopment of prophyl ls  

that are unfused , but a have a "tab" of tissue extend ing from the membranous 

strip that l i nks the two prongs (F igure 4 . 1 2) .  On either s ide of the tab a re U

shaped s inuses that never elongate. The tabs vary in  size and d istribut ion of 
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Fig u re 4.1 1 .  Morphometric analysis of mwp 1 -R and wil d-ty pe prophyll d evelopment. 
Prophyll length and the len gth of the fused reg ion were measured in  developing wild-type and 
mwp 1-R prophyl ls ( i l l ustrated in  A and 8) .  The length of the fused reg ion was plotted against 
overal l  prophyl l length (C). (0) is an enlargement of the boxed portion in (C) .  Sca le bars in (A) 
and ( 8) = 500 �m.  
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adaxial and abaxial cel l  types .  Figure 4. 1 2  (D-F) shows a narrow tab that h as 

relatively normal adaxial (E) and abaxial (F) cel l  types. F igure 4. 1 2  (G- I)  shows 

a wider tab .  The ad axial  surface has normal looking epidermal characteristics 

while the abaxial surface has a series of outgrowths. The pola rity of vei ns with i n  

prophyl l  tabs varied from relatively normal to partial ly rad ial ised , with xylem 

s u rrou nding ph loem . 

Wild-type milkweed pod1-R 

Fig u re 4.12.  The mwp1-R prophyll "ta b" phenotype. Photographs and SEMs of wild-type 
prophyll (A-C) and mwp 1-R proph ylls with tabs ( 0- 1 ) .  (A) The wild-type prophyll is fused. (8)  The 
adaxial su rface of the central membrane is relatively smooth with prickle-type hairs .  (C) Cells on 
the abaxial su rface are more rounded.  (D) mwp1 -R prophyl l  with narrow tab. The adaxial (E) 
and abaxial (F) epidermis of the tab appear relatively normal. (G) mwp 1-R prophyll with wider 
tab. (H )  The adaxial epidermis of the tab appears normal. ( I )  The abaxial side of the tab has 
ectopic outgrowths. Scale bars = 1 00lJm. 
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rld1 expression in  mwp 1-R prophyl ls with developing tabs 

Expression of rld1 was examined in a mwp 1 -R prophyl l  with a developing tab ,  

and in a wi ld-type prophyl l  at  an equ ivalent stage (F ig u re 4 . 1 3) .  The wi ld-type 

prophyl l  is fused , and rld1 expression is adaxia l  (F igure 4 . 1 3  A, 8) . The SEM 

shows a prophyl l  at a s l ig htly later stage than the section .  The dotted l ine 

ind icates the position equ ivalent to the plane of the section . 

The SEM in  F igure 4 . 1 3  C shows a mwp 1-R prophyl l  with a d eveloping tab .  

F igure 4 . 1 3  D-F a re seria l  sections of a mwp 1-R prophyl l  at a s l ightly earl ier 

stage. Sections a re shown correspond ing to the fused reg ion at the base of the 

prophyl l (E ,  F) and a more d ista l section where the tab and two prophyl l  prongs 

a re separate (D) .  I n  0, an  is land of tissue correspond ing to the tab can be seen 

(asterisk) . Dotted l ined in F igure 4 . 1 3  C ind icate positions equ ivalent to where 

sections were taken. I n  the proximal  sections (F igure 4 . 1 3  E ,  F) ,  adaxial rid 1 

expression is seen in two patches j ust below the U-shaped s inuses 

(arrowheads) . The reg ion immed iately below the tab reta ins a more polar 

pattern of expression ,  a lthough expression is somewhat patchy (arrows) .  

mwp 1-R subd ivided keel phenotype 

I n  the W23 background , mwp 1-R prophyl ls were general ly fused . However, in 

many cases each of the keels was replaced by a com plex series of outgrowths 

(F igure 4 . 1 4  A-C) .  Vascular bund les in the keel reg ion were partial ly or 

comp letely rad ia l ised , with xylem surround ing a centra l strand of ph loem tissue 

(F igure 4 . 1 4  E-G) .  Vascu lar  bund les in reg ions adjacent to the keel had a more 

normal  orientation (F igure 4 . 1 4  D) .  

rld1 and zyb9 expression patterns were examined in  develop ing prophyl ls of 

W23 p lants and mwp 1-R introgressed into W23 .  I n  wi ld-type W23 p lants , rld1 is 

expressed on the adaxial  s ide of the prophyl l  and expression persists at the 

m argins and in  developing vascu lar bund les .  rld1 is  not expressed in  the keels 

of later stage W23 prophyl ls (F igure 4 . 1 4  H) .  I n  the mwp 1 -R prophyl l  shown in  

F igure 4 . 1 4  I ,  the kee ls  appear b lunter than normal  and  the keel on  the left is  

d ivided into two points . rld1 expression is s imi lar to wi ld-type at  the margins and 

in  developing vascular  bund les (F igu re 4 . 1 4  I ) .  However, rld1 expression is 

seen in the kee l ,  particu la rly in patches where outgrowths are deve loping 
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Fig u re 4 .1 3 .  rld1 expression in mwp 1-R prophyll exhibiting the "tab" 
phenotype. (A) SEM of wi ld-type prophyl l .  (8) In situ hybrid isation of rld1 in wild
type prophyll at sl ightly earl ier stage than (A). Dotted l ine in (A) ind icates 
approximate position of section shown in (8) .  rld1 expression is confined to the 
adaxial side of the prophyl l .  (C) SEM of mwp1-R prophyll with developing tab .  (D-F) 
In situ hybridisation of rld1 in mwp 1-R prophyl l  at s l ightly earl ier stage than (C) .  
Dotted l ines in (C) ind icate approximate position of sections in (D-F) .  (D)  Section 
taken proximal to fused reg ion. The tab appears as an is land of tissue separate from 
the two prophyll prongs (asterisk). (E ,F)  Sections through the fused region. rld1 is 
expressed on both the adaxial and abaxial sides in the regions immediately below 
the s inuses (arrowheads) . rld1 expression is largely confined to the adaxial domain 
in the reg ion immediately below the tab (arrows) .  Scale bars in (A) and (C) = 
200j.1m, Scale bars in (8) and (D-F) = 1 00j.1m. 
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milkweed pod1-R 

Figure 4.1 4. mwp1-R subdivided keel phenotype. (A) mwp1-R ear with prophyll 

exhibiting the subdivided keel phenotype. The prophyll is narrow and twists away 
from the ear. Transverse section (8) and SEM (C) of mwp 1-R keel. The keel is 
reduced to a complex series of outgrowths. The prophyll outer margin (om) and 

central membrane (cm) continue out of the plane of the photog raph (8) .  (O-G) 
En largements of veins shown in (8) .  Veins in the keel region ( E-G) are radial ised , 
with xylem (false coloured pink) su rrounding phloem. (H)  In situ hybridid isation of 
rld 1 i n  transverse section of wild-type lateral bud. Prophyll is outlined with dashed 

l ine. rld1 is not expressed in the prophyll keels (arrowheads). ( I )  In situ hybrid isation 
of rld1 in mwp 1-R lateral bud. Patches of rld1 expression are seen in the prophyll 
keels (arrowheads) .  The keels are blu nter, and the keel on the left is su bdivided into 
two points. Scale bars in (O-G) = 50�m.  
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(arrowheads F igure 4 . 1 4  I ) .  zyb9 and rld1 have s im i lar expression patterns in 

wi ld-type prophyl l  primord ia and zyb9 i s  m isexpressed in  mwp 1-R prophyl l 

pr imord ia in a pattern s imi lar  to rld1 misexpression (data not shown) . 

4.3.3 mwp1-R sheath marg in  phenotype 

The sheaths of mwp 1 -R vegetative leaves develop pairs of outg rowths s im i lar  to 

those seen on mwp 1 -R h usk leaves,  but these a re genera l ly less prominent.  

Pronounced single outg rowths often occur at the sheath marg ins  (F igure 4 . 1 5  

D ,  E) . The true marg ins of affected sheaths are b lunt compared to wi ld-type 

sheath marg ins which are normal ly tapered (arrows Fig u re 4 . 1 5  A, E) .  

Outg rowths occur on the abaxial s ide,  adjacent to the true marg i n  (F igure 4 . 1 5  

E) . These outgrowths are tapered and look more l ike normal marg ins .  The 

epiderm is on the outer s ide of sheath outgrowths is smooth and s imi lar  to 

normal adaxial  epiderm is (F igure 4 . 1 6  A, E) ,  whereas the epid ermis on the s ide 

nearer the m idrib is ha i ry l ike abaxia l  ep idermis (F igure 4 . 1 6  B ,  F) .  The vascu lar 

bund les near the true marg in  of the mwp 1-R leaf have xylem on both s ides,  with 

ph loem at the centre (F igure 4 . 1 5  F ,  G) . Cel ls on the marg inal s ide of mwp 1 -R 

sheath outgrowths were shorter than wi ld-type adaxial  sheath marg in  cel ls 

(F igure 4 . 1 6  D ,  E) .  

rld1 expression was examined i n  wi ld-type leaf primord ia  and mwp 1-R leaf 

pr imord ia with developing sheath marg in  outgrowths. rld1 is normal ly expressed 

on the adaxial  side of young leaf pr imord ia .  Expression persists at the marg ins  

and in  develop ing vascular bund les of older leaf primord ia (F igure 4 . 1 5  C ,  I ,  J ;  

(J uarez et  al. , 2004b) .  I n  the mwp 1-R leaf shown ,  rld1 expression is seen 

throughout the sheath marg in  (F igure 4 . 1 5  I ,  J ) .  An outgrowth is  developing 

a long the boundary of rld1-expressing and non-expressing tissue .  The other 

sheath marg in  shows a norma l  rld1 expression pattern and is d eveloping 

normal ly. 
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Fig u re 4.1 5. Outgrowths at mwp1-R sheath margins are associated with ectopic r1d1 expression. 
In wild-type leaves, the sheath margin is tapered (arrow in A) and vascu lar bundles are oriented with xylem on the adaxial side and phloem on the abaxial 
side (8). (C) In situ hybrid isation in wild-type leaf primordia shows rld1 is expressed on the adaxial side of developing leaves and persists at the margins .  
mwp 1-R leaves often develop ectopic outgrowths at the sheath marg ins  (D ,  E) .  The true sheath marg in  is blunt (arrow), whereas the ectopic outgrowth is 
tapered and more simi lar to a normal sheath marg in .  Vascular bund les are often radial or m is-oriented (F ,  G,  H). ( I )  and (J) show a mwp 1-R sheath margin 
with an emerging outgrowth. rld1 is expressed throughout the true margin and the outgrowth coincides with the boundary of rld1 expression. The other 
margin (below) expresses rld1 on the adaxial side and is developing normal ly .  Sections shown in (A), (8) and (E-H) are stained with safranin and fast 
green. Xylem elements stain red, whereas ph loem cells stain g reen .  Scale bars i n  (A, C ,  E ,  J) = 200l-lm. Scale bars in (8 and F-H)=50I-lm. 



Wild-type milkweed pod1-R 

Figure 4.1 6. Adaxial epidermal characteristics continue onto the abaxial side 
of mwp1-R sheath margins with ectopic outgrowths. (A) The adaxial epidermis 
of wi ld-type sheath margin is smooth with long , brick-l i ke cells. (B)  The abaxial 
epidermis is hairy and the cells are more rounded . (C) Handsection of mwp 1-R 
sheath marg in  with ectopic outgrowth . (D)  The adaxial epidermis of the mwp 1-R 
sheath marg in  is smooth l i ke wi ld-type adaxial epidermis, but the cells appear 
shorter. (E) The side of the outg rowth nearest the margin is smooth with brick- l ike 
cel ls,  s imi lar to normal adaxial epidermis, although the cells appear shorter. (F) 
The epidermis on the other side of the eptopic outgrowth has the features of normal 
abaxial epidermis .  Yellow dotted line in (C) ind icates the extent of adaxial 
epidermal characteristics, which appear to wrap around the true margin .  B lue 
dotted l ine ind icates abaxial epidermal characteristics . Scale bars = 1 00iJm.  
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4.3.4 mwp1-R floral organ phenotypes 

F loral organs such as g l umes , pa leae and carpels a re homologous to leaves. 

M utations that d isrupt leaf development may affect other latera l organs in a 

s im i lar  manner (80ssinger et al. , 1 992 ; Scan lon and F reel ing ,  1 998) . Therefore ,  

mwp 1-R floral organs were exam ined to determine if they exhib i t  a phenotype. 

Gl umes and pa leae 

The mwp 1-R g lumes and paleae that were examined by SEM d id not have any 

obvious outgrowths or  ectopic t issues. When enti re ma le spikeJets were 

examined by SEM,  the florets were vis ib le in  mwp 1 -R spike lets but not in  wi ld

type sp ikelets . This suggested that mwp 1-R g lumes may be narrower than wi ld

type g l umes . 

Si lks 

Wild-type (A 1 88) s i lks are long and straight, with reg u la r  fi les of cel ls and ha i rs 

on the outer edges (F igure 4 . 1 7  A, 8) .  Wild-type s i l ks are oval in  transverse 

section ,  with vei ns at e ither end and an indented reg ion (arrow) between the 

veins (F igure 4 . 1 7  C) . 

I n  the A 1 88 background , mwp 1-R s i l ks frequently h ad a k inked or twisted 

appearance - this was part icula rly pronounced near the base of the s i lk  (F ig u re 

4 . 1 7  0, E) .  Extensive folds of t issue occur  i n  the i nde nted region (arrow F igure 

4 . 1 7  E) . I n  add it ion, mwp 1-R s i l ks often had less pronounced outg rowths a long 

their outer edges. In  transverse section , the shape of mwp 1-R s i lks is less 

reg u lar  and the veins appear closer together than in wi ld-type s i lks (F igure 4 . 1 7  

F) . Ep idermal cells appear larger and are oriented d ifferently , with some 

e longated perpend icu lar  to the ep idermis .  

mwp 1-R s i l ks in  the W23 background a lso showed some twisting ,  but th is  was 

less pronounced than in the A 1 88 background.  
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Wild-type milkweed pod1-R 

Fig u re 4.1 7. mwp1-R silks are twisted and have ectopic outg rowths. (A, 8) 
Wild-type si lks are straight, with regular f i les of cel ls and hairs along the outer 
edges. (C) Wild-type si lks are oval in transverse section , with veins at either edge. 
Arrows in (8) and (C) ind icate indented region .  (D ,  E) The mwp 1-R s i lk  is twisted, 
with ectopic outgrowths in the i ndented reg ion (arrow). Less pronounced outgrowths 
occur along the outer edge. (F)  The mwp 1-R si lk i s  narrower and less regular in  
shape. Epidermal cells are larger than in  wild-type and some are elongated 
perpend icular to the surface of the s i lk .  Scale bars = 200\-lm. 
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4.3.5 Measurements of mature wild-type and mwp1-R lateral 

organs 

To investigate the effects of mwp 1-R on latera l organ g rowth ,  mature leaves 

and flora l organs were measured . The mean d imensions of mwp 1-R and wild

type lateral organs were compared . The plant materia l  used for these 

measurements was wi ld-type W23 and A 1 88 and mwp 1 -R i ntrogressed i nto the 

W23 and A 1 88 backgrounds.  

Prophyl ls 

In  the W23 background ,  mwp 1-R prophyl ls were s ign ificantly narrower than 

wi ld-type prophyl ls (Table 4 . 1  A) . The d istance between the keels was also 

s ign ificantly narrower in mwp 1 -R. On average , wi ld-type prophyl ls were 43 .6 

m m  wide and mwp1-R prophyl ls were 20 .8  mm wide. The average d istance 

between the keels was 1 6 .4 m m  in  W23 and 7 . 5  mm i n  mwp 1 -R. Thus,  mwp 1 -R 

prophyl ls were 48% as wide as wi ld-type prophyl ls ,  and the d istance between 

the keels was 46% as wide. There was no sign ificant d ifference in prophyl l  

length between mwp 1 -R and wild-type p rophyl ls in the W23 background .  

I n  the A 1 88 background , mwp 1-R prophyl ls were narrower than wi ld-type 

prophyl ls ,  a lthough the d ifference was not as g reat as in the W23 background 

(Table 4 . 1  8) .  mwp1-R prophyl ls were a lso s ign ificantly shorter than wi ld-type 

prophyl ls i n  th is  background . On average ,  wild -type p rophyl ls were 38.2 mm 

wide and mwp 1-R prophyl ls were 24.2 m m  wide .  The average d istance 

between the keels was 1 2 .4 mm in A 1 88 and 7 .6  mm in  mwp 1-R. The average 

prophyl l  length was 1 8 1 . 5 mm in  wi ld-type and 1 20 .7  mm in  mwp 1-R. Thus ,  

mwp 1-R prophyl ls were 67% as wide as wi ld-type prophyl ls ,  the d istance 

between the keels was 63% as wide ,  and mwp 1-R prophyl ls were 67% as long 

as wi ld-type prophyl ls .  
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Table 4. 1 .  Measu rements of mature mwp1-R and wild-type prophylls. (A) W23 background .  
( B) A 1 88 background.  Prophyl l length was measured from base to t ip .  Prophyl l  width and the 
d istance between the keels were measured at a point midway between the base and tip of the 
prophyl l .  Mean values were calcu lated separately for mwp 1-R and wild-type prophyl ls. Means 
were compared by Student's t-test to determine if they are sign ificantly d ifferent at the 0 .05 
confidence level. * ind icates values that are s ign ificantly d ifferent. SE = standard error. Numbers 
in brackets are the mwp1-R va lue represented as a percentage of the wild-type value. 

A 
Prophyll  
W23 background 
Length Mean 
(mm) SE 

Width Mean 
(mm) SE 

Between Mean 
keels (mm) SE 

B 

Prophyll 
A1 88 background 
Length Mean 
(mm) SE 

Width Mean 
(mm) SE 

Between Mean 
keels (mm) SE 

Husk leaves 

Wild-type 
(n=1 3) 
1 54 .6 
5 .5  
43 .6  
2 .4  
1 6 .4 
0 . 8  

Wild-type 
(n=1 3) 
1 8 1 . 5 
4 .6  
38 .2 
1 . 1  
1 2 .4 
0 .2  

mwp1-R 
(n=1 5) 
1 48 . 5  
6 .3  
20. 8 (48%) 
2 . 1  
7 .5 (46%) 
0 .8 

mwp1-R 
(n=1 3) 
1 20 . 7(67%) 
3 .8  
24 . 2  (63%) 
1 .6 
7 .6  (61 %) 
0 .4  

P-value 

0.480 

<0 .001 * 

<0 .001  * 

P-value 

<0 .00 1 *  

<0. 001 * 

<0 . 00 1 *  

Between 
keels 
� 

Width 

.L: ...... 
Cl 
C 
<lJ 

-l 

I n  the W23 background , mwp 1-R husk leaves were s ign ificantly narrower than 

wi ld-type h usk leaves (Table 4.2 A) . H usk leaf length was not s ign ificantly 

d ifferent. H usk leaves 1 ,  4 and 8 (with 1 being the outermost h usk leaf) were 

measured . The average width of the fi rst husk leaf was 89 .9 m m  in wild-type 

plants and 53 . 1 mm in mwp 1-R. The average width of husk leaf 4 was 1 08 .3  

mm in  wi ld-type p lants and 83 .6  mm in  mwp1-R. The average width of husk leaf 

8 was 83 .2  m m  in wi ld-type plants and 55 .2 m m  in  mwp 1-R. 

In the A 1 88 background,  h usk leaves 1 , 4 and 8 were a l l  s ign ificantly narrower 

and shorter than equ ivalent wi ld-type h usk leaves (Table 4 .2  8 ) .  The average 

width of h usk leaf 1 was 85 .2 mm in wi ld-type plants and 5 1 . 3  mm in mwp 1 -R. 

The average length was 1 89 . 5  mm in  wi ld-type plants and 1 7 1 .4 mm in  mwp 1 -

R .  The average width of husk leaf 4 was 98. 3 mm i n  wi ld-type p lants a n d  79 .9  

mm in  mwp 1 -R. The average length was 1 94 .2  mm in  wild-type plants and 

1 68 .9  m m  in  mwp 1-R. The average width of husk leaf 8 was 63 .5  mm in  wild-
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type p lants and 53.2 mm in  mwp 1 -R. The average length was 1 8 1 . 8 mm in  wi ld

type plants and 1 55.8 m m  in  mwp1-R. 

Table 4.2. Measurements of mature wild-type and mwp1-R h usk leaves. (A) W23 
background . (8 )  A 1 88 backgrou nd .  Husk leaves one, four  and eight were measured , with one 
being the outermost husk leaf. H usk leaf length was measured from the base to the blade
sheath bou ndary. Width was measured at a point midway between the base and tip of the leaf. 
Mean values were calcu lated separately for wi ld-type and mwp 1-R husk leaves. Means were 
compared by Student's t-test to determine if they are sign ificantly different at the 0.05 
confidence level .  * indicates values that are s ignificantly d ifferent. SE = standard error. N umbers 
in brackets are the mwp1-R value represented as a percentage of the wi ld-type va lue. 

A 
Hus k  leaf 1 Wild-type mwp1-R P-value 
W23 background (n= 1 1 )  (n=1 5) 
Length Mean 1 85 .5  1 87.2 0 .853 
(mm) SE 6 .6  6 .4  
Width Mean 89.9 53. 1 (59%) <0. 00 1 *  
(mm) SE 4 .7  1 . 9 

Husk leaf 4 Wild-type mwp1-R P-value 
W23 background (n=1 1 )  (n= 1 5) 
Length Mean 1 73 . 5  1 73 .7 0. 992 
(mm) SE 9 . 3  8 . 4  
Width Mean 1 08 . 3  8 3 . 6  (77%) 0. 008* 
(mm) SE 6.8 5 3  

Hus k  leaf 8 Wild-type mwp1-R P-value 
W23 bac kground (n=1 1) (n=1 3) 
Length Mean 1 45 . 3  1 53 .5  0. 540 
(mm) SE 9 . 1  9 .3  
Width Mean 83 .2 55 .2 (66%) <0 .001 * 
(mm) SE 6.2 3 .6  

B 
Husk leaf 1 Wild-type mwp1-R P-value 
A1 88 background (n=1 3) (n= 1 3) 
Length Mean 1 89 . 5  1 7 1 .4 (90%) 0 .0 1 3* 
(mm) SE 5 .6 3 .6  
Width Mean 85 .2 5 1 . 3  (60%) <0 .00 1 -
(mm) SE 2 . 1  2 . 4  

Husk leaf 4 Wild-type mwp1-R P-value 
A1 88 background (n= 1 3) (n= 1 3) 
Length Mean 1 94 .2 1 68.9(87%) 0. 027* 
(mm) SE 8 .0  7 . 1  
Width Mean 98.3 79.9 (81 %) 0 . 0 1 6* 
(mm) SE 5 .8  4 .0  

Hus k  leaf 8 Wild-type mwp1-R P-value 
A1 88 background (n=1 3) (n= 1 2) 
Length Mean 1 8 1 . 8 1 55 . 8(86%) 0. 0097* 
(mm) SE 8 .0  4 . 1  
Width Mean 63.5 53.2 (84%) 0. 037* 
(mm) SE 3 .8  2 . 7  
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I n  both backg rounds, prophyl l  width was more severely affected than later husk  

leaves. mwp 1-R had a more severe effect on  prophyl l  and  h usk leaf width i n  the 

W23 background than in A 1 88,  but d id not s ign ificantly affect h usk leaf length in  

the W23 background . I n  the A 1 88 background , mwp 1-R affected both the width 

and length of prophylls and h usk leaves. 

Vegetative leaves 

Vegetative leaf size was not affected by mwp 1-R in e ither the W23 or A 1 88 

backgrounds .  No sign ificant d ifferences were seen in  b lade length , sheath 

length , b lade width or sheath width in mwp1-R leaves compared to wi ld-type 

leaves (Table 4 .3 A, 8) . 

Table 4.3. Measurements of mature wild-type and mwp1-R vegetative leaves. (A) W23 
background .  (B)  A 1 88 background .  Leaves eight, n ine and ten were measured (counting down 
from the tassel ) .  Blade length was measured from the blade-sheath boundary to the tip of the 
leaf. Sheath length was measured from the base of the leaf to the blade-sheath boundary. Ha lf 
leaf widths were measured from midrib to marg in  in the blade and sheath. Blade width was 
measured at the base of the blade . Sheath width was measured at a point midway between the 
base of the leaf and the blade-sheath boundary .  Mean values were calcu lated separately for 
wi ld-type and mwp 1-R husk leaves. Means were compared by Student's t-test to determine if 
they are s ign ificantly different at the 0 .05 confidence level .  SE = standard error. 

A 
Vegetative leaf 8 Wi ld-type mwp1-R P-value 
A 1 88 background (n=10) (n=10) 
Blade Mean 69 1 .4 662.5 0 .092 
length (mm) SE 1 1 .6 1 1 .4 
Sheath Mean 1 30 .3  1 20.4 0 . 075 
length (mm) SE 3. 1 4 .2  
Blade Mean 35 .4 36.2 0 . 792 
width (mm) SE 2 .7  1 . 3 
Sheath Mean 40 .8  37. 1 0 . 1 2 1  
width (mm) SE 1 . 9 1 . 3 

Vegetative leaf 9 Wild-type mwp1-R P -value 
A 1 88 background (n=1 0) (n=10) 
Blade Mean 672 . 1  684 .4  0 .639 
length (mm) SE 22 . 8  1 2 .0  
Sheath Mean 1 48 .0  1 32.4 0 .067 
length (mm) SE 3 .2  5 .7  
Blade Mean 32 . 5  35.7 0 .325 
width (mm) SE 2 .9  1 . 1  
Sheath Mean 36 . 8  35.6 0 .648 
width (mm) SE 1 . 7 1 .9 

Continued on next page. 
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Vegetative leaf 1 0  Wild-type mwp1-R P-value 
A 1 88 background (n=8) (n=8) 
Blade Mean 635 . 3  652 . 3  0 .599 
length (mm) SE 25.6 1 8 . 5  
Sheath Mean 1 72 . 3  1 54 . 5  0 .060 
len gth (mm) SE 5.0 6 .5  
Blade Mean 32. 1 33.9 0.607 
width (mm) SE 3. 1 1 .2 
Sheath Mean 32.9 32 0.728 
width (mm) SE 1 .4 2 .0  

B 

Vegetative leaf 8 Wild-type mwp1-R P-value 
W23 background (n=1 0) (n=1 1 ) 
Blade Mean 569 . 7  605.2 0. 1 23 
length (mm) SE 1 8 . 4  1 1 . 5 
Sheath Mean 1 38 .2  1 37 . 2  0 .87 
length (mm) SE 5 .8  4 .7 
Blade Mean 30.2 29.4 0.657 
width (mm) SE 1 .2 1 .2 
Sheath Mean 33.3 35 . 5  0.095 
width (mm) SE 0 .7  1 . 0 

Vegetative leaf 9 Wild-type mwp1-R P-value 
W23 background (n=1 0) (n=1 0) 
Blade Mean 6 1 3 .8  602 . 7  0 .675 
len gth (mm) SE 1 8 . 3  1 9 .3 
Sheath Mean 1 43 .9 1 47.4 0 .563 
length (mm) SE 4 .4  4. 1 
Blade Mean 24.6 28. 1 0 . 1 93 
width (mm) SE 2 .6  0 .9 
Sheath Mean 32. 8  33 . 3  0 .74 
width (mm) SE 1 . 1  0 .9 

Vegetative leaf 1 0  Wild-type mwp1-R P-value 
W23 backg round (n=1 0) (n=8) 
Blade Mean 626. 1 61 6 .5 0.760 
length (mm) SE 20.6 23 .0 
Sheath Mean 1 49. 1 1 54 . 0  0 .463 
length (mm) SE 4 . 5  4.6 
Blade Mean 27.2 27. 1 0 .966 
width (mm) SE 1 .4 0 .9 
Sheath Mean 32 . 7  33 .6 0.635 
width (mm) SE 1 . 3 1 .4 
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G l u mes 

In the W23 background , mwp 1 -R g lumes were s ign ificantly narrower than  wi ld

type g lumes (Table 4 .4 A) . The average g lume width was 4 . 1  mm in wi ld-type 

p lants and 3 . 5  mm in mwp 1-R plants. Th us , mwp 1-R g l umes were 85% as wide 

as wi ld-type g lumes. The length of mwp 1-R g lumes was not sign ificantly 

d ifferent from wi ld-type g lumes in the W23 background . 

I n  the A 1 88 background , mwp 1-R g lumes were sig n ificantly narrower and 

shorter than wild-type g l umes (Table 4 .4 8) .  The average g lume width was 3 .9  

m m  in  wi ld-type and 3 .3  m m  i n  mwp1-R. Thus ,  mwp 1-R g lumes were 83% as 

wide as wi ld-type g lumes. The average g lume length was 9 .6  mm in wi ld-type 

and 8 . 9  mm i n  mwp1-R. Thus ,  mwp 1-R g lumes were 92% as wide as wi ld-type 

g l umes in the A1 88 background .  

Table 4.4. Measu rements of matu re wild-type a n d  mwp1-R glumes. (A) W23 backg round. 
(6) A 1 88 background.  Length was measured from the base to the t ip of the g lume. Width was 
measured from margin to marg in  at the widest poi nt. Mean val ues were calcu lated separately 
for wild-type and mwp 1-R glumes. Means were compared by Student's t-test to determine if 
they are sign ificantly different at the 0 .05 confidence level .  * ind icates values that are 
s ign ificantly d ifferent. SE = standard error. Numbers in brackets are the mwp 1-R value 
represented as a percentage of the wild-type value. 

A 
Glumes Wild-type mwp1-R P-value 
W23 background (n=20) (n=20) 
Length Mean 8 . 1  8 . 1  0 .8 1 0 
(mm) SE 0. 1 0 .2  
Width Mean 4 . 1  3 . 5  (85%) <0.001 * 
(mm) SE 0 . 1 0 . 1  

8 
Glu mes Wild-type mwp1-R P-value 
A1 88 background (n=1 5) (n=1 5) 
Length Mean 9 .6  8 .9  (92%) 0. 039* 
(mm) SE 0 .2  0 .3  
Width Mean 3 .9  3 . 3  (83%) 0 .00 1 *  
(mm) SE 0 . 1 0 .2  

Paleae 

In the W23 background , mwp 1-R paleae were s ign ificantly narrower than wild

type pa leae (Table 4 . 5 A) . The average palea width was 3 .8  mm in wi ld-type 

and 3 . 5  mm in mwp1-R. Thus,  mwp1-R paleae were 92% as wide as wi ld-type 
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pa leae. The length of mwp 1-R paleae and d istance between the keels were not 

s ign ificantly d ifferent from wi ld-type in the W23 background . 

I n  the A1 88 background , the length and width of mwp 1 -R paleae was not 

s ign ificantly d ifferent from wi ld-type pa leae (Table 4 . 5  B) .  The d istance 

between the keels of mwp 1 -R paleae was significantly narrower than in wi ld

type paleae. 

Table 4.5. Measurements of mature wild-type and mwp1-R paleae. (A) W23 backg round. (8) 
A 1 88 background.  Length was measured from the base to the t ip of the pa lea. Palea width and 
the d istance between the keels were measured at the widest pOint .  Mean va lues were 
calcu lated separately for wild-type and mwp 1-R paleae. Means were compared by Student's t
test to determine if they are sign ificantly different at the 0 .05 confidence level. • ind icates values 
that are sign ificantly d ifferent. SE = standard error. Numbers in  brackets are the mwp 1-R value 
represented as a percentage of the wild-type value. 

A 
Palea Wild-type mwp1-R P-value 
W23 background (n=25) (n=25) 
Length Mean 7 . 9  7 .7 0 . 325  
(mm) S E  0 . 1  0 . 1  
Width Mean 3 . 8 3 .5  (92%) 0 . 0 1 0* 
(mm) SE <0. 1 0. 1 
Between Mean 1 . 3 1 .2 0 .61 3 
keels (mm) SE <0. 1 0 . 1  

B 
Palea Wild-type mwp1-R P-value 
A 1 88 background (n=20) (n=20) 
Length Mean 8 .2  8 .2  0 . 880 
(mm) SE 0 . 1 0. 1 
Width Mean 3 .8  3 .5  0.073 
(mm) SE 0 . 1  0 . 1  
Between Mean 1 . 7 1 .4 <0.001 * 
keels (mm) SE <0 . 1 0. 1 

Si lks 

I n  the W23 background , the d istance between the veins of mwp 1-R s i l ks was 

s ign ificantly narrower than in wild-type s i lks (Tab le 4 .6  A) . This d istance was 

3 1 5  IJm in wi ld-type and 282 IJm in mwp 1-R. Thus,  the i nterve in d istance was 

89% as wide in mwp 1-R compared to wi ld-type . The d istance from the vein  to 

the outer edge of the s i lk  was g reater in  mwp 1-R than i n  wild-type s i lks ,  

measuring 65 IJ m  in wi ld-type and 84 IJ m  in mwp 1 -R. 
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I n  the A1 88 background , the d istance between the veins of mwp 1-R s i l ks was 

s ign ificantly narrower than in wi ld-type s i lks (Table 4 .6  8) . This d istance was 

352 �m in wi ld-type and 255 �m in mwp 1 -R. Thus,  the i ntervein d istance was 

73% as wide in  mwp 1-R compared to wi ld-type. The d istance from the vein to 

the outer edge of the s i lk  was g reater in mwp 1-R than in  wi ld-type s i lks ,  

measur ing 77 �m in wild-type and 1 05 �m i n  mwp 1-R. 

Table 4.6. Measurements of wild-type and mwp1-R s i lks . (A) W23 background.  (8) A 1 88 
background.  Measurements were made from transverse sections of wild-type and mwp 1-R 
si lks .  Measurements were made of the distance between the veins,  and from the vein to the 
outer edge of the s i lk .  Mean values were calculated separately for wi ld-type and mwp 1-R si lks .  
Means were compared by Student's t-test to determ ine if they are s ign ificantly d ifferent at the 
0 .05 confidence level. * ind icates values that are sign ificantly d ifferent. SE = standard error. 
Numbers in brackets are the mwp 1-R value represented as a percentage of the wild-type va lue 

A 
S i lk  width 
W23 background 
Intervein Mean 
d istance (IJm) SE 
Vein to outer Mean 
edge (}Jm) SE 

8 
Si lk  width 
A1 88 background 
Intervein Mean 
distance (IJm) SE 

Vein to outer Mean 
edge (IJm) SE 

• • , , 
, 

Hlt-------t 
Vei n  to 

edge 
Intervein 
d istance 

Wild-type mwp1-R P-value 
(n=8) (n=8) 
3 1 5 282 (89%) 0 .0 1 8* 
8 . 1 9 .5 
65 84 ( 1 29%) <0 .00 1 *  
1 .4 3 .2 

Wild-type mwp1-R P-value 
(n=8) (n= 1 0) 
352 255 (73%) <0 . 00 1 *  
1 1 . 7 1 2 . 0  
77 1 05 ( 1 37%) 0 00 1 *  
4 .2  5 .4  
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4.3.6 The mwp1-R;Wab 1-R leaf b lade phenotype 

To d etermine if mwp1-R affects the polarity of ectopic sheath tissue, mwp 1 -R 

was crossed to Wab 1-R, Kn 1-R and Rs 1-R. I n  mwp 1-R vegetative leaves , 

d isruption of adaxial-abaxial polarity is general ly confined to the sheath .  

However, in  mwp 1-R; Wab 1-R doub le mutants, adaxial-abaxia l  polarity is 

d isrupted in  b lade tissue adjacent to ectopic sheath- l ike t issue (F igure 4 . 1 8) .  

Bu l l iform cel ls  and  macrohai rs are normal ly  found only on the  adaxial su rface of 

the blade (F igure 4 . 1 8  B ,  C) . I n  mwp 1-R; Wab 1-R m utants , bu l l iform cel ls  and 

macroha i rs are seen on both the adaxial  and abaxia l  su rfaces of the b lade in  

reg ions near ectopic sheath-l ike t issue (0, E) .  Sma l l  outgrowths of blade tissue  

occur  immed iately adjacent to ectopic sheath-l ike tissue (0 ,  E) .  Vascu lar 

polarity i n  these regions is d isrupted i n  a s imi lar  manner to veins associated 

with outgrowths on mwp 1-R h usk leaves . Veins with in  outgrowths are oriented 

with xylem toward the in ner surface of ectopic outgrowths (D)  and in some 

cases a re completely rad ia l ised (F) .  It was not clear whether adaxial-abaxial 

polarity was d isrupted with in the ectopic sheath- l ike tissue itself, as clearings 

tend to be narrow with few veins .  Epiderma l  characteristics of cleared reg ions 

appeared to h ave norma l  adaxial-abaxial polarity , with smoother epidermis on 

the adaxia l s ide and epidermal ha i rs on the abaxia l  s ide. 

S imi lar  d is ruptions to b lade adaxial-abaxial polarity were associated with 

ectopic sheath- l ike tissue in mwp 1-R;Kn 1-R and mwp 1 -R;Rs 1-R double 

m utants (data not shown) .  

1 1 8 



500jJm 

Figure 4.1 8 .  Adaxial-abaxial polarity is disrupted in  reg ions adjacent to 
ectopic sheath-l ike tissue in mwp1-R;Wab1-R leaf blades .  
(A) mwp1-R;Wab 1-R leaf blade with ectopic sheath-l i ke tissue (arrowhead).  (8) 
SEM of wi ld-type blade adaxial surface. (C) Transverse section of wi ld-type leaf 
blade . Normal blade tissue has macrohairs and bul l iform cells on the adaxial 
epidermis (8 ,  arrow in C) .  Vascular bundles are oriented with xylem on the adaxial 
side (false coloured p ink) and phloem on the abaxial side (false colou red blue) . (D)  
Transverse section of  mwp 1-R; Wab 1-R leaf blade. ( E) SEM of  mwp 1-R Wab1-R 
leaf blade abaxial surface. Narrow strips of ectopic sheath-l i ke tissue are ind icated 
by b lue bars i n  (D) and (E) .  mwp 1 -R;Wab 1-R leaf blades develop outgrowths 
adjacent to ectopic sheath-l ike t issue (D ,E) .  Adjacent blade t issue has macrohairs 
(arrows) and bulliform cel ls (arrowheads) on the abaxial surface. Vascular polarity 
is d istorted in ectopic outgrowths, and in some cases veins are completely 
radial ised (D ,E) .  
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4.4 Disc ussion 

Characterisation of the mwp 1-R phenotype revea led that mwp 1 -R affects a 

range of latera l o rgans, includ ing vegetative leaves , h usk leaves , prophyl ls and 

flora l  organs .  mwp1-R lateral organs were characterised by ectopic outgrowths 

on the abaxia l  su rface associated with patches of ectopic adaxial  t issue. Leaf 

marg ins  were particu lar ly affected . The m isexpression of adaxial  polarity genes 

in mwp 1-R latera l organ pr imord ia is cons istent with th is phenotype. The most 

severe phenotypes were seen i n  the prophyl ls and si lks.  It is hypothes ised that 

these organs form via phytomer fusion (Cronqu ist, 1 988 ;  Bossinger et a I . ,  1 992; 

Scan lon and Freel ing ,  1 998) . Therefore, the severity of the prophyl l and s i l k  

phenotypes may be attributable to their each having two sets of  marg ins .  

Most of the mwp 1 -R lateral organs investigated were narrower than wi ld-type. In  

some backg rounds mwp 1-R latera l  organs were a lso shorter. These 

observations are consistent with a model in which the adaxial-abaxia l  boundary 

promotes g rowth along both the lateral and proximal-d ista l axes . A detai led 

d iscussion of these resu lts is presented below. 

4.4. 1 mwp1-R disrupts adaxia l -abaxial  polarity 

mwp 1-R husk leaves develop pa irs of ectopic outgrowths 

mwp 1-R husk leaves are characterised by paired flaps of ectopic tissue on the 

abaxial  surface (F igure 4 . 1 ,  F ig u re 4 .2) .  These a re s imi lar  to abaxia l  marg in  

tissue  on the i r  outer surfaces and  more s imi lar to  adaxial epidermis  on their 

inner surfaces. The orientation of veins a lso suggests that the tissue between 

outgrowths has adaxial identity. Veins in  mwp1 -R outgrowths a re oriented with 

thei r  xylem poles toward the in ner surfaces of outgrowths. In some cases veins 

are part ia l ly or  comp letely rad ia l ised, with xylem surround ing a centra l core of 

ph loem , sim i la r  to those seen in  Arabidopsis phb-1d m utants (McConnel l  et al. , 

200 1 ) . In situ hybrid isation showed that rId 1 , which is normal ly expressed on the 

adaxia l  side of h usk leaf primord ia ,  is m isexpressed on the abaxial side of 

mwp 1-R husk leaves, between pa i rs of outgrowths (F ig u re 4 . 3 ,  F ig u re 4 .4) . This 
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resu lt fu rther supports the hypothesis that mwp 1-R husk leaves are partia l ly  

adaxia l ised . 

The mwp 1 -R phenotype is consistent with the model proposed by Waites and 

H udson ,  i n  which the juxtaposit ion of adaxia l  and abaxia l  cel l  types is requ i red 

for lamina outgrowth (Waites and H udson ,  1 995) . This model predicts that new 

boundaries form where a patch of ectop ic adax ia l  t issue is interspersed with 

normal abaxia l  tissue, thus in it iating a pair  of ectop ic outgrowths.  The margin

l i ke characteristics of mwp 1-R h usk leaf f laps a lso support the idea that a 

boundary between adaxial and abaxial cel l  types is requ i red for the 

development of marg in  characteristics (Sawa et aI. , 1 999) .  This aspect of the 

phenotype is common to other polarity m utants ,  such as Arabidopsis kan 1,·kan2 

m utants , which h ave leaves that are nearly rad ia l ,  with marg ina l  cel l  types found 

around the entire circumference (Eshed et al. , 2004). 

Expression of the maize YAB gene, zyb9, was less polarised than rld1 

expression in older husk leaves (F igure 4 .4) .  In wi ld-type h usk leaves, 

expression persists at the marg ins and in  developing vascu lar  bund les but 

fades in  med ia l  reg ions . zyb9 expression was observed in ectopic outgrowths in 

media l  reg ions of mwp 1 -R h usk leaves . Expression was strongest in the tip of 

each outgrowth .  This pattern is  s imi lar  to the misexpression of zyb9 and zyb 1 4  

i n  ectopic outgrowths on Ibl1 and Rld1-0 leaf primord ia  (Juarez et al. , 2004a) . 

J uarez et al. (2004a) observed that zyb expression in  older leaf primordia i s  

associated with less determined cel l  types, such as the marg ins and centra l 

layer of g round tissue. The hypothesis that maize YAB genes promote leaf 

outgrowth is supported by the observation that ectopic outgrowths on the 

adaxia l  s ide of Ibl1 1eaf primord ia  and the abaxia l  side of Rld1-0 leaf primord ia  

both express zyb9 and zyb 1 4  (Juarez et al. , 2004a) .  Thus ,  m isexpression of 

zyb9 in mwp 1-R husk leaves may be associated with less d eterm ined cel ls  and 

the outgrowth of ectopic laminae,  rather than altered polarity per se. 

Sing le outgrowths develop at the marg ins of mwp 1-R sheaths 

The sheaths of mwp 1-R vegetative leaves have phenotypes s imi lar  to husk  

leaves , but are less severely affected . The most consistently observed 
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phenotype was a s ingle outgrowth immed iately adjacent to the sheath marg in 

(F ig u re 4 . 1 5) .  These outgrowths were confined to the sheath and never 

extended into the leaf b lade. S im i la r  marg ina l  outg rowths occur on husk leaves. 

The actual  marg ins of affected leaves a re b lunt, whereas the outgrowths a re 

tapered and look more s imi lar  to normal sheath marg ins .  Adaxia l-type epidermis 

extends onto the abax ia l  s ide of the leaf to the t ip of the outgrowth , so that the 

adaxia l  epiderm is appears to wrap around the marg in  (F ig u re 4 . 1 6) .  Veins in 

th is  region are radial and adaxia l ised . rld1 expression is not confined to the 

adaxia l  s ide of affected leaf pri mord ia ,  as  in  wi ld-type leaves , but is  expressed 

un iformly throughout the leaf marg in .  Outg rowths develop at the boundary 

between ectopic rld1 expression and non-expressing cel l s .  These observations 

a re consistent with the idea that the adaxia l-abaxia l  bou ndary is requ i red for the 

development of marg inal characteristics , as wel l  as for lateral g rowth (Sawa et 

al. , 1 999) ,  as normal margin characteristics develop where there is a d istinct 

adaxia l-abaxial boundary. Outg rowths at the marg ins occur  sing ly, rather than in 

pa i rs .  The most l ikely explanation is that on ly one boundary is  created when 

adaxia l ised sectors occur at the margins . When adaxial t issue is flanked by 

abaxia l  t issue on both sides, two bou ndaries are created and a pa i r  of 

outg rowths is i n itiated . 

Outgrowths were frequently observed at the marg ins of mwp 1 -R vegetative leaf 

sheaths that had otherwise normal polarity .  Th is may ind icate that adaxial  and 

abaxia l  domains are specified normal ly d u ring early development, but are not 

ma inta i ned in mwp1-R sheaths .  I n  ma ize , d ifferentiation proceeds basipeta l ly 

and from the midrib to marg ins (Sharman ,  1 942) .  Thus ,  the sheath marg ins  are 

the l ast part of the leaf to d iffere ntiate .  Based on the mwp 1-R phenotype , we 

pred ict that Mwp 1 may act late in  vegetative leaf development to mainta in  the 

abaxia l  domain .  

The gram (yab) m utant in  Antirrhinum has a leaf marg in  phenotype that is  

s imi lar  to mwp 1-R (Golz et al. , 2004) . gram leaf marg ins a re b lunt and adaxia l  

cel l  types "wrap around" to the abaxial s ide .  The HO-ZIP"I gene, AmPHB is 

m isexpressed in  gram leaves in a s imi lar  pattern to rld1 misexpression in 

mwp 1-R mutants . However, outgrowths have not been observed at gram leaf 

marg ins .  This may be expla ined if one of the normal functions of GRAM is to 
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promote lamina outgrowth,  as has been proposed for GRAM and other YAB 

fam i ly members (Siegfried et a!. , 1 999;  Eshed et al. , 2004 ; Golz et a!. , 2004) .  I n  

mwp 1-R, YAB fu nction i s  not compromised so cou ld sti l l  act to promote ectopic 

lam ina outgrowth . 

mwp1-R affects prophyll development i n  a variety of ways 

Normal morphology and development of the prophyl/ 

Normal  prophyl ls have two outer marg ins that enclose the ear and two 

prominent keels that wrap back around the culm (F igure 4 . 5) .  The keels are 

con nected by a membranous t issue that l ies between the ear and the cu lm of 

the mature p lant. Epidermal features are s imi lar  to regu lar  husk leaves. The 

adaxia l  su rface is re latively smooth ,  whereas ,  the abaxia l  surface is  ha i rier and 

the cel ls are more rou nded . In  the term inology of Bossinger et al. ( 1 992) , the 

prophyl l is a type two phytomer - i t  is a fused organ produced by a newly 

in itiated meristem . 

The prophyl l  is  i n itiated on the s ide of the latera l meristem adjacent to the main 

shoot ax is and fu rthest from the subtend ing leaf (F igure 4 . 5) .  The two primord ia 

appear to be i n it iated s imu ltaneously. At the earl iest observab le stage the two 

primord ia are connected by a strip of t issue that wi l l  form the centra l memb rane 

(F igure 4 .8) .  These observations support the idea that fusion occurs 

congen ital ly (Scan lon and Free l ing , 1 998) . The prophyl l  g rows upward and 

lateral ly so that the latera l meristem and subseq uent primord ia  are concea led . 

In situ hybrid isation shows that rld1 is expressed on the adaxia l  side of the 

prophyl l (F igure 4 .9). Very early in development, a b lock of rld1 expression is 

seen on the s ide of the prophyl l  adjacent to the subtending leaf. Cel ls 

immed iately adjacent to these strongly expressing cel ls appear to lack rld1 

express ion,  o r  to express rld1 at much lower levels .  The boundary between 

rld1-expressing  and non-expressing cel ls extends a long the presumptive keel 

axis (F igure 4 . 1 0) .  This b lock of expression was not observed in later stage 

prophyl ls .  We hypothesise that this transient expression pattern may set up a 

boundary that i n itiates keel outgrowth . Th is model is  d iscussed in  Section 4 .4 .8 .  

rld1 expression persists in  the prophyl l  outer marg ins and i n  the centra l 

membrane,  but often fades from the intervening tissue .  It has been observed 
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previously that rld1 expression persists in  vegetative leaf marg ins (J uarez et aI. , 

2004b) .  The pers istence of rld1 expression in the prophyl l  central membrane is  

consistent with the idea that the centra l membrane represents the fused 

marg ins of two leaf pr imord ia (Bossinger et al. , 1 992;  Scanlon and Free l ing ,  

1 998) .  

It was observed that the polarity of ind ivid ual  vascular bund les in wild-type 

prophyl l  keels often d iffered from those in the rest of the prophyl l  (F igure 4 .7 ) .  I n  

the  outer marg ins ,  and in  the centra l membrane, veins were orientated with 

xylem on the adaxial side and ph loem on the abaxial s ide .  Veins in the keel 

were often rotated relative to veins in flanking reg ions, and some had two xylem 

poles. This observation suggests that specification of polarity in the keel reg ion 

may d iffer from that of the rest of the prophy l l .  

Unfused prophyffs are associated with rld1 misexpression early in development 

The most severe man ifestation of the mwp 1 -R phenotype was the red uction of 

the prophyl l  to two unfused prongs corresponding to the two m id rib reg ions 

(F igure 4 .6) .  The centra l membrane and most of the outer marg in  reg ions were 

de leted . The prongs were usua l ly connected at the very base by a resid ua l  strip 

of membranous tissue. Accord ing to the fused phytomer mode l ,  the deleted 

parts correspond to the marg in  domains of two phytomers. Keel outgrowth was 

a lso s ign ificantly reduced.  

Adaxia l-abaxial polarity was d istorted in  the midrib  reg ions (prongs) of unfused 

prophyl ls .  Veins were often part ia l ly or fu l ly rad ia l ised . Ana lysis of epidermal  

features ind icated that adaxia l-type epidermal  featu res cont inued onto the 

abaxial  side of each prong, so that only the centra l portion of the abaxial side 

had norma l  abaxial epidermal featu res. This phenotype is  remin iscent of the 

"wrapp ing arou nd" of epidermal features seen at the sheath marg ins .  

An ana lysis of  prophyl l  development by SEM ind icated that  mwp1-R prophyl ls 

a re in it iated normally (F igure 4 . 8) .  Early in  development the two primord ia a re 

con nected by a central membrane ,  s imi lar  to wi ld-type prophyl ls .  By plastochron 

fou r  there are clear d ifferences between mwp 1-R and wi ld-type prophyl ls .  I n  the 

wi ld-type prophyl l  the centra l membrane has elongated and the two tips have 
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grown latera l ly .  I n  contrast, the membrane of the mwp 1 -R prophyl l  has 

undergone very l ittle g rowth and the two tips have elongated , but  have not 

g rown late ra l ly .  The d ifference becomes more pronounced l ater in  deve lopment. 

These observations imply that Mwp 1 is not requ i red for prophyl l  in itiation,  but 

may act to specify or ma intain  polarity after emergence .  These data are 

consistent with the idea that the two midr ib regions are patterned before the 

marg ins .  

Measurements of developing prophyl ls a lso support the idea that unfused 

prophyl ls resu lt from a g rowth defect that occurs after emergence (F igure 4 . 1 1 ) . 

Early in  development, the centra l membrane reg ions of mwp 1-R and wild-type 

prophyl ls are the same height .  As the overa l l  height of wi ld-type prophyl ls 

increases the membrane also g rows rapid ly. I n  contrast, the centra l membrane 

of mwp 1-R prophyl\s g rows very s lowly re lative to overal l  p rophyl l  height .  G iven 

that maturation of maize leaves proceeds basipetally, it seems l ikely that g rowth 

of the basal portion of the pr imord ium contributes most of the height of the 

prophyl l ,  with the unfused tips d ifferentiat ing early in development and 

contribut ing relatively l ittle to overal l  height of the mature prophyl l .  This is 

supported by the observation that the prophyl \  t ips develop ha i rs early in 

development, when the prophyl l  is less than 3 mm h igh  (see SEMs, Figu re 

4 . 1 1 ) . Wild-type prophyl ls b ifu rcate at the very t ip (Scan lon and Freel ing ,  1 998). 

The b ifu rcated t ip is l i kely to correspond to the u nfused portion of the wi ld-type 

prophyl l  p rimord ium. 

rld1 is m isexpressed early in the d evelopment of mwp 1 -R prophylls that exh ib it 

the unfused phenotype (F igure 4 . 9) .  In the central membrane of wild -type 

prophyl l  p rimord ia ,  rld1 expression is confined to the adaxia l  s ide.  I n  the 

corresponding part of early mwp 1-R primord ia, rld1 is expressed both ad axial ly 

and abaxia l ly .  This suggests that the adaxial-abaxial boundary is requ i red for 

lateral and proximal-d ista l g rowth of the membrane. Loss of adaxia l-abaxia l  

polarity i n  mwp 1-R may result i n  the loss of growth along the proxima l-d ista l 

axis . r1d1 is a lso ectop ica l ly expressed i n  a patchy manner in  mwp 1 -R prophyl l  

p rongs .  This is  consistent with the phenotypic a na lysis  which shows d istorted 

polarity. It is l i kely that loss of d istinct adaxial and abaxial domains i s  
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responsib le for the lack of proxima l-d istal g rowth of the centra l membrane and 

latera l g rowth of the marg ins .  

The mwp 1-R prophyll tab phenotype is due to irregular disruption of polarity 

A variation of the unfused prophyl l  phenotype is the development of prophyl ls  

that a re unfused , but have a tab of tissue extend i ng d ista l ly from the centra l 

membrane between the two prongs (F igure 4 . 1 2) .  The tabs vary in size and 

morphology. Some appear to h ave normal epiderma l  features,  whereas others 

have outg rowths associated with reg ions of adaxial identity interspersed with 

normal abaxial tissue . It seems l ikely that the phenotypic variation corresponds 

to i rreg u lar  d is ruption of polarity du ring development. The rld1 expression 

pattern in prophyl ls with developing tabs supports this theory.  In F igu re 4 . 1 3 , 

rld1 is m isexpressed in the abaxia l  doma in ,  j ust below the U-shaped sinuses on 

either s ide of the tab . Patch ier rld1 expression can be seen in  the tab itself and 

in the reg ion immed iately below, but with some retention of a polar expression 

pattern . This pattern suggests that the development of tabs occurs in  reg ions 

where some adaxial-abaxial  polarity is reta ined , whi le g rowth is retarded in 

areas where polarity is lost completely. The fact that very long tabs were 

observed demonstrates that when adaxia l  and abaxial doma ins are estab l ished,  

the centra l membrane reg ion of the prophyl l  can undergo extensive g rowth 

a long the proximal-d ista l axis .  

Prophyll fusion defects are due to failure of the central membrane to elongate 

Although the most severely affected mwp 1-R prophyl ls a re unfused at maturity, 

my res ults ind icate that the pr imary defect is a g rowth defect rather than a 

fusion defect per se. Firstly ,  mwp 1-R prophyl ls a re in itiated normal ly and the 

two primord ia are connected by a central membrane at the ear l iest stages. By 

p lastochron 4 the two prongs a re physica l ly separated , with con necting 

membrane only at the very base. Measurement data ind icate that the prongs 

elongate but the centra l membrane fa i ls to g row (F igure 4 . 1 1 ) . Secondly, the tab 

phenotype demonstrates that the centra l membrane is capable of s ign ificant 

g rowth a long the proximal-d ista l axis when adaxial-abaxia l  polarity is reta ined . 

The tab is  physical ly separate from the two prongs.  Therefore, it cannot be 

derived from lateral growth and fusion of the prongs.  F igure 4 . 1 9  summarises 
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the rld1 expression pattern in  the central membrane of mwp 1-R and wild-type 

prophyl l  pr imord ia and the correspond ing mature prophyl l  phenotypes. 

A. Wild-type 
prophyll  

B. mwp 1-R u nfused 
p rophyl l  

C. mwp 1-R unfused 
prophyl l  with tab 

Figure 4 .1 9. Model for establ ishment of polarity in wild-type and mwp1-R 
prophyl l  primordia and resu lt ing prophyll phenotypes. (A) I n  the wild-type 
prophyl l  primord ium,  expression of adaxial factors, such as rId 1 , is confined to the 
adaxial domain .  The adaxial-abaxial axis is  specified correctly and the central 
mem brane elongates along with the midrib reg ions, res u lting in a normal fused 
prophyl l .  ( 8) I n  mwp1-R prophyl l  primordia where adaxial factors are m is-expressed 
throug hout the central membrane, no adaxial-abaxial boundary is created. The 
m id ribs g row upward, but the central membrane does not elongate. The result is an 
unfused prophyl l comprising two prongs connected by a strip of mem branous tissue 
at the very base. (C) When expression of adaxial factors is patchy, g rowth of the 
central membrane occurs only where an adaxial-abaxial boundary is establ ished , but 
not in  reg ions where adaxial-abaxial polarity is not retained. The mature prophyl l  has 
a tab of mem branous tissue flan ked by s inuses where the membrane has failed to 
grow. LM = lateral meristem, P = prophyl l  primord ium.  
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The mwp 1 -R subdivided keel phenotype is associated with rld1 misexpression 

later in development 

mwp 1-R prophyl ls that develop as fused organs often exh ib it severe defects i n  

the keel reg ion (F igure 4 . 1 4) .  Th is phenotype was most common i n  the W23 

inbred background .  In these prophyl ls ,  each keel was transformed into a 

comp lex series of outgrowths,  often with mu lt ip le orders of b ifu rcation . Veins 

with in  the keel reg ion were rad ia l ised , whereas those in  flanking reg ions had 

normal  polarity. Less pronounced outgrowths were a lso seen on other parts of 

the prophyl l ,  s im i lar to those seen on husk leaves .  This phenotype suggests 

that the keel reg ion may be part icularly sensitive to d isruptions to normal  

polarity . 

rld1  transcript was detected in  the prophyl l  keels in mwp 1-R fami l ies that 

express the subd ivided kee l  phenotype, whereas,  rld1 expression was never 

seen in wild-type keels at equ iva lent stages (Figu re 4 . 1 4) .  rld1 misexpression 

occurred much later than in fam i l ies with unfused prophyl ls ,  and tended to be in 

isolated patches. rld1 expression was frequently associated with reg ions where 

the keel was beg inn ing to d ivide ,  suggesting that outgrowths and bifurcations 

occur at points where polarity is d isrupted .  The find ing that rld1 misexpression 

occurs relatively late in development, and that p rophyl ls with subd ivided keels 

are fused suggests that polarity is establ ished correctly, a l lowing early 

development to proceed norma l ly. However, polarity is not mainta ined at later 

stages and causes aberrant development as the keel is  being elaborated . It i s  

p laus ib le that other factor(s) in th is backg round repress rld1 early i n  

development, but do not act at later stages. 

Expression of the ma ize YAB gene, zyb9, was i nvestigated in prophyl l  pr imord ia 

exh ib it ing the subdivided keel phenotype.  The resu lts ind icate that zyb9 i s  

m isexpressed i n  mwp 1-R prophyl l  keels in  a pattern that m irrors rld1 

misexpression . zyb9 expression was detected i n  reg ions where the keel was 

b ifu rcated . The YAB genes have been imp l icated in lamina outgrowth in both 

d icots and monocots (Siegfried et al. , 1 999;  Eshed et aI. , 2004; Golz et al. , 

2004 ;  J uarez et al. , 2004a) . It is  l i kely that m isexpression of zyb9, and probab ly 

other  YAB genes, mediates the outgrowth of ectopic laminae in  the keel reg ion 

of mwp 1-R prophylls . 
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mwp 1�R si lks are most severely affected in  marg ina l  domains 

Like the prophyl l ,  the si lks are thought to derive from the congenital fusion of 

two pr imord ia .  However, the mode of fusion is d ifferent. It is proposed that the 

two pri mord ia a re folded at the m id rib a nd fuse along two sets of marg ins  

(F igu re 1 .6 D) .  Thus, the two veins correspond to the midribs ,  and the indented 

reg ions correspond to the fused marg ins (Cronqu ist, 1 988 ;  Scan lon and 

Free l ing , 1 998) . This model is supported by the find ing that in ns mutants , which 

de lete leaf margins ,  the veins a re closer together whereas the d istance between 

the veins and the outer edge of the s i lk  is unchanged (Scan lon and Freel ing ,  

1 998) . 

It was observed that mwp 1-R s i lks had the most extensive prol iferation of 

ectopic t issue in  the indented reg ions, the reg ions correspond ing to the fused 

marg ins (F igu re 4 . 1 7) .  This phenotype is consistent with the folded phytomer 

model ,  as the margins are the most severely affected part of other mwp 1 -R 

organs .  Less pronounced outg rowths were seen a long the outer edges of s i lks 

in the reg ions correspond ing to the midrib  domains . The base of the s i lk ,  which 

corresponds to the lower leaf zone, was more severely affected than d istal parts 

(Scanlon and Freel ing ,  1 998) . 

mwp 1-R s i lks often had a k inked or twisted appearance, particu larly at the base. 

D ifferentia l g rowth of opposite sides of the s i lk  is l i kely to be responsible for this 

twist ing .  Epidermal  cel ls were freq uently elongated perpend icular to the surface 

of the s i lk ,  suggesting that the p lane of cel l  expansion is d isrupted by mwp 1 -R. 

4.4.2 mwp1-R affects lateral and proximal-d istal growth 

mwp 1-R lateral organs are narrow 

Measurements of mwp 1-R and wild-type latera l organs showed that mwp 1 -R 

prophyl ls ,  h usk  leaves , pa leae and g lumes are sign ificantly narrower than  wi ld

type organs in  the W23 background.  However, organ length was not affected in 

th is backgroun d .  I n  the A1 88 background ,  mwp 1 -R prophyl ls , husk leaves and 

g l umes were s ign ificantly narrower and shorter than wi ld-type organs.  The width 

and length of mwp1-R paleae were not sign ificantly d ifferent from wild-type 
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pa leae i n  this background .  Vegetative leaf s ize was not affected by mwp 1-R i n  

e ither the  W23 or  A 1 88 backg rounds.  This may reflect the  fact that mwp 1 -R has 

on ly a mi ld phenotype in  the sheaths of vegetative leaves and has no obvious 

b lade phenotype. 

M aize ns m utants have narrow leaves that lack normal  marg in  characteristics 

due to the deletion of a marg ina l  domain (Scan Ion et al. , 1 996; Scan lon and 

F ree l ing ,  1 997;  Scan lon , 2000) . mwp 1 -R latera l organs appear to be in itiated 

normal ly and genera l ly have normal marg in  characterist ics, with the exception 

of sheaths exh ib it ing marg ina l  outgrowths. These observations suggest that the 

n arrowness of mwp1-R lateral organs is more l i kely due to reduced lateral 

g rowth than to the deletion of a specific domain . 

Narrow latera l organ phenotypes are common i n  other m utants that affect 

adaxial-abaxial polarity , i nd icat ing that correct specification of the adaxia l 

abaxia l  ax is is  required for latera l  growth (Waites and H udson,  1 995;  Eshed et 

al. , 200 1 ; Kerstetter et al. , 200 1 ; Golz et al. , 2004) .  YAB genes have been 

imp l icated in lateral g rowth and one theory is that the juxtaposition of YAB 

expressing and non-express ing cells is  requ i red to promote growth (Eshed et 

al. , 2004) . My resu lts show that rld1 a nd zyb9 are m isexpressed in  mwp 1-R 

lateral organs .  Thus, the lack of d ifferential YAB expression may contr ibute to 

reduced lateral growth of mwp 1-R leaves . I n  norma l  leaves ,  there is  co

ord inated cel l  expansion and d ivision a long the latera l axis .  I n  mwp 1-R mutants 

there are m u lt iple ectopic boundaries . Therefore, i n  these regions cel l  

expansion and d ivision i s  reorientated a long the new axes, at rig ht angles to the 

p lane of the leaf. 

The data ind icate that mwp 1-R affects proxima l-d ista l g rowth as wel l  as lateral 

g rowth .  mwp 1-R latera l organs in the A 1 88 background were s ign ificantly 

s horter, as wel l  as narrower, than wild-type latera l organs .  Growth in  both 

d imens ions was s im i lar ly affected in th is  backgroun d .  I n  u nfused prophyl ls ,  

g rowth of the central membrane  a long the proxima l-d ista l ax is is  severe ly 

affected . Redu ctions in  lateral organ length have been observed in other  

m utants that affect organ polarity (Waites and H udson , 1 995 ;  Eshed et al. , 

1 999 ;  Eshed et al. , 2004) .  It was observed that epiderma l  cel ls associated with 
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ectopic outgrowths at mwp 1-R sheath marg ins were shorter than  wi ld-type 

adaxia l  sheath marg in  cel ls  (F igure 4 . 1 6) .  Th is observation is consistent with 

the theory that mwp 1 -R d isrupts cel l  e longation a long the prox imal-d i sta l axis. 

It is not surpris ing that d isruptions to the adaxia l-abaxia l  boundary affect 

proxima l-d ista l g rowth as wel l  as lateral g rowth .  Although this boundary i s  

freq uently depicted as a l i ne ,  i t  may be  more accurately visual i sed as  a plane of 

cel ls  between ad axia l ly-specified and a baxia l ly-specified cel ls (F igure 4 .20) .  

Waites and H udson ( 1 995) describe the boundary as a p late of  cel ls  that 

changes its d ivis ion pattern to lateral prol iferation , thereby forming the lamina .  

Cel ls  at  the boundary cou ld d i rect cel l  expansion and d iv ision a long both the 

latera l and proximal-d istal axes.  An ana logous mechan ism exists in Orosophila, 

where loss of the dorsa l ly expressed gene apterous leads to loss of g rowth in 

both the proxima l-d istal and latera l  d i rections (Butterworth and King ,  1 965) .  

A. Wild-type B. milkweed pod1-R 

/ / 

Figure 4.20 . The adaxial-abaxial boundary promotes both lateral and 
proximal-distal growth. (A) The adaxial-abaxial boundary ( red) may be 
visual ised as a plate of cel ls that promotes both lateral and proximal-distal 
growth in wi ld-type lateral organ primordia (arrows). ( 8) When there is part ial  
loss of adaxial-abaxial polarity, as in  mwp 1-R lateral organs,  proximal-d istal 
growth may be inh ib ited and outg rowths occur at ectopic adaxial-abaxial 
boundaries. 

Fused organs are strongly affected by mwp1-R 

mwp 1-R prophyl ls exh ib it more severe g rowth defects than husk leaves.  I n  the 

most extreme cases, the membrane between the two m id ribs fa i ls  to e longate 

and the prophyl l  develops as an unfused , two-pronged structure .  I n  the case of 
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fused prophyl ls ,  mwp 1-R genera l ly had a greater effect on the width of prophyl ls 

than on h usk leaves i n  the same backg rou nd . One possible reason is  that leaf 

marg ins are particularly affected by mwp 1 -R. As a fused organ ,  the prophyl l  has 

four  marg in  domains ,  whereas husk leaves have on ly two. I n  both the A 1 88 and 

W23 backg rounds,  the d istance between the keels was reduced to a s imi lar  

degree as overal l  width . Th is impl ies a red uction i n  g rowth of both the inner and 

outer marg ins.  An alternative explanation is that organs that a re prod uced 

earl ier a re more sensitive to mwp 1-R than later organs .  This wou ld  be 

consistent with the genera l  trend for later husk leaves to be less affected than 

earl ier ones.  These two explanations are not mutual ly exclusive. 

Like the prophyll ,  the palea is  a b ikeeled organ .  It was predicted that, if the 

palea is a fused organ with four  marg in  domains,  then palea width wou ld be 

more severely affected by mwp1-R than g lume width . However, mwp 1-R paleae 

d id not have an obvious phenotype . The s ize of mwp 1-R paleae was not 

s ign ificantly d ifferent from wi ld-type pa leae in the A 1 88 background . mwp 1-R 

paleae were narrower than wi ld-type pa leae in the W23 background.  However, 

they were less affected than g lumes in the same background . Scan lon and 

Freel ing ( 1 998) found that the d istance between the pa leae keels was not 

s ign ificantly red uced in  ns mutants , a lthoug h the outer marg ins were red uced . 

Thus ,  their study provided no evidence to support the model that the paleae a re 

fused organs .  My resu lts a re consistent with th is  fi nd i ng .  

The si lks (stigmas) of mwp 1-R plants a lso exh ib it a ltered growth . Measurement 

data ind icate that the veins  are closer together i n  mwp 1-R si lks than in  wi ld-type 

s i lks .  When i nterpreted i n  terms of the folded phytomer model ,  th is phenotype 

corresponds to a reduction i n  lateral growth . Accord ing  to th is model , the veins  

correspond to the two midribs and the indented reg ions represent the marg ins  

of two fused primord ia  (Cronqu ist, 1 988;  Scanlon and Free l ing ,  1 998) . Scan lon 

and Freel ing ( 1 998) found  that the d istance between the veins  is reduced in  ns 

m utants , whereas, the d istance from the veins to the outer edge was una ltered . 

They a lso found that ns s i l ks lack the surface indentation seen in  wi ld-type s i lks .  

The phenotype was i nterpreted as deletion of  the marg ins .  The surface indents 

were sti l l  present in mwp 1-R s i l ks ,  a lthough some s i l ks had p ronounced 
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outg rowths in  th is  area . These results point to a reduction in latera l g rowth in  

mwp 1-R si lks ,  rather than deletion of an  entire domain .  

The d istance from the veins to the outer edge of  the s i l k  was found to be  greater 

in mwp 1 -R than in wi ld-type. This cou ld  be d ue to outgrowths in th is reg ion , and 

to the expansion of ce l ls  perpendicular to the surface of the s i lk .  Th is may be 

d ue to the loss of adaxial-abaxia l  polarity and the formation of ectopic 

boundaries, as is observed in other mwp 1-R latera l  organs .  

A number of d icot mutants that affect leaf polarity and growth a lso have latera l 

organ fusion defects. I n  Antirrhinum, gram m utants often have unfused coro l la 

tubes (Golz et al. , 2004) .  The gram phenotype is somewhat s im i lar  to mwp 1-R. 

gram leaves exh ib it adaxial-abaxial polarity defects , particu larly at the marg ins ,  

and  lateral organs are narrower in gram mutants than  in  wi ld-type . Thus ,  the 

fusion defect may be attributable to reduced latera l growth or to the loss of 

marg in  characteristics .  

Defects in  carpel fus ion are seen in  Arabidopsis m utants of crabs claw (ere) , a 

YAB gene, and spatula (spt) , a basic-hel ix-loop-hel ix  transcription factor 

(Alvarez and Smyth , 1 999 ;  Bowman and Smyth ,  1 999;  Heisler et al. , 200 1 ) . ere 

carpels are unfused in  the upper th i rd ,  and th is is attributed to the upper part of 

ere carpels being narrower than the lower regions (Alvarez and Smyth ,  1 999) .  

SPT is expressed in the marg ins of developing carpels and in  the septum, a 

structure derived from the postgen ita l fusion of outg rowths from the carpel 

marg ins (Heisler et al. , 200 1 ) . These tissues are reduced or lost in spt-2 

mutants , suggesting that SPT promotes growth of carpel marg in  t issue. It is 

suggested that SPT may promote congen ita l fusion of the carpels d i rectly or, 

a lternatively, the fai l u re to fuse may be a conseq uence of d isrupted lateral 

growth (Alvarez and Smyth ,  1 999) . 

4.4.3 Mwp 1 interacts with networks that establ ish leaf polarity 

Given that mwp 1-R is a recessive mutation,  the adaxia l isation of mwp 1 -R latera l 

organs suggests that Mwp 1  normal ly acts to promote abaxial identity or to 

repress adaxial identity. The d isruption of vascu lar  polarity in  mwp 1 -R latera l 
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organs suggests a role for Mwp 1 i n  vascular pattern ing .  rld1 i s  m isexpressed i n  

affected organs ,  ind icating that Mwp 1 m a y  act to repress rld1 during norma l 

development. I n  Arabidopsis, a n  antagon istic relationship between HO-ZIPIII 

and KAN fam i ly members functions in the estab l ishment of polarity in  lateral 

organs and vascu lar tissue (Eshed et aI. , 2001 ; Kerstetter et al. , 2001 ; Emery et 

al. , 2003; Eshed et al. , 2004). 

Henderson et al. (2006) found that the maize KAN gene, Zm*KAN2 ,  is 

expressed in a complementary pattern to rld1 .  Their find ing is consistent with ,  

although does not prove , an antagonistic i nteraction between ma ize KANs and 

HO-ZIPIII genes.  Analysis of KAN expression i n  a Rld1 mutant backg round 

wou ld help clarify whether such an antagonistic relationsh ip exists . 

m iRNA 1 65/1 66 has been shown to regu late rld1 expression in ma ize (Juarez et 

al. , 2004b) .  I ndeed , m i RNA-directed cleavage of HO-ZIPIII mRNAs is  conserved 

throughout the land plants (F loyd and Bowman , 2004). In add ition ,  there is 

evidence that rld1 expression is  control led in part at the transcriptional level 

(J uarez et al. , 2004b) .  KAN genes, such as Mwp 1 ,  may act at th is leve l .  

There a re several scenarios as to how HO-ZIP'" and KAN genes might  i nteract 

to specify adaxia l  and abaxial d omains .  F i rstly, there could be an antagonistic 

relationship ,  with HO-ZIPIII genes specifying adaxia l  fate, and KANs specify ing 

abaxia l  fate. I n  mwp 1-R mutants, a loss of KAN fu nction a l lows HO-ZIP"I 

m isexpression on the abaxial s ide of leaf primord ia .  Reduced levels of KAN 

cou pled with ectopic HO-ZIP"I expression wou ld then resu lt in cel ls in these 

regions adopting adaxia l  identity . Alternatively, adaxial and abaxia l  domains 

may be determined by reg ions of HO-ZIP"I expression and non-expression 

respectively. In this scenario, the main role of KAN genes would be to repress 

HO-ZIP"I expression rather than  to specify abaxia l  fate d i rectly. A s imi lar  

mechanism has been proposed to pattern Arabidopsis vasculature (Emery et 

al. , 2003) . Fina l ly, it may be the relative levels of HO-ZIPIII and other factors 

that determ ine cel l  identity. Th is  model  is supported by the find ing that 

m isexpression of rld1 is sufficient to switch adaxial  and abaxial  cel l  identities 

(Nelson et al. , 2002) . 
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Maize YAB (zyb) genes a re expressed i n  latera l organs in  a s imi lar  pattern to 

rld1 (J uarez et al. , 2004a) ,  although my data ind icate that zyb9 expression i n  

older h usk leaves i s  less polarised than rld1 .  zyb expression is  i ncreased i n  

Rld1 mutants, suggest ing that zyb genes are downstream of rld1 (Juarez et al. , 

2004a) .  However, Rld1 m isexpression is  not suffic ient to induce zyb expression 

on the abaxial s ide of you ng Rld1 primord ia ,  suggesting that other factors , in 

add it ion to HO-ZIP"I genes, control zyb expression (Juarez et al. , 2004a) .  

My resu lts show that zyb9 is m isexpressed i n  mwp 1-R lateral organs ,  i n  a 

pattern that m i rrors rld1 misexpression . This pattern could ind icate that YAB 

genes a re downstream of HO-ZIPIII genes i n  ma ize , as suggested by J uarez et  

al. (2004b) .  Alternatively, Mwp 1 may repress zyb expression d i rectly. Thus ,  

Mwp 1  a nd other KAN genes may constitute the add it ional factors contro l l ing zyb 

expression .  It is possible that zyb genes are positively reg u lated by HO-ZIPIII 

genes and negatively regu lated by KAN genes. The current resu lts do not a l low 

me to d istingu ish between these possib i l it ies. 

rld1 is m isexpressed in  both mwp1-R and Rld1 mutants ,  a nd both mutants show 

adaxia l isation of abax ia l  t issues (Nelson et al. , 2002;  J uarez et al. , 2004b) .  

However, there are d ifferences between the mutant phenotypes. rld1 causes 

adaxia l isation of sectors of the b lade, whereas, the mwp 1-R phenotype is 

genera l ly confined to sheath t issue. I n  mwp 1-R, vegetative leaves are less 

severely affected than h usk leaves, whereas, no  husk  leaf phenotype has been 

described for Rld1 mutants. Rld1 leaves sometimes exh ib it a switch ing of 

adaxia l  and abaxial epidermal identities (Nelson et al. , 2002). This was not 

observed i n  mwp 1 -R m utants. 

There are a number of factors that may account for these phenotypic 

d ifferences. F i rstly, the redundant activity of add itional  KAN fam i ly members 

may mean that rld1 i s  only m isexpressed i n  specific t issues i n  mwp 1 -R m utants. 

Secondly, the tempora l and spatia l  patterns and the level of rld1 m isexpression 

are l ikely to d iffer in the two m utants. In mwp 1 -R leaf primord ia ,  rld1 i s  

m isexpressed i n  patches, whereas,  in  Rld1-0 m utants ,  rld1 is m isexpressed in  

a more u n iform manner (Juarez et al. , 2004b) .  I n  Rld1 mutants , rld1 

misexpression is due to loss of regu lation by m iRNAs, whereas, in mwp 1-R 
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m utants rld1 misexpression is d ue to the loss of one KAN function .  Th i rd ly ,  i n  

Rld1 mutants only a s ing le HO-ZIPIfI gene i s  misexpressed , whi lst i t  i s  possible 

that m u lt iple HO-ZIPIIf genes a re m isexpressed in mwp1-R mutants . 

mwp 1-R m utants exh ib it a more severe d isruption of vascular polarity than has 

been reported for Rld1 m utants. Veins at the junctions of mwp 1-R h usk leaf 

outg rowths and sheath marg ins may be part ia l ly or completely rad ia l ised , 

whereas Rld1 major veins are unaffected and m inor veins may be lost or m is

oriented (Nelson et al. , 2002; J uarez et al. , 2004a) .  In wi ld-type leaf primord ia ,  

rld1 i s  expressed in immature vascu lar  strands and becomes local ised to pro

xylem cel ls  (J uarez et al. , 2004b) .  Expression in vascular bundles is not a ltered 

by loss of Ibl1 function (Juarez et al. , 2004a) .  G iven that Lbl1 operates in the 

m iRNA pathway (per. comm.  Marja  Timmermans) ,  this find ing suggests that 

rld1 is regu lated independently of m i R 1 65/1 66 in vascular bundles.  Thus ,  rld1 

expression may be relatively normal i n  Rld1 vascu lar  bund les, but 

m isexpressed in mwp 1-R vascu lar  bund les . I t  is  l i ke ly a lso that HO-ZIPIII genes 

other than rld1 are m isexpressed in mwp 1-R leaves,  and these may contribute 

to vascu lar  pattern ing . For example ,  a maize PHB homologue is expressed 

specifical ly in pro-xylem cel ls du ring norma l development (Juarez et al. , 2004b) .  

4.4.4 Expression of the mwp 1-R phenotype varies in  d ifferent 

inbred backg rounds 

Maize is  genetica l ly very d iverse. Mutant phenotypes may vary in  d ifferent 

backgrounds due to the variab i l ity of mod ifying genetic factors and d ifferences 

in  developmental rate (Bertrand-Garcia and Free l ing ,  1 991 ; Tena i l lon et al. , 

200 1 ; F u  and Donner, 2002; Song and Mess ing ,  2003; Brunner et al. , 2005) . 

The expression levels of homologous genes have been found to d iffer in  

d ifferent inbred backg rounds (Song and Mess ing ,  2003; Guo et  al. , 2004) .  Thus ,  

the pattern and level of expression of genes in i nteracting networks is  l ikely to 

influence mutant phenotypes i n  d ifferent backg rou nds.  There are a lso 

morpholog ical d ifferences between inbred l i nes. For example, the s ize of the 

SAM varies in  d ifferent inbred l i nes and is correlated with penetrance of the 

kn 1 -E1 phenotype (Vol lbrecht et al. , 2000) . 
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The mwp 1-R phenotype varies depend ing on the background i n  which it was 

expressed . The phenotype is  very mi ld in the 873 backgrou nd, so was not 

exam ined in  detai l  in th is background (per. com m . ,  Hector Candela and Sara h  

Hake). 873 is  a late flowering l i ne (8ertrand-Garcia and Free l ing ,  1 99 1 ) .  I t  is 

possible that add itional factors expressed later in  development cou ld 

compensate for loss of Mwp 1 function in  th is background . 

The prophyl l  phenotype shows considerable variation depend ing on 

background .  These d ifferences are correlated with tempora l d ifferences in  rld1 

m isexpression .  I n  its most severe form , the prophyl l  is u nfused . This phenotype 

was most consistently observed in a non-introgressed background ,  and 

occasiona l ly i n  the W23 background . The unfused prophyl l  phenotype is 

associated with rld1 m isexpression early in  development. I n  the W23 

background ,  the most commonly observed prophyl l  defect was the subd ivision 

of the keel into a series of outgrowths .  This subd ivided keel phenotype is 

associated with patchy m isexpression of rld1 later in  development .  

The mwp 1-R subd ivided keel phenotype was seldom seen in the A 1 88 

background .  A 1 88 is a fast-maturing l ine.  One possib i l ity is that prophyl l  

primord ia in the A 1 88 backg round reach a later stage of d ifferentiation before 

polarity is d isrupted by loss of Mwp 1 function .  Such d isruptions may occur too 

late to affect morphogenesis ,  but could sti l l  affect subsequent g rowth .  

Alternatively, there may be subtle d ifferences in  the way HO-ZIP"I genes a re 

reg u lated in  d ifferent inbred backgrounds.  

The effects of mwp 1 -R on l ateral organ growth also d iffered in A 1 88 and W23 .  

I n  genera l ,  i n  the W23 background mwp 1-R latera l organs were reduced i n  

width, but organ length was not sign ificantly d ifferent. I n  the A 1 88 backg round , 

both the width and length of mwp 1-R lateral organs were red uced . The 

reduction in width was genera l ly  g reater in the W23 background . The adaxial

abaxial boundary can be conceived as a p late of cel ls  that d irects growth a long 

the latera l and proximal-d ista l axes (F igure 4 .20) .  It is l i kely that mu lt iple factors 

a re involved in sett ing up th i s  boundary and in d i recting growth a long the axes.  

There may be subtle d ifferences in  these networks that account for the d ifferent 

g rowth defects in the W23 a nd A 1 88 backgrounds .  The expression of potentia l  
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i nteracting genes would need to be stud ied i n  more detai l  before any 

conc lusions cou ld be drawn about the effects of background-dependent factors 

on the mwp 1-R phenotype. 

4.4.5 mwp1-R specifical ly affects sheath tissue 

mwp 1-R affects a range of lateral organs .  However, the phenotype is general ly 

confined to sheath t issue and h usk leaf phenotypes are more severe than 

vegetative leaf phenotypes . Given that there are at least 1 1  KAN genes i n  

maize , it i s  l ikely that there is  a h i g h  level of red u ndancy and 

subfunctional isation in this gene fam i ly (per. comm. , Hector Candela and Sarah 

Hake) .  Thus ,  Mwp 1 may act primari ly i n  sheath tissue, with other KAN fam i ly 

members fulfi l l i ng a s im i lar role in b lade tissue. L ikewise, Mwp 1  may be more 

i mportant i n  husk leaf development, with add itiona l  KANs acting in a part ia l ly 

red undant manner during vegetative leaf development. 

In Arabidopsis there a re fou r  KAN genes , and they act in a part ia l ly red undant 

manner. S ing le mutants have very m i ld phenotypes compared to double and 

trip le kan mutants (Kerstetter et al. , 200 1 ; Eshed et al. , 2004) .  KAN4 expression 

is l im ited to ovu les and is requ i red for development of the inner  integument, 

whi lst KAN1 and KAN2 act redundantly to provide a homologous function in the 

outer integument (McAbee et al. , 2006) . KAN genes in  ma ize may have 

s im i larly specia l ised functions,  indeed there is l i kely to be a h ig her level of 

subfunctiona l isation d ue to the larger ma ize KAN fami ly. 

4.4.6 mwp1-R interacts with proximal-d ista l  pattern ing mutants 

mwp 1-R phenotypes are general ly confined to the sheath or basal parts of 

l ateral organs .  However, b lade t issue adjacent to ectopic sheath- l ike t issue i n  

mwp 1-R; Wab 1-R double m utants a lso exh ib its d isrupted adaxial-abaxial polarity 

(F igure 4 . 1 8) .  This was not observed in Wab 1-R sing le mutants. Blade t issue 

adjacent to ectopic sheath tissue exh ib ited d isrupted adaxial-abaxial polarity, 

with bu l l iform cel ls  and macrohairs on the abaxial  surface and misoriented or 

rad ia l ised vascu lar  bund les. S imilar  phenotypes are seen in mwp 1-R;Rs 1 -R and 

mwp 1-R;Kn 1-R double mutants, ind icat ing that th is interaction isn't specific to 

Wab 1 -R. One explanation i s  that Mwp 1 is specifica l ly requ i red for pattern ing of 
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sheath tissue or basal t issue types. There may be b lade-specific KAN genes 

that act in norma l  blade t issue, but are not expressed in ectopic sheath t issue. It 

is possib le that, once incorrect adaxial-abaxial patterning is  establ ished in  

ectopic sheath tissue, th is  positional  i nformation is  transm itted to adjacent blade 

tissue.  

4.4.7 Comparison of g rass and d icot modes of g rowth 

Differences in the phenotypes of d icot and g rass leaf polarity mutants may 

reflect d ifferences in the way that leaves a re in itiated and e laborated . In  d icots , 

a number  of m utants that affect adaxia l-abaxial polarity have leaves that are 

rad ia l  or a lmost rad ia l .  The leaf primord ia of d icots s uch as tobacco emerge as 

peg- l ike structu res. The lam ina is i n itiated subsequently from cel ls  on the flanks 

of the primord i um (Poethig and Sussex, 1 985a) .  In  maize , the leaf latera l axis is  

establ ished with in  the SAM and the primord ium has a flattened lamina at  the 

t ime of emergence. Only mutations that affect founder cel l  recru itment, such as 

Ib11 ,  resu lt in rad ia l  leaves (Timmermans et  aI. , 1 998) .  

E laboration and d ifferentiation of ma ize leaves proceeds basipetal ly and from 

the midrib  to marg ins.  Thus ,  the sheath marg ins are the last part of the leaf to 

d ifferentiate (Sharman,  1 942 ; Sylvester et al. , 1 996 ; Scan lon ,  2003) . mwp 1 -R 

lateral organs a re general ly most affected i n  the sheath marg in  domains .  One 

possible explanation is that Mwp 1  is req u i red to mainta in  a baxial identity at later 

stages of development. Ma ize leaves grow for a more prolonged period than 

many d icot leaves. In ma ize , g rowth persists at the marg ins  and contributes 

substantia l ly to the width of the leaf base. This is evidenced by wide marginal  

c lonal  sectors (Poeth ig ,  1 984 ; Poeth ig and Szymkowiak,  1 995) .  I n  d icots , the 

marg in  p lays on ly a minor role in growth of the lamina .  Cel l s  at the marg ins 

beg in d ifferentiation early in  leaf development and marg ina l  c lona l  sectors are 

relatively narrow (Poeth ig and Sussex, 1 985a ;  Poeth ig and Sussex, 1 985b) .  

These d ifferences in growth patterns may expla in why mwp 1-R phenotypes are 

most pronounced in marg in  domains ,  whereas, in d icots, the leaf marg ins  do 

not show particu larly strong kan phenotypes. 
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Mutations that specifica l ly affect either the upper or lower leaf zone may a lso 

man ifest d ifferently, as the maize leaf is comprised a lmost enti rely of lower leaf 

zone, whereas the d icot leaf is main ly upper leaf zone (F igure 1 .7) (Tro l l ,  1 955 ;  

Kap lan ,  1 973;  Nardman n  et  al. , 2004) .  mwp 1-R defects a re genera l ly specific to 

sheath tissue.  The sheath corresponds to the basa l  port ion of the lower leaf 

zone .  Therefore , equ iva lent defects in d icot leaves may be d ifficult to detect, a s  

the lower leaf zone forms only a m inor part of the mature leaf. 

Outgrowths on mwp1-R leaves tend to occur as long flaps that run para l le l  to 

lateral veins ,  whereas, outgrowths on the leaves of Arabidopsis kan m utants a re 

rad ia l  (Eshed et al. , 2004) .  A l i near arrangement of tissues is characteristic of 

grass leaves (Sylvester et aI. , 1 996) . Latera l veins form paral lel to the midrib  

and clonal sectors are genera l ly confined a long vascu lar boundaries (Ceriol i  et 

al. , 1 994) . I n  d icots, vei ns a re in it iated at  an  ob l ique ang le to the m idrib and 

c lona l  sectors tend to be isod iametric (Poethig and Sussex, 1 985a;  Poeth ig and 

Sussex, 1 985b) .  I n  d icots , cel ls  expand isotrop ica l ly ,  whereas, i n  grass leaves ,  

cel l  expansion is  polarised long itud ina l ly (Poeth ig ,  1 984) .  D ifferences between 

mwp 1-R and Arabidopsis kan phenotypes may reflect d ifferences in  the 

structu re and development of Arabidopsis and ma ize leaves . 

4.4.8 Prophyll morphogenesis 

Do existing meristems and leaf primordia influence the development of 

organs on newly ramified meristems? 

The prophyl l is the fi rst organ in itiated by the newly formed lateral meristem and 

i t  is l ikely that th is  affects its development and morphology. Un l ike subsequent 

husk leaves , the prophyl l  is not subject to the influence of exist ing pr imord ia .  

The prophyl l  a rises on the adax ia l  s ide of the lateral meristem.  Thus,  it may be 

subject to the influence of two meristems - the latera l meristem from wh ich it 

was in itiated and the SAM of the main axis .  It is unclear how m uch influence the 

SAM wou ld exert on the developing prophyl l  as, by the t ime the prophyl l  is 

i n itiated by the lateral meristem,  the SAM has in itiated several add itional  

vegetative leaves. 
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It is  possib le that prophyl l  development is  i nfluenced by the prox im ity of newly 

in itiated vegetative leaves rather than ,  or in add it ion to , the SAM .  During the 

early stages of prophyl l  development, the main shoot axis is compressed and 

the lateral meristem exists in  close proxim ity to d istal primord ia of the main axis 

and to the subtend ing leaf. Bossinger et al. ( 1 992) suggest that the morphology 

and topology of the fi rst organs in itiated by newly ram ified meristems (type 2 

phytomers) may be influenced by exist ing leaf primord ia .  Dur ing in it iation of the 

lateral meristem and early prophyll development, the subtend ing vegetative leaf 

and leaves at d istal nodes express rld1 and zyb9. I n  add ition Zm*KAN2 is 

expressed in leaf primord ia  and in the d isk of insertion (Henderson et al. , 2006) .  

These, or other factors expressed by leaves adjacent to the latera l meristem 

may influence prophyl l  development. 

The shape of the lateral meristem may a lso influence prophyl l  deve lopment. 

Meristem shape and s ize a re known to influence phyl lotaxy, for example in the 

maize abphyl1 m utant (Jackson and Hake ,  1 999;  G iu l i n i  et al. , 2004) .  The newly 

in itiated lateral meristem is  sandwiched between the ma in  axis and the 

subtending leaf and is  e l l ipt ical in transverse section . As primord ia are in itiated , 

the meristem assumes a more rou nded shape. It is possib le that the elongated 

shape of the meristem causes the in it iation of two primord ia s imu ltaneously. 

This theory is consistent with the observation that newly formed floret 

meristems a re somewhat e l l iptical in shape and in itiate paleae, which are a lso 

fused organs (Bonnett, 1 940 ;  Cheng et al. , 1 983) . 

Auxin fl ux in  the SAM has been shown to be a crucial factor in  leaf in itiation and 

phyl lotaxis .  Accord ing to aux in flux models ,  existing primord ia act as auxin s i nks 

leading to a ux in maxima at reg ions furthest from exist ing primord ia .  New 

primord ia  a rise in  these areas of h ighest a uxin concentration (Reinhardt et al. , 

2000;  Reinhardt et al. , 2003) .  Auxin response factors have been impl icated in 

adaxial-abaxial pattern ing and lamina outgrowth , suggesting that auxin may 

a lso function in  pattern ing of latera l organs (Pekker et al. , 2005).  It is  l i kely that 

auxin is  i nvolved in the un iq ue topology and morphology of latera l organs 

prod uced by newly formed meristems.  One poss ib i l ity is that leaf primord ia that 

flank  the new lateral meristem cou ld inf luence auxin flux in the latera l meristem 

and thus determ ine the position ing of prophyl l  pr imord ia .  Auxin may a lso 
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med iate fusion of the two p rimord i a ,  a s  auxin appl icat ion has been shown to 

cause fu sion of leaf primord ia and i n h i b ition of auxin tra nsport resu lts in fu sion 

of sheath m arg ins in maize (Snow and Snow, 1 937; Sca n l o n ,  2003). It  should 

be emphasised that these sug gestions are speculative. An investigation of 

aux in  flux in late ra l meriste ms and the local isation of a ssociated proteins may 

e l ucidate this matter. 

The kee l is sens itive to d isru pted polarity 

The maize p rophyll  has two prom i nent keels that parti a l ly  encircle the cu l m .  The 

keels correspond to the midrib reg ions of two fu sed leaves . The keel region is 

particu larly sens itive to d isrupted polarity ca used by mwp 1 -R. In fa mi l ies wh ere 

the p rophyl l  is u nfused , keel outg rowth is  dram atica l ly red uced . In fa mi l ies 

where mwp 1 -R prophyl ls re main  fu sed , a phenotype is often observed where 

each keel i s  red uced to a convoluted series of outgrowth s .  The observation that 

i n d iv id u a l  veins in wi ld-type keels are ofte n orie nted d iffere ntly to ve ins in  

su rrou n d i n g  tissue, and the dynamic expression patte rn of rld 1 in  the keel 

reg i o n ,  suggest that polarity m ay be establ ished d ifferently i n  the keel than in  

adjacent reg ions.  

Model fo r keel outg rowth 

We spec u l ate that the adaxial-abaxial  pattern ing system has been co-opted 

d u ring evol ution to promote outgrowth of the keels in n orma l  p rophyl l  

d evelopment. A model  is p resented i n  wh ich a pu lse of adaxial  identity on the 

a baxial  s ide of the prop hyl l  generates a new boundary that in it iates keel 

outg rowth (F igure 4.2 1 ) .  I n  mwp 1 -R prophylls,  ectopic express ion of adaxial  

factors means that no d isti nct boundary is created . Thus, keel outg rowth is 

s ign ifica ntly red uced . 

Accord i n g  to this model , a d axia l  ( b l ue) and abaxia l  (yel low) domains are 

establ ished i n  the two pri mord i a  that comprise the prop hyl l .  This boundary 

between adaxial  and abaxial  domains generates the l ateral axis .  Subseq uently, 

ad axial factor(s) are expressed briefly at the oute r ed ge of each primord ium on 

the abaxial  s ide (sti ppled) .  These b locks of adaxia l  i d entity set up add itio nal  

boundaries at rig ht ang les to the latera l axis ,  thereby i n itiat ing keel  outgrowth . 

The b locks of rld1 expression that a re seen at the outer edges of early stage 
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prophyl ls  m ay correspond to this loca l ised pu lse of adaxial  identity. The 

bou ndary between rld1-expressing and non-expressing ce l ls i n  early stage 

p ro phyl l  p rimord ia a l igns with the axis of the emerg ing kee l .  The observation 

that i n d iv idual  veins i n  wi ld-type p rophyll  keels often have a d ifferent orientat ion 

to surround ing ve ins is a lso consistent with th is  mode l .  

Th is  model  could exp la in  t h e  red u ction in keel outg rowth seen i n  unfu sed 

mwp 1 -R prophyl ls .  Accord ing to the mode l ,  adaxia l  and abaxi a l  domains are 

i n it iated n o rmal ly in mwp 1 -R prophyl ls .  Th u s ,  mwp 1 -R p rophyl ls appear norm a l  

sh ortly after i n iti ation . Without Mwp 1 functi on ,  abaxial  identity is not mainta ined.  

Conseq uently, there is n o  strong boundary to p ro mote keel outg rowth . The 

latera l boundary is al so less d isti nct and , as a res u lt, latera l g rowth is  mu ch 

red uced . 
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Figure 4.21 . Model for outgrowth of the prophyll keels. (A) I n  wild-type prophyl l  
development, adaxial-abaxial polarity is  established with i n  the meristem (grey) and 
mai ntained after emergence. We specu late that keel outgrowth is  prom oted by a transient 
localised p u lse of adaxial-promoting factor(s) (sti ppled) o n  the a baxial side. This creates 
a bou nda ry (red ) that promotes outg rowth of the keel (red arrows) at r ight ang les to the 
lateral axis. Lateral growth ( black arrows) contri butes to the outer margins and central 
mem brane of the prophyl l .  ( 8 )  In mwp 1-R prophyl l  primordia ,  abaxial identity is not 
mai ntained.  No boundaries are created to promote keel o utg rowth , and lateral growth is 
s ign ificantly red uced (grey arrows) .  LM = lateral meristem. 
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Analysis of mwp 1 -R prophyl ls that exhibit the subd ivided kee l phenotype 

suggests that the kee l reg ion is part icularly sens itive to d isru ptions to abaxial  

identity . The model for keel outg rowth may expla in  why the keel is  more 

severely affected than surround ing reg ions. If the keel axis is establ ished by the 

tra n sient expression of adaxial  ide ntity genes on the abaxial  s ide,  then this early 

expos ure to adaxial  factors may m ake cel ls  in  the keel reg i o n  more susceptible 

to ectopic  adaxial factors later in development. The result ing patches of 

ad axia l ised cel ls  interspersed with abaxial  cel ls wo u ld create m u ltiple ectopic 

boundaries , generati ng a com p lex a rray of outg rowths. 
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5 .  Conclusions and future work 

5. 1 Conc lus ions 

A fundamenta l developmenta l mechanism is  the subd ivis ion of fields of cel ls  

i nto smal ler  compartments and the concomitant in itiation of  new axes of g rowth 

(O iaz-Benjumea and Cohen,  1 993;  Lawrence and Struh l ,  1 996).  This study 

focuses on three mutants , Wab 1 -R, Ig1 -R and mwp 1-R that d isrupt axial  

pattern ing of ma ize leaves .  Ana lyses of m utant phenotypes and gene 

expression patterns, and a series of mosaic analyses have uncovered 

i nteractions between factors involved in defin ing developmenta l compartments 

and  growth axes dur ing ma ize leaf deve lopment. 

Wab 1-R i s  a dominant m utation that d isrupts prox ima l-distal patterning of ma ize 

leaves , result ing in ectopic auricle and s heath t issue in the leaf blade and 

narrow leaves (Hay and Hake, 2004). Both aspects of the phenotype are 

exacerbated by Ig1-R. A mosaic analys is of Wab 1 -R i nd icated that Wab 1-R 

genera l ly acts cel l-autonomously. Exam ples of Wab 1 -R non-autonomy were 

on ly  observed in a Lg1 background ,  supporting a role for Lg1 i n  s ignal  

p ropagation. We suggest that Lg1 can transmit posit ional i nformation from 

Wab 1-R tissue into wab ll- t issue and from wab 11- t issue into Wab 1-R tissue.  

Leaf shape and position ing of the b lade-sheath bou ndary a re a ltered in  Ig 1 -R 

m utants , implying a role for Lg1 in modu lating leaf shape. Becraft et al. ( 1 9 90) 

fou nd that Lg 1 acts cel l-autonomously to specify l igu le and auricle tissue. My 

res u lts ind icate that Lg1 also cond itions Wab 1-R ectopic au ricle t issue in a cell

a utonomous manner. However, the data suggest that Lg1 promotes latera l 

g rowth non-autonomously.  Thus ,  Lg1 has both cel l-autonomous and non

a utonomous functions .  These functions may be med iated by separate 

downstream pathways. 

H ay and Hake (2004) proposed that the Wab 1-R narrow leaf phenotype is due 

to  the  deletion of a lateral doma in .  However, a c lonal ana lysis of Wab 1-R leaves 

presented in th is thesis does not support th is hypothesis .  Wab 1-R leaf primord ia 
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appear narrower than wild-type leaf primord ia  at plastochron three (Hay and 

H ake, 2004) .  A comparison of lateral vein in itiation in Wab 1-R and wild-type leaf 

primord ia found a difference in lateral vein number one p lastochron later than 

the observed d ifference in  width .  This finding is consistent with a space-fi l l ing 

model rather than a pre-pattern model for vascu lar in itiation .  

Analysis of the mwp1-R phenotype revealed that adaxia l  cel l-types on the 

abaxia l  s ide of mwp1-R latera l organs a re associated with ectopic outgrowths. 

The phenotype is genera l ly confined to sheath tissue.  Genes that are normal ly 

expressed ad axia l ly are expressed on the abaxial s ide of mwp 1-R latera l  

organs .  The mwp 1-R phenotype is  consistent with a model  i n  which the 

juxtaposition of adaxial and abaxial  compartments generates a new axis and 

promotes latera l growth a long th is ax is (Waites and H udson ,  1 995) .  Given that 

mwp 1-R is a recessive mutation ,  these resu lts suggest that Mwp 1 is requ i red 

for the estab l ishment or ma intenance of abaxial  identity in sheath tissue.  

The marg ins of mwp 1-R latera l organs exh ib it the most severe phenotypes. The 

sheath marg in  phenotype is consistent with the idea that correct establ ishment 

of adaxial-abaxial polarity is requ i red for the development of normal marg in  

characteristics (Sawa et  al. , 1 999) .  The fact that mwp 1-R specifica l ly affects 

sheath tissue and the phenotype is most pronounced at the marg ins suggests 

that Mwp 1 acts relatively late i n  development, as the sheath marg ins are the 

last part of the leaf to d ifferentiate . It is  l i kely that other KAN fami ly members 

perform s im i lar  fu nctions in  other parts of the leaf or at d ifferent stages of 

development. 

mwp 1-R affects most latera l organs .  Th is supports the concept that common 

genetic programmes are involved in the pattern ing of a l l  lateral organs,  and 

imp l ies a shared evolutionary orig in (Bossinger et al. , 1 992) .  Phenotypic 

d ifferences a re l ikely to reflect d ifferences in  lateral organ  morphogenesis .  For 

example ,  vegetative leaves were most consistently affected at the sheath 

marg ins ,  whereas, the s i lks had the most severe outgrowths in the centra l 

indented reg ions .  The s i l k  phenotype i s  consistent with the fused phytomer 

model , i n  which the indents correspond to the fused marg ins  of two h igh ly 

mod ified leaves (Cronqu ist, 1 988; Scan lon and Free l ing , 1 998) .  
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The prophyl l  exh ibits the most severe mwp 1-R phenotypes and is a lso 

considered to be a fused organ  (Bossinger et al. , 1 992;  Scanlon and Freel ing ,  

1 998) . The prophyll has  an  un usual morphology, with two prominent keels 

correspond ing to the two m id rib domains.  The keel reg ion is particu larly 

sensitive to d isruptions to adaxia l-abaxial polarity by mwp 1 -R. We propose that 

the adaxia l-abaxial pattern ing system has been co-opted to promote outgrowth 

of the keels during normal  prophyll development (F igu re 4 .2 1 ) .  Evidence to 

support th is model inc ludes the d isruption of keel development by mwp 1 -R, the 

trans ient boundary of rld1 expression a long the keel axis and the d ifferent 

orientation of ind ividua l  veins in the keel reg ion compared to other parts of the 

prophyl l .  

Ana lysis of the Wab 1 -R and mwp1-R mutant phenotypes provides evidence 

that the axes of growth a re patterned interdependently. D isruption of either the 

proximal-d ista l axis in Wab 1-R or the adaxial-abaxial axis in mwp 1-R red uces 

latera l growth a long the media l-latera l  axis .  In some backgrounds, mwp 1 -R also 

causes a red uction in growth a long the proximal-d ista l axis .  Ana lysis of the 

mwp 1-R "tab" phenotype provides further evidence that adaxia l-abaxial 

pattern ing is requ ired for proximal-d istal g rowth .  The central membra ne of the 

p rophyl l  can undergo extens ive growth along the proximal-d ista l axis in reg ions 

where adaxia l-abaxial polarity is specified correctly, but not in adjacent reg ions 

where polarity is  mis-specified . This makes sense if  the adaxial-abax ia l  

boundary is conceptual ised as a plate of cel ls that co-ord inates cel l  d ivision and 

expansion a long both the med ial-lateral and proxima l-d ista l axes (F ig u re 4 .20) 

(Waites and H udson , 1 995) .  

Correct specification of developmental compartments is  crucia l  for normal leaf 

development. The axes of g rowth estab l ish  the p lanes of cel l  d ivision and 

expansion , which in turn d i rect lateral organ morphogenesis. When these axes 

a re d isrupted,  the final shape of the leaf is a ltered . Posit ional i nformation is also 

requ i red for the appropriate d ifferentiation of specific t issues. As wel l  as  the 

de l im itation of compartments and the specification of cel l-types , there is a 

req u irement for inter-compartmental s igna l l ing to ensure co-ord inated growth of 

the leaf. Thus ,  both cel l-autonomous and non-autonomous pathways a re 
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necessary for leaf deve lopment. The resu lts of this study place Mwp 1 ,  wab 1 

and Lg1 i n  a network of genes that regu late leaf polarity and axia l  pattern ing .  

5.2 F utu re work 

The identity of wab 1 is not yet known . Cloning of wab 1 wi l l  fac i l itate 

i nvestigations of wab 1  fu nction .  It wi l l  enable in situ hybrid isation to determine 

the wab 1 expression pattern d uring normal  leaf development a nd in  Wab 1  

mutants, a s  well as i nteract ions with other genes. Identifying the molecular 

lesion(s) i n  Wab 1  al leles may provide information about the regu lation of wab 1 ,  

or about the function of WAB 1  protein .  Obtain ing a wab 1  loss-of-function mutant 

and ana lysis of the mutant phenotype wi l l  be crucia l  to determ i n ing the normal  

function of wab 1 .  

Mwp 1 has recently been c loned and i s  a member of the KAN gene fam i ly .  Work 

is currently underway to characterise the Mwp 1 expression pattern . I n  l ight of 

the severe mwp 1 -R phenotypes in prophyl ls and s i lks ,  it wi l l  be particu larly 

i nteresting to characterise the Mwp 1 expression pattern in these organs .  I n  

Arabidopsis, the KAN and HO-ZIPI" genes have an antagon istic re lat ionship 

( Eshed et al. , 2001 ; Kerstetter et al. , 200 1 ; Emery et al. , 2003) .  We have shown 

that rld1 is ectopical ly expressed in mwp 1-R mutant leaves . It is l i kely that other 

HO-ZIPIII genes are a lso m isexpressed in mwp 1 -R. Th is could be investigated 

by analysing the expression patterns of other ma ize HO-ZIPIII genes in wi ld

type and mwp 1-R latera l organs .  Analysis of the Mwp 1 expression pattern in 

Rld1 mutants wi l l  help determ ine if an  antagonistic relationsh ip between the 

KAN and HO-ZIPIII genes exists in ma ize 

There are at least 1 1  KAN genes in ma ize . Therefore, there is l i kely to be a h igh 

level of  redundancy. Obta in ing  mu lt ip le kan loss-of-fu nction mutants may reveal 

phenotypes that wou ld be obscured by red undancy in s ing le mutants . I n  

part icu lar, blade tissue is  genera l ly not affected b y  mwp 1-R. I t  wi l l  b e  interest ing 

to see whether blade phenotypes are observed in  other kan mutants. 

Auxin has been impl icated in lateral organ in itiation and in leaf polarity 

( Re inhardt et al. , 2000 ; Reinhardt et al. , 2003;  Pekker et al. , 2005) . Auxin fl ux  is  
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med iated by P I N  proteins (Galwei ler et aI. , 1 998) . Therefore, it may be 

informative to investigate the pattern of PIN loca lisation in ectopic outgrowths 

d u ring mwp 1-R leaf development and d u ri ng in itiation of the prophyl l kee l .  The 

prophyl l  is characteristic of a type two phytomer in  that two pr imordia are 

in itiated s imu ltaneously by a newly ram ified meristem (8ossinger et al. , 1 992) . 

Factors that may influence th is  un ique topology inc lude the e l l iptica l shape of 

the meristem,  and the influence of flanking meristems and leaf primord ia .  G iven 

that a ux in levels determine the position ing of new primord ia ,  it will be interesting 

to study P I N  local isation du ring prophyl l  in itiation and compare this with i n it iat ion 

of subsequent husk leaves.  

We propose that the adaxia l-abaxia l  pattern ing system has been co-opted to 

promote outgrowth of the keels during normal prophyl l  development. This cou ld 

be i nvestigated further by determin ing the expression patterns of other polarity 

genes du ring normal prophyl l  development, and by characteris ing any prophyl l  

phenotypes cond itioned by other m utants that d isrupt leaf polarity. I t  may a lso 

be informative to analyse the Mwp 1 gene to identify motifs that regu late the 

Mwp 1 expression pattern in  the prophyl l .  

I t  is  possible that the adaxia l-abaxia l  pattern ing network has been co-opted to 

pattern unusua l  leaf forms in other species. This cou ld be add ressed by 

investigating the function of homologues of known polarity genes in species with 

d iverse latera l organ morphologies .  
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