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Abstract 
 

The Effects of Hoja loca on Maize Organogenesis 

By 
 

Aaron Michael Sluis 
 

Doctor of Philosophy in Plant Biology 
 

University of California, Berkeley 
 

Professor Sarah C Hake, Chair 

 
Plant organs initiate from meristems and grow into diverse forms. Initiation is 
followed by a morphological phase where organ shape is elaborated, and finally 
tissues differentiate into their mature state. This process involves a variety of 
mechanisms, including complex gene regulatory networks, intricate patterning of 
plant hormones, and dynamic tissue growth.  Hoja loca is a maize mutant that 
has defects in initiating and forming leaves and other lateral organs.  I aim to use 
the Hoja loca mutation to investigate processes involved in transitioning tissue 
from undifferentiated meristem to lateral organs.  Its unique phenotype suggests 
that it can greatly aid the understanding of plant organogenesis due to the 
specificity of mutant defects to organ initiation. 
 
In this dissertation, I investigate the effects of the Hoja loca mutation on shoot 
organogenesis in Zea mays. In Chapter 1, I describe the mutant phenotype.  In 
Chapter 2, I identify the mutant locus.  I use RNA-seq differential gene 
expression to look at global changes and identify genes that are likely to mediate 
the Hoja loca defect.  In Chapter 3, I investigate the localization of genes and 
metabolites that are important in organogenesis, namely the patterning of auxin. 
Together, these results suggest that Hoja loca causes an auxin-insensitivity in 
part of the auxin signaling response, likely at the site of organ initiation. This 
change is signaling leads to the misexpression of a beta glucosidase capable of 
activating cytokinin glucoside conjugates, and potentially the degradation of 
flavonols.  The balance of cytokinin and auxin is a critical regulator of tissue 
differentiation, and flavonols affect auxin transport.  Disrupting the localization of 
either of these compounds in the shoot could plausibly lead to the mutant 
phenotypes of skipped leaf initiation and altered leaf morphology.



i 
 

Acknowedgements 
 
Research reported in this publication was supported in part by the National 
Institutes of Health S10 program under award number 1S10RR026866-01. The 
content is solely the responsibility of the authors and does not necessarily 
represent the official views of the National Institutes of Health. 
 
This research was funded in part by a National Institutes of Health NRSA Trainee 
appointment.



ii 
 

Introduction 
Plant development proceeds as an iterative process of organ initiation from 
meristems. Above ground tissues originate from the shoot apical meristem 
(SAM), which initiates lateral organs in regular phyllotactic patterns. In all cases, 
a lateral organ is formed along with an axillary meristem, and often one or the 
other is suppressed (McSteen and Leyser 2005).  This basic developmental unit 
is known as a phytomer, and aerial plant development can be understood as 
successive formation of phytomer units (Galinat 1959).  Continual organ initiation 
allows plant architecture to be flexible and respond to changing environmental 
conditions, resulting in plants of the same species often differing greatly in organ 
number or organ size. 
 
Organogenesis involves a subset of meristematic cells transitioning to 
determinate growth, requiring broad changes in cell physiology, transcriptional 
regulatory networks, and hormones. Cells that transition to organ initiation are 
within the peripheral zone – also called the morphogenetic zone – while cells that 
replenish the meristematic cells are in the central zone. The site of incipient 
organ formation is called the Plastochron 0, or P0, used to index leaves at a point 
in development. As organs develop, various asymmetries are established that 
determine tissue identity across proximal/distal, abaxial/adaxial, and 
medial/lateral axes. The establishment of a boundary between the initiating organ 
and the rest of the meristem is essential to organogenesis and meristem 
maintenance.  
 
The first step in organogenesis is establishing the position of organ initiation. The 
Hofmeister principle states that new organs form in the location maximally distant 
from previous primordia (Snow and Snow 1932). The plant hormone auxin is 
thought to be a central regulator of organ patterning given its concentration 
gradient patterns across the SAM (Benková et al. 2003). This patterning is 
achieved through polar auxin transport by PIN efflux proteins, which are named 
after their mutant phenotype of pin-like inflorescences devoid of lateral organs 
(Okada et al. 1991). Although the inflorescence phenotype is the most 
conspicuous, subtle phyllotactic defects exist in the vegetative shoot of pin 
mutants (Guenot et al. 2012). Feedback between auxin and PIN patterning leads 
to the formation of local auxin concentration maxima as PIN polarization in the 
epidermis directs auxin flow toward regions of higher auxin concentration (Heisler 
et al. 2005). At the position of auxin maxima in the P0, a switch occurs in which 
auxin moves internally, thus creating an incipient vascular strand that will connect 
with older strands and form an auxin sink. These feedback systems lead to the 
dynamic pattern formation necessary to create auxin maxima, which ultimately 
lead to observed phyllotactic patterns.  
 
Auxin moves throughout plants by a variety of mechanisms.  Auxin will freely 
enter cells from a protonated state in acidic cell walls, but become charged in the 
neutral cytoplasm.  Thus, auxin will move into cells via a chemiosmotic 
mechanism (Rubery and Sheldrake 1974). Auxin transporters, including ABCB 
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proteins, AUX1/LAX family members, and PIN proteins are required for auxin 
efflux, and also assist in influx (Noh, Murphy, and Spalding 2001; Friml et al. 
2003; Petrášek et al. 2006; B h Lee et al. 2009; Zažímalová et al. 2010; Peer et 
al. 2011).  As efflux is the limiting step in auxin movement, the PIN proteins 
mediate auxin movement in many developmental contexts (Adamowski and Friml 
2015).  While there are a variety of conserved PIN proteins in plants, PIN1 has 
the greatest effects on shoot patterning (Okada et al. 1991). 
 
Models have attempted to reconcile how one protein, PIN1, can move auxin flow 
up concentration gradients toward the P0 as well as flow along paths of auxin flux 
away from maxima in vasculature (Wabnik et al. 2011; Bayer et al. 2009).  The 
MAB4 gene family, which encode NONPHOTOTROPIC HYPOCOTYL 3-like 
proteins and regulate PIN endocytosis, provides a possible explanation for this 
switch in Arabidopsis. MAB4 was found to play a critical role in PIN patterning by 
directing polarization internally at the site of organ initiation in the direction of 
auxin flux (Furutani, Nakano, and Tasaka 2014). MAB4, along with related 
proteins MEL1 and MEL2, are involved in the regulation of PIN polarity (Furutani 
et al. 2011). mab4 mel1 mel2 triple mutants have a pin-like inflorescence and 
altered PIN1 localization. PIN1 patterning is normal in the epidermis of the triple 
mutant meristem and leads to an auxin convergence, but internal expression 
from the auxin maximum to sink tissue is absent.  Without a sink, auxin 
accumulates at the meristem surface. MAB4 expression depends on auxin 
signaling and is upregulated at the site of organ initiation in wild-type plants. 
Together, these observations demonstrate a mechanism that reconciles different 
modes of PIN1 polarization and auxin distribution: high auxin levels turn on 
MAB4 and trigger a switch from up-the-gradient to with-the-flux PIN polarization 
at the site of initiation (Furutani, Nakano, and Tasaka 2014).  
 
Auxin signaling begins with auxin perception.  In the nucleus, auxin facilitates the 
binding of Aux/IAA genes to the SCFTIR1/AFB complex (Gray et al. 2001).  This 
interaction was demonstrated with axr2-GUS and axr3-GUS (IAA7 and IAA17, 
respectively) reporter constructs carrying mutations in domain II that result in 
much higher expression than constructs with wild-type sequence.  These 
constructs also conferred auxin-related growth phenotypes like leaf curling and 
reduced apical dominance.  Similar effects could be observed from non-mutant 
AXR2-GUS overexpressed constructs in the tir1 mutant background.  The 
interaction of Aux/IAA proteins with TIR1 was confirmed with 
immunoprecipitation, and domain II was shown to be necessary and sufficient for 
binding (Gray et al. 2001).  Auxin directly enhances the interaction between 
SCFTIR1/AFB and the domain II, demonstrating that this complex is an auxin 
receptor (Dharmasiri, Dharmasiri, and Estelle 2005; Kepinski and Leyser 2005).  
Variation in the auxin-facilitated binding affinity of Aux/IAA alters the auxin 
concentration necessary to promote transcriptional responses, thus fine-tuning 
auxin responses (Calderón Villalobos et al. 2012). 
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Given the above data, it appears clear that domain II of Aux/IAA proteins controls 
protein stability.  A 13-amino acid sequence is sufficient to target proteins for 
degradation in a proteasome-inhibitor dependent manner (Ramos et al. 2001).  A 
variety of mutations in this region cause striking developmental effects (Reed 
2001).   
 
Aux/IAA protein domains III and IV share sequence similarity with many auxin 
response factors (ARFs), and indeed these proteins can bind each other 
(Ulmasov, Hagen, and Guilfoyle 1997).  ARFs bind DNA at auxin responsive 
elements (AuxREs) and function as transcriptional activators and repressors 
(Ulmasov et al. 1995; Boer et al. 2014).  When an Aux/IAA protein is bound to an 
ARF, the TPL corepressor and chromatin modifiers are recruited to downregulate 
gene expression (Tiwari, Hagen, and Guilfoyle 2004; Szemenyei, Hannon, and 
Long 2008).  Domain I of Aux/IAA proteins contain an EAR motif and mediates 
this transcriptional repression.  Degradation of Aux/IAA protein by auxin signaling 
frees ARFs to bind target DNA and effect transcriptional responses.  AUX/IAA 
and ARF interactions are likely more complicated than simple dimerization; 
Aux/IAA multimers are required for proper signaling repression (Korasick et al. 
2014; Nanao et al. 2014). 
  
Many factors affect auxin signaling, making the process difficult to study.  The 
simple combinatorial diversity of the main signaling proteins – 6 TIR1/AFB 
proteins, 29 Aux/IAA proteins, and 23 ARF proteins in Arabidopsis – is 
substantial (Peer 2013).  Other gene regulatory networks feed into this pathway, 
as with the brassinosteroid signaling BIN2 kinase that phosphorylates ARF7, 
affecting binding with Aux/IAA partners (Cho et al. 2014).  There is also 
significant feedback in auxin signaling, notably with PIN expression downstream 
of Aux/IAA and ARF regulation (Vieten et al. 2005).  Cytokinin and auxin mutually 
regulate one another; exogenous auxin application or overexpression reduces 
cytokinin concentration and cytokinin oxidase expression (Eklöf et al. 2000), 
whereas cytokinin can positively or negatively affect auxin, in part via ethylene 
(Růzicka et al. 2007; Eliasson, Bertell, and Bolander 1989).  This balance is seen 
during shoot organogenesis, where proper phyllotactic patterning requires 
inhibitory cytokinin fields (Besnard et al. 2014). 
 
Of particular relevance to this thesis is the role of flavonoids in auxin patterning.  
Flavonoids are phenylpropanoic secondary metabolites.  Flavonoid deficient 
mutants such as transparent testa4 in Arabidopsis have increased polar auxin 
transport (PAT) and defects in root gravitropism (Buer and Muday 2004), 
whereas transparent testa3 over-produces flavonoids and has decreased PAT 
(Peer et al. 2004). Further evidence for a role for flavonoids in auxin transport 
comes from work with the WRKY23 transcription factor.  This factor lies 
downstream of ARF7 and ARF19 and directly stimulates local biosynthesis of 
flavonols (Grunewald et al. 2012).  WRKY23 is necessary for organization of the 
primary root tip and for initiation of lateral roots. It is also required for the local 
production of flavonols at the site of lateral root initiation.  These data suggest a 
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feedback where high auxin signaling induces flavonol production and limits auxin 
transport.  This signaling does not affect PIN expression, but work with the pin2 
mutant again demonstrates an important role for flavonols, this time with the root 
gravitropic response (Santelia et al. 2008).  Agravitropic pin2 roots can be 
rescued by nanomolar application of flavonols. 
 
A wide variety of flavonols exist in plants.  There are two base flavonol 
aglycones: kaempferol and quercetin.  These can receive a variety of sugar 
conjugations at the 3 and 7 carbon positions via UDP-dependent 
glycosyltranferases (UGTs) (Saito et al. 2013), resulting in an array of flavonol 
glycosides and bisglycosides.  Careful analysis of Arabidopsis UGT mutants 
showed that kaempferol 3-O-rhamnoside-7-O-rhamnoside acts as an 
endogenous PAT inhibitor in shoots (Yin et al. 2014). 
 
Flavonols likely affect auxin patterning post-transcriptionally.  Quercetin acts as 
an endogenous inhibitor of the PINOID kinase, which mediates the polarized 
localization of PINs to the plasma membrane, thus modulating PAT (Henrichs et 
al. 2012).  ABCB1/19 proteins bind quercetin in vitro, inhibiting ABCB1 auxin 
transport (Geisler and Murphy 2006).  This action is likely similar to that of the 
synthetic auxin transport inhibitor NPA, which competes with quercetin for in vitro 
binding (Jacobs and Rubery 1988; Murphy et al. 2002).
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Chapter 1 – Characterizing Hoja loca 
Introduction 
Zea mays is a monocot grass with a long history of study as a model organism 
due to its wide morphological diversity, plentiful seed set, and expansive 
collection of interesting mutants.  The maize shoot has a relatively simple plant 
architecture consisting of alternating leaves coming from a stalk with minimal or 
no branching (Figure 1A).  Branches that are made are called tillers, usually 
originating from the first few leaf nodes.  The reproductive tissues consist of an 
apical male tassel and female ears originating from axillary buds. 
 
Maize is particularly suited to investigations of plant development.  The large 
SAM is easy to observe and has well defined flanks from which organs initiate in 
alternate distichous phyllotaxy.  This makes maize especially suited to in situ 
hybridization, immunolocalization, and other histological methods.   
 
Maize leaf morphology also provides excellent visualization of developmental 
growth axes.  The proximal leaf sheath clasps the stem, while the distal blade 
lies flat to act as the primary photosynthetic surface.  Separating these tissues is 
the ligule/auricle boundary.  The auricle is an expanded region of tissue that acts 
as a hinge to permit the blade to extend away from the stem.  The ligule is a 
fringe of tissue that clasps the stem to form a seal preventing water and debris 
falling between the sheath and stem.  Disruptions to abaxial and adaxial 
patterning are also easy to observe, with specialized cell types such as 
macrohairs and bulliform cells indicating adaxial tissue.  Finally, there is 
mediolateral patterning with a medial blade midrib and lateral leaf domains. 
 
The maize inflorescences provide another opportunity to investigate the initiation 
of lateral organs, but with different phyllotaxy and organ type.  At the floral 
transition, the SAM becomes an inflorescence meristem (IM) to begin forming the 
tassel.  Instead of producing leaves, the IM produces branch meristems (BMs) 
and spikelet pair meristems (SPMs).  BMs also produce SPMs.  SPMs will initiate 
two spikelets, each with a floral meristem that produces the male flower.  The 
ears are formed from axillary buds and usually do not form any branches. 
 
The availability of diverse genetic backgrounds in maize adds utility to mutant 
investigation in this model species.  Hundreds of stable inbred lines are available, 
providing variability in a wide set of traits.  Many developmental mutants display 
different phenotypes depending on the inbred background.  For instance, this 
variability was seen in Teopod mutants, leading to the suggestion that certain 
members were functionally distinct (Poethig 1988).  Large changes in phenotypic 
variability are also observed, as with the knotted1-E1 (kn1-E1) mutation, which 
makes limited, non-viable shoots in the W22 and W23 backgrounds, but is 
permissive in B73 and Mo17 (Vollbrecht, Reiser, and Hake 2000).  This change 
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is attributed to the difference in meristem size between the inbreds which is 
mediated by multiple QTL (Thompson et al. 2015). 
 
 

Results 
Isolation of Hoja loca 
Hoja loca was discovered by a traditional forward genetic approach. Ethyl 
methanesulfonate (EMS) was used to treat pollen of the Mo17 maize inbred that 
was crossed onto the B73 inbred. Hybrid F1 seed were planted in the field. EMS 
induces random mutations throughout the genome, specifically changing G:C 
nucleotide pairs into A:T pairs (Griffiths et al. 2000).  Using hybrids in an EMS 
screen gives the mutants a hybrid advantage, thus weak mutants can survive 
(Neuffer et al. 2009).  Hoja loca was selected for its distinctive phenotype (Figure 
1B).  The above-ground tissues of these mutants display a variety of growth 
defects that lead to gnarled and stunted plants.  This appearance lead to the 
name Hoja loca, which means ‘crazy leaf’ in Spanish.  Several of the mutant 
defects – including meristem abortion, tubular leaves, and reduced leaf count – 
suggested an interesting effect on meristem activity and organ initiation.  The 
mutation is dominant and, with rare exception, female sterile. 
 
A putative second allele was identified in another EMS screen, this time in the 
A619 inbred.  This mutant has a very similar phenotype, but is less severe 
overall.  Homozygotes of Hoja loca 2 have more severe phenotypes than 
heterozygotes, showing that this mutation is antimorphic, or a dominant negative.  
The few recovered homozygotes of Hoja loca 1 that have been observed have all 
had severe mutant phenotypes. 
 
Variable penetrance of Hoja loca 
The Hoja loca phenotype is highly variable and primarily affects the leaves.  
Scoring just the heterozygotes, mutants can broadly be classified into mild and 
severe groups. Mutants range from having no discernable phenotype – cryptic 
mutants – to aborting after only initiating the coleoptile.  Mild plants have leaf 
numbers near that of wild type siblings, but display defects in leaf morphology, 
namely tubular leaves with fused margins and leaf blades that lack a midrib 
(Figures 4 and 5).  In severe plants, the leaf number defect is much more 
pronounced, with some plants only producing a few leaves (Figure 1C and D).  
Severe mutants also have a greater portion of leaves with morphological defects.  
Formation and fertility of female ears is greatly reduced in all mutants. 
 
Hoja loca was introgressed into different maize inbreds, with resulting variation in 
mutant penetrance.  Most of the analysis in this thesis is done on mutants in the 
B73 background, the same inbred used to sequence the reference maize 
genome.  This background displays a moderate severity, which facilitates mutant 
scoring and analysis of phenotypes.  It is notable for mutants that have few or no 
tassel branches (Figure 1E).  A619 displays similar penetrance, with a slight 
reduction in severe phenotypes.  Mutants in W22 are highly tillered with a bushy 
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architecture (Figure 1F).  W22 mutants also make highly feminized tassels.  This 
is likely a result of their formation on tillers, which are often feminized in many 
maize backgrounds.  Hoja loca in W22 is propagated by crossing wild-type pollen 
onto the feminized tassels, unlike the other inbred backgrounds which are 
propagated by pollen.  A632 is notable for forming tube leaves around the 5th or 
6th leaf (Figure 1G).  This occurs in all backgrounds, but at a much higher rate in 
A632. 
 
Variation also exists between particular families in the same inbred.  A given 
cross will result in more or less average severity among siblings.  Selecting 
individuals for crossing, whether for mild or severe plants, has little effect on the 
severity of progeny (Figure 2A).  This suggests that many factors in the genetic 
background contribute to mutant severity, and differences among inbreds 
mediate this. 
 
A generational effect is also observable when selfing or introgressing.  F1 
progeny display much milder mutant phenotypes, with many F1 showing no 
discernable phenotype.  Subsequent generations display greater severity.  In the 
case of the A619 introgression, mutants beyond the 4th backcross generation had 
reduced fertility to the point where introgression beyond the 5th generation was 
impractical.  This effect made the generation of double mutants with Hoja loca 
impossible without reliable genotyping.  Even when blindly selfing F1s, recovery 
of the Hoja loca mutant phenotype in the F2 generation was unsuccessful. 
 
Mutant fertility is a particular challenge in analyzing Hoja loca.  The mutation is 
dominant, so crosses must be made with mutants.  Severe mutants that make 
few leaves will produce minimal inflorescences and are non-viable (Figure 1D).  
Mild mutants usually make both ears and tassels, but with rare exception only the 
tassels are fertile.  Ears will often make silks, but usually will not bear seed 
(Figure 6E).  Some mutant tassels will shed pollen, but many are sterile.  In the 
B73 background, a typical planting of 20 mutant individuals, from 3 to 7 plants 
will shed, with perhaps one or two individuals doing so for more than one day.  
Difficulty in increasing seed is a persistent problem in Hoja loca, and 
necessitated a change from working with plants introgressed in the A619 
background to introgression into B73 for analysis. 
 
The following discussion of phenotypes uses mutants that have been well 
introgressed into B73. 
 
Skipped Node Phenotype 
A primary mutant defect is the failure to initiate a leaf at a shoot node.  Wild type 
plants initiate a leaf at each node, totaling about 14 adult leaves for a mature 
plant.  Mild mutants will have a slightly reduced leaf number, typically from 12 to 
13 leaves (Figure 2B).  Dissection of the plant reveals bare nodes where leaf 
initiation has failed (Figure 3A).  Internode segments are found above and below 
this node, and no other changes to plant architecture are found.  Severe plants 
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have many more skipped initiation events, often several in a row (Figure 3B).  
The first leaf is always initiated, except in the case of an aborted plant that only 
grows a coleoptile.  The second leaf also appears to initiate at a greater rate, but 
less than the first.  Subsequent nodes are roughly equally likely to initiate a leaf, 
as the process becomes stochastic (Figure 2C).  A slight increase in leaf initiation 
rate is seen around the 7th node position, corresponding with resumption of leaf 
initiation upon germination.  
 
Careful inspection shows that overall plant phytomer organization is undisturbed 
even in severe mutants.  Upon the floral transition, internodes elongate and node 
positions become clearly visible (Figures 3B and 3G).  The total number of nodes 
is consistent between wild type and mutant plants (Figure 2B).  Splitting the stem 
laterally shows well-defined tissue differentiation at nodes (Figure 3C).  In the 
case of mild mutants, phyllotaxy maintains an alternate pattern as though the leaf 
were properly initiated, thus adjacent leaves surrounding a skipped node will 
initiate from the same side (Figure 3D).  Sometimes alternate phyllotaxy appears 
to be disrupted, but this is more likely attributable to the tendency for malformed 
leaves to trap the growing shoot within, thereby twisting and constraining the 
shoot (Figure 3E). 
 
While internodes consistently form before and after skipped leaf nodes, the 
length of the internodes is affected.  An example of this aberrant length can be 
seen in Figure 3A.  Measurement shows that internode length is highly variable, 
but consistently much shorter than comparable nodes that do form leaves (Figure 
2D).  It is often the case that only the internode before or after has reduced 
length, but the overall incidence and magnitude of either is equal. 
 
Midrib Phenotype 
One of the consistent leaf morphology defects is the absence of the central 
stiffening midrib of the leaf blade.  This structure normally begins at the 
ligule/auricle boundary, extending through most of the leaf (Figure 4A).  In 
mutants, many leaves lack this structure entirely along the whole leaf blade 
(Figures 4B and 4C).   This results in characteristic floppy or droopy leaves, often 
the only observable phenotype in mild mutants.  Plastic sections show that the 
midrib region in midribless leaves lacks the thickening and expanded 
sclerenchyma of normal leaf midveins (Figures 4D and 4E).  Instead, it appears 
similar to secondary veins that occur laterally along the leaf blade. 
 
In a representative family, midribless leaves occur in roughly 80% of mutants.  
Plants that display one mutant defect are more likely to have several, with 52% of 
mutant plants having more than one of midribless or tube leaves in a well-
introgressed family in the B73 inbred.  These midribless leaves occur along the 
plant, with most occurring at the 3rd or 4th leaf, but with significant variability 
(Figure 2E). 
 
Tube Leaf Phenotype 
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The other major leaf morphology defect is that of fused leaf margins, forming a 
tubular leaf (Figure 5A).  Some leaves, especially juvenile leaves, appear as 
perfect rings with no indication of a presumptive midrib or margin domain (Figure 
5A).  Others have expanded sclerenchyma tissue indicative of a midrib domain 
(Figure 5B).  The tube leaf defect occurs at a lower rate than the midribless 
defect, but in similar positions (Figure 2F).  All tube leaves have an open end, 
demonstrating that the leaf begins forming around the meristem flank as usual.  
Tube leaves fail to form a cleft separating the leaf margins, instead having growth 
all around the meristem (Figure 5C and 5D).  The tips of tube leaves always 
display some degree of asymmetry, or in rare cases have two tips much like a 
pointed bishop’s miter (Figure 5I). Transverse sections through these leaves 
show variable degrees of medial-lateral symmetry.  Still others will have a normal 
leaf blade, while the margins of the sheath are fused (Figure 5J).  In either case, 
abaxial and adaxial tissue is normal (Figure 5H). 
 
In both midribless and tube leaves, the ligule and auricle structures remain 
unaffected.  These tissues divide maize leaves along the proximal-distal axis into 
the blade and sheath.  Even in the most severe cases of altered leaf morphology, 
the ligule fringe is robustly formed (Figure 5E). Tube leaves make a minimal 
auricle (Figure 5F).  While the auricle generally appears reduced, it always has a 
degree of asymmetry that bends the leaf. 
  
Inflorescence 
The inflorescences of Hoja loca mutants have similar defects in lateral organ 
initiation to the vegetative shoot.  In the tassel, there is a reduction in the number 
of spikelet pairs compared to normal siblings (Figure 6A and 6B).  Spikelets are 
still usually found in pairs, and floral organs lack obvious defects.  Tassel branch 
number is also reduced, as can be in Hoja loca 2 as it is introgressed into a 
different inbred background (Figure 2G).  The phenotype is not apparent after the 
first backcross, but subsequent generations begin to show reduced branching.  
The effects of hybrid vigor may be masking this phenotype in earlier 
backcrosses.  Infertile tassels still extend anthers, but do not shed pollen.  Ears 
have fewer kernels, poorly defined kernel rows, and are reduced in size (Figure 
6D).  
 
Roots 
No effect in overall root dry mass or lateral root number was observed in Hoja 
loca.  100 two-week old individuals were analyzed in a well-introgressed B73 
background.  Root dry mass was found to be 3.18g and 3.16g for normal and 
mutant siblings, respectively, with standard errors below 0.1g.  Lateral root 
numbers were 4.63 and 4.54, with standard errors below 0.15.  Obvious 
differences in root mass are apparent in mature plants, but this difference is very 
likely attributable to the reduced leaf number and overall reduced growth in 
severe mutants. 
 

Discussion 
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The Hoja loca mutant phenotype suggests a particular defect in lateral organ 
initiation.  Even severe mutants retain robust phytomeric units, displaying well-
formed internodes and even maintaining phyllotaxy despite the absence of 
leaves.   This demonstrates that the basic elements of plant patterning remain 
functional in Hoja loca.  Thus, I conclude that the defect must prevent lateral 
organ initiation after a presumptive organ domain has been established.  Indeed, 
in the case of a single skipped leaf node, the phyllotactic pattern proceeds as 
though the organ had been made.  This extends throughout shoot development, 
in all cases making mutants appear similar to normal plants that have simply had 
lateral organs removed. 
 
The morphological defects found in lateral organs are also suggestive of the 
functional aberration.  In mutant leaves, all proximal/distal and adaxial/abaxial 
patterning remains normal.  Sheath, blade, and ligule/auricle are always correctly 
formed, and the adaxial surface always distinct from the abaxial.  However, 
aspects of medial/lateral patterning are disrupted; midribless leaves lack the 
medial stiffening domain of leaf blades, and tube leaves lack separation of lateral 
leaf margins.  This is consistent with images of very young leaf primordia that 
appear as rings about the meristem flank (Figure 5D).  A fundamental growth 
asymmetry from midrib to margin appears to be reduced or lost in cases of 
morphological defects. 
 
Hoja loca is a unique developmental mutant, but shares some similarities to other 
maize mutants.  Midribless leaves are also observed in barren inflorescence 2 
(bif2) mutants and in drooping leaf (drl1,2) double mutants (McSteen et al. 2007); 
(Josh Strable, unpublished Dissertation).  bif2 is a knockout of the PINOID 
homolog, which is a kinase that mediates polar PIN localization, and thus auxin 
transport (Benjamins et al. 2001).  drl1 and drl2 are a pair of duplicated YABBY 
genes that specify the midrib domain.  Hoja loca and bif2 are more similar in that 
they only affect a few leaves on a plant, typically in the early to middle stage of 
vegetative development.  They also both have reduced tassel branch and 
spikelet formation, though bif2 lacks a vegetative lateral organ initiation defect.  
This similarity suggests that auxin transport, or a response to the local auxin 
maximum at the site of lateral organ initiation, is disrupted in Hoja loca. 
 
Genetic analysis of Hoja loca supports it being a dominant negative mutation that 
affects a phenocritical moment in lateral organ initiation.  The variable 
penetrance has no obvious genetic basis as simple selection for a mutant 
severity does not easily fix that trait.  The variation between inbreds 
demonstrates that the genetic background can affect phenotypic severity, but 
there must be multiple factors at work.  No obvious environmental factor was 
observed, either.  Various families were grown in a variety of conditions in the 
field and the greenhouse with little effect on the distribution of mutant severity. 
 
Further support for a phenocritical defect comes from observing the patterning of 
morphological defects.  Skipped leaf initiation events, midribless leaves, and tube 
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leaves all occur stochastically.  The only observable pattern is that new periods 
of growth – during embryogenesis and upon germination – are less likely to 
produce defects.  This is seen as a reduction in aberrations at leaf 1 and also 
after leaf 7 (Figure 2C). 
 
Finally, while a wide range of severity can be seen, these phenotypes do cluster 
clearly into severe and mild classes.  There appears to be some threshold that, 
once passed, results in a qualitatively different mode of development.  
 

Materials and Methods 
Seed and Growth Conditions: Hoja loca was identified in EMS mutagenized 
seed obtained from Gerry Neuffer.  Quantification was performed in families that 
had been introgressed into the B73 background for at least 3 backcrosses, 
unless otherwise indicated, and in greenhouse growth conditions.  Analysis of 
Hoja loca 2 tassel branch number was done in Oxford Tract, Berkeley, CA. 
 
Histology: 10um plastic sections (Figure 4) were made with Technovit® 9100 
from Electron Microscopy Services Cat. #14655 according to manufacturer 
instructions.  Sections were mounted on glass slides and stained with toluidine 
blue.  Imaging was performed on a Zeiss Axiovert inverted compound 
microscope with transmitted light. 
 
Scanning Electron Microscopy: SEMs were performed with material fixed in 
FAA (3.7% formaldehyde, 50% ethanol, 5% acetic acid) overnight at 4°C and 
dehydrated in ethanol series to 100%.  Sample were critical point dried, sputter 
coated with palladium, and imaged on a Hitachi S-4700 with 2kV accelerating 
voltage. 
 

Figures 
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Figure 1: Maize Morphology and Hoja loca Phenotype. (A) An illustration of 
the parts of a mature maize plant (Source: 
https://commons.wikimedia.org/wiki/File:Maize_plant_diagram.svg) (B) A 
representative Hoja loca mutant grown in the field.  This is an individual of 
moderate severity in the B73 background. (C) A cutaway of a mutant with the 
outer leaf removed (star) showing the trapped inner leaves.  An arrow indicates 
node segments that are lacking leaves. (D) A cross-section of a mutant that has 
made only two leaves, the inner leaf being a tube leaf.  Inset is a magnification of 
the developing tassel. (E) A mutant tassel in the B73 background showing a lack 
of tassel branches. (F) A mutant in the W22 background with many tillers and 
feminized tassels. (G) Two mutants in the A632 background showing tube 
leaves. 
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Figure 2: Quantification of Hoja loca Phenotypes. (A) Analysis of Hoja loca 
mutant severity in families with parents selected for mild or severe phenotypes.  
The parent family is well introgressed into B73, and the selected individuals are 
crossed onto B73 ears.  At least 150 individuals were analyzed in the resulting 
families.  None of the progeny were significantly different from the parent family 
by Chi-squared (p > 0.10 for all), nor was there as significant bias from selection. 
(B) Analysis of a representative heterozygous Hoja loca family showing leaf 
counts and presence of skipped nodes.  Error bars indicate standard deviation.  
No significant difference in total node count exists between mutant classes and 
normal siblings.  Scoring severe plants is complicated by the difficulty in 
distinguishing vegetative and inflorescence nodes, making total node count more 
variable. (C) Analysis of the location of nodes that lack leaves.  The proportion of 
skipped nodes among mutants in a well-introgressed B73 family is indicated for 
each position. (D) Analysis of internode length before and after a leafless node 
compared to comparable nodes in a normal sibling.  These plants were grown in 
a greenhouse at high density, making them shorter than typical maize plants. (E) 
Analysis of the location of the occurrence of the midribless leaf phenotype, 
similar to figure C. (F) Analysis of the location of the occurrence of the tube leaf 
phenotype, similar to panel C. (G) Analysis of tassel branch number as Hoja loca 
2 is introgressed into the B73 background.  The first backcross is similar to wild 
type with an average of about 6 branches.  The second and third backcrosses 
each reveal more plants with very few or no tassel branches, eventually reaching 
equal proportion to the normal branch number, as expected in a 1:1 
mutant:normal population. 
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Figure 3: The Skipped Node Phenotype in Hoja loca. (A) A mild mutant with 
one leaf removed (star) to reveal a single skipped node (arrow). (B) A severe 
mutant with one leaf removed (star) to reveal many successive skipped nodes 
(arrows). (C) A cross-section of a severe mutant showing tissue differentiation at 
skipped nodes (arrows). (D) SEM image of a mutant with removed leaves (stars), 
bare stem segment (cross) and axillary bud (arrow) showing that phyllotaxy is 
maintained as though skipped nodes had made a leaf. (E) Altered phyllotaxy in a 
mature plant that is likely due to the shoot being trapped in earlier development. 
(F) SEM of a non-mutant maize meristem with plastochrons indicated.  P1 is 
beneath P3, and leaves from P4 on have been dissected away. (G) SEM of 
mutant shoot with outer leaf removed.  Seven bare node segments are visible 
(arrows).  Some recovery of leaf formation is seen near the meristem (stars). 
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Figure 4: Midribless Leaf Phenotype. (A) WT leaf with various tissues labelled. 
(B) Hoja loca leaf lacking a midrib with a ligule (arrow). (C) Abaxial leaf surface of 
midribless leaf, with expected site of midrib (arrow). (D) Plastic section of WT leaf 
showing midrib.  Scale = 1mm (E) Plastic section of Hoja loca leaf showing 
absence of midrib.  Scale = 1mm 
 

 
Figure 5: Tube Leaf Phenotype. (A) An Hoja loca tube leaf lacking medial-
lateral asymmetry. (B) An Hoja loca tube leaf with some medial-lateral 
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asymmetry with a midrib-like structure (arrow). (C) An SEM of a WT SAM. (D) An 
SEM of a mutant SAM with a bare section of stem (star) and ring-shaped leaf 
primordium (arrow). (E) A split tube leaf showing the abaxial surfaces of the 
ligule-auricle junction. (F) A split tube leaf showing the adaxial surfaces, 
revealing the ligule inside the tube leaf. (G) Fluorescence image of a hand 
sectioned WT leaf showing the differences in abaxial and adaxial cell types.   
Scale = 1mm (H) Fluorescence image of a hand sectioned tube leaf with distinct 
adaxial and abaxial cell types.  Scale = 1mm (I) The tip of a tube leaf showing 
two tips. (J) Leaf margin fusion in the sheath. 
 

 
Figure 6: Inflorescence Phenotypes. (A) A young WT tassel. (B) A young Hoja 
loca mutant tassel with sparse spikelet formation. (C) A mutant tassel showing 
mature outer glumes. (D) An Hoja loca ear with malformed kernels. 
 

Chapter 2 – Identifying and quantifying gene expression 
in Hoja loca 
Introduction 
Having characterized an interesting mutant phenotype, I next sought to identify 
the mutant locus and causative mutation.  The sequencing and assembly of the 
maize genome allows for positional cloning to be used to identify candidate 
genes in a chromosomal region (Bortiri, Jackson, and Hake 2006).  The markers 
used for mapping are simple sequence repeats (SSRs), also known as 
microsatellites.  These are common repetitive short sequences of DNA, typically 
2 to 4 nucleotides to a repeat, that are prone to mutations in the number of 
repeats due to DNA polymerase slipping (Morgante and Olivieri 1993).  The rate 
of mutation is such that the different maize inbreds often have variable numbers 
of repeats relative to one another, yet not so common that changes are unstable 



 

14 
 

while working with lineages across generations.  SSRs have been identified and 
characterized in a variety of maize inbred backgrounds (Sharopova et al.).  This 
resource permits rapid mapping of maize mutants, provided they have been 
generated and then introgressed into these backgrounds. 
 
RNA-seq permits high-throughput sequencing of transcriptomes, providing both 
the cDNA sequence of genes in the mapping interval and characterization of 
differential gene expression in Hoja loca.  RNA-seq begins with the formation of a 
randomly primed cDNA library from RNA fragmented to a target length (Z. Wang, 
Gerstein, and Snyder 2009).  Adapter sequences are added to the ends of these 
fragments to be compatible with the deep sequencing method used.  These tags 
can include multiplexing sequences that permit many samples to be sequenced 
in a single lane and computationally separated into different groups (L. Wang et 
al. 2011).  The generated reads are then mapped to a genome using a reference 
of known splice sites (Wu and Watanabe 2005; Wu and Nacu 2010).  The 
mapped reads can be directly investigated to observe single nucleotide 
polymorphisms (SNPs) and splicing variants.  Differential gene expression can 
be calculated computationally by analyzing the Fragments Per Kilobase of 
transcript per Million mapped reads (FPKM) (Trapnell et al. 2010). 
 

Results 
Mapping 
Positional cloning was performed on Hoja loca introgressed into A619 for rough 
mapping and B73 for the final walk to the candidate interval.  Difficulties in 
scoring the mutant phenotype necessitated the use of only mutants in mapping, 
as cryptic phenotypes make wild type plants unreliable.  Custom SSR markers 
were developed to narrow the interval beyond what was available from stock 
centers.  The mapping results are presented in Table 1, yielding a candidate 
interval on Chromosome 8 between 109.7 and 110.6 megabases.  There are 18 
annotated loci in this interval, 12 of which are considered unknown or weakly 
homologous to known genes.   
 
At the time of mapping to this interval, the 3rd version of the maize genome had 
only recently been released, and many annotations had not yet been updated.  
Sequencing efforts concentrated on GRMZM2G101852, a homolog of the Seven 
In Absentia (SINA) protein originally described in Drosophila melanogaster.  This 
gene is an E3 ligase involved in protein ubiquitination.  In Arabidopsis thaliana, 
SINAT5 was identified as an interactor with the NAC1 transcriptional activator, 
part of the auxin signaling transduction network (Qi Xie et al. 2002; Q Xie et al. 
2000).  Overexpression of SINAT5 resulted in plants that failed to initiate lateral 
roots, while a dominant negative version of the protein developed more lateral 
roots.  This link to lateral organ initiation prompted investigation into the maize 
homolog in the candidate interval. 
 
Sanger sequencing was performed on GRMZM2G101852 and 5 other 
candidates based on their annotations.  cDNA and genomic DNA were both used 
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with primers designed to cover exon and coding sequence for all candidates.  
Heterozygous material was used because of the difficulty in generating 
homozygotes from well-introgressed material.  GRMZM2G101852 was 
completely sequenced from the promoter to the 3’ UTR.  While several 
polymorphisms between the inbred backgrounds were found, none were unique 
to the mutant. 
 
RNAseq Analysis 
RNAseq was performed to both characterize gene expression in the mutants and 
to efficiently sequence transcribed regions of the candidate region.  A well-
introgressed Hoja loca family in the B73 background was used.  Three samples 
of 10 shoot apices were selected for both mutant and normal siblings.  Genotype 
was assessed with SSRs flanking the candidate region.  Shoot material including 
the SAM and some young leaves was collected from plants 14 days after 
germination.  This age was chosen to ensure that changes in gene expression 
would be present but not too severe.  At this point, approximately half of the 
mutant plants had no visible defects, 40% had mild defects including midribless 
leaves, and the remaining 10% were severe plants with a visible deficiency in 
leaf initiation.  Selecting this younger material should ensure that secondary 
effects such as plant stress won’t overwhelm any primary transcriptional 
responses. 
 
Each RNAseq library ranged from 9 to 13 million uniquely mapped reads.  The 
percentage of uniquely mapping reads varied from 50% to 60%, which is typical 
for 50bp reads in maize.  RNAseq results for select genes were confirmed with 
quantitative real time PCR (qPCR).  Changes in gene expression for PIN1a, 
SoPIN, KN1, and GLU1 were quantified and agree with the RNAseq results.  
PIN1a was downregulated to 0.72 +/- 0.12 fold of normal sibling expression by 
qPCR, and 0.86 by RNAseq.  SoPIN was downregulated to 0.81 +/- 0.07 fold of 
normal sibling expression by qPCR, and 0.73 by RNAseq.  KN1 was upregulated 
to 1.22 +/- 0.18 fold of normal sibling expression by qPCR, and 1.34 by RNAseq.  
GLU1 was upregulated to 49 +/- 7.3 fold of normal sibling expression by qPCR, 
and 60.3 by RNAseq. 
 
Analyzing the RNAseq data began with a manual search for candidate SNPs in 
the mapped region.  This search was performed with Integrative Genome Viewer 
(https://www.broadinstitute.org/igv/) which visually displays polymorphisms on 
individual reads.  Polymorphisms were investigated if they occurred in roughly 
half of the mutant reads.  Other proportions are likely PCR-amplified errors.  
Known Mo17 polymorphisms were collected from HapMapV3 from Panzea 
(https://hapmap.ncbi.nlm.nih.gov/) to eliminate known polymorphisms between 
the inbreds.  SNPs that were not a G to A or C to T were also rejected as the 
mutation was generated with EMS (Griffiths et al. 2000).  Of the 18 candidate 
loci, only one SNP occurred in a coding region that satisfied these criteria.  This 
was a C to T nucleotide transition at position 110,340,849 on chromosome 8.  
This coding region corresponds to GRMZM2G035465. 
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GRMZM2G035465 is currently annotated as ZmIAA38 on www.maizegdb.org as 
of the publication of this thesis, one of 44 annotated IAA genes in maize.  It has 
also been annotated as ZmIAA28 (Ludwig, Zhang, and Hochholdinger 2013).  
The genome assembly for this gene changed between the first and third version 
of the maize genomes, resulting in no annotation being present in common 
annotation lists until relatively recently. 
 
ZmIAA38 is a canonical AUXIN/INDOLE-3-ACETIC ACID (Aux/IAA) gene 216 
amino acids long with all four classic protein domains. Aux/IAA genes are unique 
to plants, with most being responsive to exogenous auxin treatment (Reed 2001).  
These proteins are nuclear localized and experience rapid turnover (Abel, Oeller, 
and Theologis 1994).  They contain four domains: domain I is an active 
repression domain, domain II mediates protein stability, and domains III and IV 
permit homo- and hetero-dimerization with both other Aux/IAA members and 
ARF proteins (Tiwari, Hagen, and Guilfoyle 2004; Worley et al. 2000; Ouellet, 
Overvoorde, and Theologis 2001). 
 
Members of the Aux/IAA family display extensive functional redundancy.  Even 
triple mutants have little discernable phenotype; instead, dominant gain-of-
function mutants are useful for analyzing their function (Overvoorde et al. 2005).  
Domain II Aux/IAA mutants are dominant or semi-dominant and have a variety of 
developmental defects affecting leaf formation and expansion, apical dominance, 
lateral root formation, and root and shoot gravitropism (Reed 2001). 
 
The C to T transition in Hoja loca causes a missense mutation at amino acid 
position 108 from a Glycine to Glutamic Acid.  Glycine is a small, non-polar 
residue whereas Glutamic Acid is a large acid residue, making this change 
significant.  This position is in the center of the highly-conserved Domain II of 
Aux/IAAs in a sequence known as the degron, specifically the very highly 
conserved Gly-Trp-Pro-Pro-Val (GWPPV) motif.  In Arabidopsis, at least fifteen 
dominant Aux/IAA mutant alleles have been reported in nine Aux/IAA genes 
(Reed 2001).  Of these, three alleles are missense mutations at the Glycine in 
the degron sequence, and two of them – shy2-3 and iaa18-1 – are mutations to 
code for a Glutamic Acid.  All of these mutations cause developmental defects 
related to auxin signaling.  This makes it very likely that Hoja loca is a dominant 
gain-of-function mutation in ZmIAA38 that results in a stable protein insensitive to 
auxin signaling.  This missense mutation is the only one in the mapping interval, 
and the mutant phenotype is consistent with other Aux/IAA dominant or semi-
dominant phenotypes. 
 
The Arabidopsis homolog of ZmIAA38 is AtIAA27 (AT4G29080) according to the 
MaizeGDB (http://www.maizegdb.org/gene_center/gene/GRMZM2G035465) 
annotation and confirmed by BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) 
search.  AT4G29080 is also called Phytochrome Associated Protein 2 (PAP2) – 
not to be confused with the MYB transcription factor phosphatidic acid 
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phosphatase 2 also called PAP2 – based on the results of a yeast two hybrid 
(Y2H) screen (Choi et al. 1999).  Other Aux/IAA genes, such as SHY2/IAA3, are 
known to be regulated by light, suggesting a link between light and auxin 
signaling (Tian, Uhlir, and Reed 2002). 
 
No mutants of AtIAA27 have been studied, but the gene is identified in several 
publications related to toxic stress and infection.  AtIAA27 was the second most 
upregulated genes in response to naphthalene treatment [Peng et al., 2011].  
Naphthalene is closely related to 1-Naphthaleneacetic acid (NAA), a synthetic 
auxin often used in horticulture and plant tissue culture, and several auxin related 
genes appear in the gene list.  It is also differentially expressed in studies 
investigating polycyclic aromatic hydrocarbons, phenols, and toluene (Alkio et al. 
2005; Xu et al. 2012; Gao et al. 2012).  Finally, AtIAA27 was investigated in the 
context of Tobacco mosaic virus (TMV) infection (Padmanabhan, Shiferaw, and 
Culver 2006).  Both AtIAA27/PAP2 and the related AtIAA26/PAP1 interact with 
the TMV replicase protein upon infection.  This interaction mediates a change in 
subcellular localization of the two IAAs from nuclear to cytoplasmic inclusions 
known as vesicle-like replicase complexes.  This finding suggests that TMV 
infection affects auxin signaling via these Aux/IAA proteins.  Notably, IAA27:GUS 
reporter activity was observed at the site of lateral root initiation (Collum et al. 
2016). 
 
Hoja loca 2 
The putative second allele of Hoja loca was mapped between SSR markers 
phi100175 and umc1858, giving a mapping interval on chromosome 8 from 101-
113 megabases, a region that covers the Hoja loca locus at 110.3 megabases.  
Sanger sequencing of Hoja loca 2 cDNA reveals a G to A transition in the second 
exon that results in a Glutamic Acid to Lysine mutation outside the domain II 
region.  This residue is not as highly conserved as the Hoja loca mutation, but 
that may be consistent with the milder phenotype. 
 
Differential Gene Expression 
Comparing RNAseq reads between mutant and normal sibling samples enables 
analysis of differential gene expression in the mutant.  Cuffdiff was used to 
generate a list of significantly differentially expressed genes using the default 
settings (Trapnell et al. 2010) (Table 2).  This is a concise list of 58 genes, 
indicating that the staging of plants and material used was appropriate for finding 
primary effects of the Hoja loca mutation. 
 
Selected genes are discussed below.  Genes that aren’t included either lack 
sufficient homology to suggest gene function or are insufficiently differentially 
expressed to discuss. 
 
GRMZM2G034152 encodes POLYAMINE OXIDASE 1 (PAO) and is upregulated 
42 fold in Hoja loca.  ZmPAO is known to oxidize spermidine and spermine, 
compounds which are known to cause short shoots and dark green leaves 
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(Fiorillo et al. 2011; Tassoni et al. 2000).  Dark green leaves are observed in 
severe Hoja loca mutants, but this is not an expected effect of an upregulated 
spermidine oxidizer which would reduce spermidine levels.  This gene has also 
been implicated in leaf elongation under saline stress and abscisic acid-induced 
cytosolic antioxidant defense in leaves (Rodríguez et al. 2009; Xue, Zhang, and 
Jiang 2009). 
 
GRMZM2G050875 is upregulated 39 fold and has weak homology to 
XM_004958535, a Seteria italica protein annotated as EARLY RESPONSE TO 
DEHYDRATION 15-like.  ERD15 is an Arabidopsis protein that is known to be a 
negative regulator of Abscisic Acid response (Kariola et al. 2006). 
 
GRMZM2G033544 is upregulated 32 fold and is likely to encode a homolog of a 
cyclopropane-fatty-acyl-phospholipid synthase.  This gene is responsible for a 
fatty acid synthesis, but little is known about the physiological effects it might 
have in plants.  It is also lowly expressed on an absolute scale, with the gene 
only mapping a few reads in the normal sibling sample. 
 
GRMZM2G101958 encodes PHOSPHOLIPID TRANSFER PROTEIN 1 (PLT1) 
and is upregulated 24 fold.  Lipid transfer proteins transfer phospholipids 
between membranes and likely are involved in membrane biogenesis [Kader 
1996].  They are also secreted into the cell wall, possibly functioning in 
environmental adaptations or pathogen defense.   
 
GRMZM2G057258 is upregulated 13 fold and is annotated as an acid 
phosphatase/vanadium-dependent haloperoxidase related protein. 
 
GRMZM2G021573 and GRMZM2G028151 both encode AP2-EREBP 
transcription factors related to the AINTEGUMENTA (ANT) protein in 
Arabidopsis, and both are expressed one third as much in mutants.  ANT 
regulates growth and cell number in shoot organogenesis by maintaining 
meristematic competence (Mizukami and Fischer 2000). 
 
GRMZM2G156861 encodes LIPOXYGENASE 1 and is upregulated 4 fold.  This 
gene is known to be induced by pathogens and abscisic acid in Arabidopsis 
(Melan et al. 1993). 
 
GRMZM5G879665 encodes a cytokinin riboside related to the LONELY GUY1 
(LOG1) gene in rice and is downregulated to one quarter of normal sibling 
expression.  LONELY GUY1 is a cytokinin activating protein required for shoot 
meristem maintenance (Kurakawa et al. 2007). 
 
GRMZM2G079013 encodes a LEUNIG_HOMOLOG gene that is downregulated 
to one fifth of normal sibling expression.  This gene is known in Arabidopsis to be 
part of a transcriptional repressor complex with YABBY domain proteins.  These 
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genes promote adaxial cell identity and are important in maintaining leaf polarity 
and meristem activity (Stahle et al. 2009).   
 
GRMZM2G008792 encodes the cytokinin oxidase CKX12 and is downregulated 
to one fifth of normal sibling expression.  Cytokinin oxidases degrade cytokinin 
and a protein of this family has been shown to affect tiller number in rice (Yeh et 
al. 2015). 
 
GRMZM2G328005 is downregulated to one tenth of normal sib expression.  It 
has no gene annotation, but is homologous to a segment of anthocyanidin 3-O-
glucosyltransferase: NM_001153796.  This BLAST his suggests it could have 
glucosyltransferase activity.  However, the opposite strand contains the 
GRMZM5G822479 gene model and is annotated as a transposon. 
 
GRMZM2G047588 is the most downregulated gene at one twenty-fifth of normal 
sibling expression.  It encodes an uncharacterized protein kinase superfamily 
protein (APK1A).  It has homology with the Arabidopsis protein BOTRYTIS-
INDUCED KINASE1 (BIK1) which regulates immune responses and ethylene 
signaling (Laluk et al. 2011).  
 
GRMZM2G016890 is the most upregulated gene at a 60-fold change in 
expression.  It encodes BETA GULCOSIDASE 1 (ZmGLU1), a member of a 
family of enzymes that cleave glucose conjugates from molecules such as plant 
hormones like cytokinin (CK), abscisic acid (ABA), lignin, myrosinase, and 
scopolin (Brzobohatý et al. 1993; K. H. Lee et al. 2006; Escamilla-Treviño et al. 
2006).  The removal of the glucose molecule generally facilitates rapid activation 
of chemical signals, or lignin biosynthesis in the case of monolignol glucoside 
hydrolysis.  GLU1 contains a full auxin responsive element (AuxRE - TGTCTC) 
83 base pairs upstream of the transcription start site, as well as several TGTC 
sequences within 1kb upstream. 
 
ZmGLU1 was first identified as Zm-p60 by looking for auxin-binding proteins from 
maize extracts (Campos et al. 1992).  This protein was identified as a beta-
glucosidase and biochemically characterized to hydrolyze a variety of O-linked 
glucosides.  Further work sequenced this protein and showed it to be an in vivo 
activator of Cytokinin (Brzobohatý et al. 1993).  The sequence positively 
identifies the protein as a GRMZM2G016890 product.  Zm-p60 was tested 
against a variety of compounds for hydrolase activity, noting that cellobiose, 
salicin, rutin, and IAA-glucose-ester were all unaffected, though IAA-glucose-
ester is able to inhibit hydrolase activity.  Cytokinin O-glucosides – the common 
conjugate found in plants opposed to N-glucosides – were hydrolyzed to active 
Cytokinin in tobacco mesophyll protoplasts.  Transformed calli were able to grow 
with zeatin-O-glucoside (ZOG) for many months, indicating that ZOG was being 
made into active cytokinin in a Zm-p60 dependent manner.  Immunocytochemical 
staining showed that Zm-p60 is located in zones of active cell division in roots.  
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This is consistent with the maize embryo activating phytohormone conjugates 
from the endosperm to maintain meristem activity.   
 
Further work showed that Zm-p60 is targeted to plastids and is present in a 
variety of tissues by immunolocalization (Kristoffersen et al. 2000).  Notably, it is 
present in the vascular bundles of the coleoptile and in the outermost cell layer 
and the vascular tissue in leaves.  Finally, Zm-p60.1 was overexpressed in 
tobacco, showing reduced root growth and ectopic growth near hypocotyls in the 
presence of zeatin (Kiran et al. 2006). 
 
The closest Arabidopsis homolog is AT2G44450 or AtBGLU15 which has been 
characterized in detail by (Roepke and Bozzo 2015).  This gene belongs to a 
subclade of Glucosidase proteins consisting of BGLU12 (At5g42260), BGLU13 
(At5g44640), BGLU14 (At2g25630), BGLU15 (At2g44450), BGLU16 
(At3g60130), and BGLU17 (At2g44480).  This clade is distant from the 
aforementioned glucosidase members, being instead more related to isoflavone 
BGLUs.  BGLU15 was studied in the context of nitrogen deficiency and low 
temperature stress (NDLT).  NDLT in Arabidopsis results in accumulation of 
flavonol bisglycosides, namely K3G7R and Q3G7R.  These levels return to 
normal when plants are put into conditions of nitrogen sufficiency and high 
temperature (NSHT).  Gene expression profiling showed that BGLU15 was highly 
upregulated upon return to normal conditions, suggesting that it could be 
responsible for degrading these flavonol bisglycosides.  Biochemical work 
confirmed that BGLU15 is highly specific for 3-O- B-glucosides, and had highest 
activity on flavonol bisglucosides, especially K3G7R. 
 
An interesting line of evidence supporting the involvement of ZmGLU1 in 
organogenesis comes from expression profiling of the ligule (Johnston et al. 
2014).  Using laser capture microdissection, an expression profile of the preligule 
region vs. sheath and blade tissue was generated.  ZmGLU1 was the second 
most upregulated gene in the ligule relative to the sheath, and also highly 
upregulated relative to the blade.  It was also the 9th most downregulated gene in 
liguleless1 (lg1) mutants that lack a ligule. A role for ZmGLU1 in organogenesis 
is further supported by data obtained from a laser capture microdissection study. 
Four adjacent zones of a plastochron 4 leaf primordia were captured starting with 
a region attached to the leaf and moving distally.  ZmGLU1 expression is absent 
from most zones, but highly expressed in a boundary zone, an area that may 
predict early events leading to the ligule [M Scanlon, personal communication]. 
 

Discussion 
Hoja loca has been identified as a mutation of ZmIAA38.  Mapping of two 
independent alleles leads to this chromosomal region containing only a few 
genes that appear to be functional.  Using the aligned RNAseq reads, I found 
only one polymorphism in this region that could be caused by EMS.  
Furthermore, the Hoja loca phenotype is consistent with described Aux/IAA 
mutants; the allele behaves dominantly and has a variety of effects on plant 
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development.  The resulting amino acid change is identical to two other 
described Aux/IAA mutants, showing that the mutation in question is capable of 
affecting Aux/IAA function.  Finally, the second allele also has a mutation in this 
gene.  Together, these data support Hoja loca as a protein stabilizing mutation in 
domain II of ZmIAA38. 
 
ZmIAA38 has not been investigated in detail before, nor the AtIAA27 homolog.  
Studies of the entire Aux/IAA family show that AtIAA27 is not exceptional, 
behaving similarly to other members in protein interactions and similar in protein 
structure [Piya et al. 2014, Wang et al. 2014].  Extrapolations about ZmIAA38 
function are further complicated by the uncertainty and complexity in Aux/IAA 
interactions with ARFs.  While the classic auxin signal transduction involves IAA 
degradation and subsequent release of the ARF binding partner to activate gene 
transcription, there are also possibilities for more binding complexity, binding 
competition, and chromatin modification (R. Wang and Estelle 2014).   
 
Suggestions for Hoja loca function come from looking at differential gene 
expression in the mutant.  This short gene list contains a variety of loci, many of 
which have no homology to other genes in maize or other species.  Of those that 
have described homologs, few are suggestive of having a functional 
consequence consistent with the mutant phenotype.  GRMZM2G050875 and 
GRMZM2G034152 are both related to ABA signaling, but one would promote it, 
and the other reduce it.  There is also GRMZM2G079013, a potential YABBY 
interactor in the abaxial leaf domain and promotor of adaxial cell fate.  This could 
conceivably be a consequence or cause of the leaf morphology defects in Hoja 
loca.  GRMZM2G021573 and GRMZM2G028151 are both related to ANT and 
downregulated in the mutant, suggesting that these genes could promote 
organogenesis. 
 
At least three differentially expressed genes are related to cytokinin.  
GRMZM2G008792 is a cytokinin oxidase that degrades cytokinin.  A related 
gene was shown to affect tiller development in rice, suggesting that this gene 
may be involved in organ growth (Yeh et al. 2015).  There is also 
GRMZM5G879665 which encodes a cytokinin riboside related to LONELY GUY 
(LOG).  LOG is required for meristem maintenance, whereas Hoja loca has no 
early meristem termination phenotype, but other LOG family proteins have 
diverse effects in embryogenesis, leaf vascular tissues, apical dominance, and 
leaf senescence (Kuroha et al. 2009).  The differential expression of these genes 
could cause altered cytokinin signaling, or perhaps reflect altered cytokinin 
signaling and feedback in mutant shoots. 
 
The most promising link to a possible explanation for the mutant defect comes 
from GRMZM2G016890.  This beta glucosidase is responsible for activating 
cytokinin and is expressed in a variety of plant tissues.  Cytokinin and auxin are 
both important for meristem development, and often act antagonistically (Su, Liu, 
and Zhang 2011).  Additionally, cytokinin is required for robust phyllotactic 



 

22 
 

patterning in Arabidopsis shoots (Besnard et al. 2014).  Since Hoja loca 
overexpresses this gene, it would follow that there could be ectopic cytokinin 
activation in the mutant, thus affecting the balance of auxin and cytokinin.  This 
disruption could lead to failure to initiate lateral organs. 
 
ZmGLU1 also has very close homology to a well-described Arabidopsis homolog 
that specifically degrades bisglucoside flavonols.  Flavonols have been 
implicated in a variety of auxin signaling and patterning processes including 
lateral root organogenesis (Grunewald et al. 2012).  Flavonols, specifically the 
early biosynthetic intermediate naringenin, are known to inhibit auxin transport 
when exogenously applied to plants (Brown et al. 2001).  This suggests the 
possibility that auxin signaling could regulate flavonol accumulation in the shoot, 
and thus feedback into auxin patterning. 
 
Regardless of ZmGLU1 function in the maize shoot and its effect on auxin 
transport, the ligule expression profiling shows that ZmGLU1 is an attractive 
target for investigation (Johnston et al. 2014).  This data constitutes an 
independent line of evidence that ZmGLU1 is involved in organogenesis.  Ligule 
formation is highly analogous to leaf and branch initiation, and indeed this was 
the main conclusion from the study.  Both events involve the formation of a local 
auxin maximum and subsequent organ outgrowth.  However, Hoja loca and 
liguleless1 mutants fail to form their respective organs, but their expression of 
ZmGLU1 is opposite.  Reconciling this difference will be critical for understanding 
the function of ZmGLU1 during organogenesis. 
 

Methods 
RNAseq: RNA was extracted from 14 day old shoot apices consisting of cylinder 
of tissue approximately 2mm in diameter and 5mm in length, centered on the 
SAM.  Total RNA extraction was done with Trizol (Invitrogen).  Poly-A 
RNA was purified from 2ug of total RNA using a Dynabeads Oligo(dT) kit 
(Invitrogen) and repeated to eliminate rRNA.  RNA-seq libraries were 
prepared using the ScriptSeq v2 RNA-Seq library preparation kit (Epicentre) 
based on the manufacturer’s protocol. 6 libraries consisting of 10 individuals 
each, 3 mutant and 3 normal sibling, were indexed using ScriptSeq Index PCR 
primers (Epicenter), pooled, and sequenced using 50bp single-end reads on 
Illumina Hisequation 2000. 
 
RNAseq Analysis: Reads were aligned to the reference maize genome 
(http://ensemblgenomes.org/ release 28) using GSNAP v.10.7 (http://research-
pub.gene.com/gmap/) with guide annotation.   Differential gene expression was 
calculated with cuffdiff from the Cufflinks package (v.2.0.2) (Trapnell et al. 2010). 
 
RT-qPCR Analysis: RNA was extracted using Trizol and purified from 1 μg of 
total RNA using Dynabeads oligo(dT) (Invitrogen).  cDNA was synthesized as 
described previously (Tsuda et al. 2011).  Purified mRNA was reverse 
transcribed by Superscript III reverse transcriptase (Invitrogen), and 1uL of 1:5 
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diluted cDNA was used for a 20uL qPCR reaction as described previously 
[Bolduc et al., 2009].  Samples were normalized with GAPDH expression. 
Primers used are: GLU1 forward – ACTGGACGGGAGCAATTCAG, GLU1 
reverse – TTCTTTGGTTCCCTTCGGCA; PIN1a forward – 
ACGGCGTGCACCCTGACATC, PIN1a reverse – 
GCTGCCCATCACGCTGGTGT; KN1 forward – GGCCACAGACAAACTGTTGA, 
KN1 reverse – GAAAGAGTGCATGCAACCAA; GAPDH forward – 
CCTGCTTCTCATGGATGGTT, GAPDH reverse – 
TGGTAGCAGGAAGGGAAACA. 
 

Tables  
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Table1 – Mapping Hoja loca: SSR marker sequences were obtained from 
MaizeGDB (http://www.maizegdb.org/) that could distinguish between Mo17 and 
B73.  Further markers were designed with Gramene’s SSRIT tool 
(http://archive.gramene.org/db/markers/ssrtool) and validated with NCBI’s Primer 
Blast (https://www.ncbi.nlm.nih.gov/tools/primer-blast/).  These custom SSRs are 
given two-letter names.  Finally, sequence polymorphisms in the SINA gene were 
used as markers by Sanger sequencing.  A selection of recombinant plants with 
clear mutant phenotypes and SSRs is shown.  The numbers in the cells indicate 
the number of SSR variants observed by gel electrophoresis; two bands indicate 
heterozygous material that retains the Mo17 sequence, while one band is 
homozygous for B73 variants and thus excludes that region from the candidate 
interval.  Cells with no number indicated are shaded according to the inferred 
genotype at that location. 
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Table2 – Differentially Expressed Genes: This spreadsheet is the output of the 
cuffdiff results.  Gene identifier and position are given, along with the FPKM in 
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each triplicate sample.  The q-value indicates the false-discovery rate corrected 
p-value for the test statistic.  q-values below 0.05 were selected for this analysis.  
Finally, the fold change for the locus is given, along with a brief description. 
 

Chapter 3 – Investigating Organogenic Processes 
in Hoja loca 
Introduction 
The Hoja loca defects in leaf initiation and leaf morphology show that basic shoot 
patterning occurs normally while dramatically affecting the initiation of lateral 
organs.  In this chapter, I develop and use a variety of techniques to investigate 
how these processes are affected in Hoja loca. 
 
PIN1 is known to play a crucial role in the development of the maize shoot 
(Forestan and Varotto 2012).  Because of the defects in organ initiation and 
formation in Hoja loca, I sought to investigate the effect of the mutation on PIN1 
expression and to look for genetic interactions.  To do this, I developed 
antibodies against the four PIN1 homologs in maize and ordered transposon 
insertion knockout lines.  Studying this protein family in maize has utility since the 
PIN1 family has expanded and subfunctionalized in the grasses (O’Connor et al. 
2014). Brassica species including Arabidopsis lack one of the crucial PIN1 
genes, sister-of-PIN (SoPIN). Characterizing the function of the PIN genes will 
aid our understanding of PIN-mediated auxin patterning outside of the Brassicas.  
 
Further investigation of Hoja loca focuses on the expression of the KNOTTED1 
gene that promotes meristem identity (Kerstetter et al. 1997).  Downregulation of 
KNOTTED1 expression predicts the site of organ initiation and is required for 
organ formation (Jackson, Veit, and Hake 1994).  Looking at the expression of 
KNOTTED1 in Hoja loca will determine whether the disruption in organogenesis 
takes place before or after downregulation. 
 
Finally, because of the possible involvement of flavonol in mediating the Hoja 
loca defect, its distribution throughout the maize shoot is analyzed. 
 

Results 
PIN knockout lines 
Two approaches were used to obtain knockouts for the 4 PIN1 homologs in 
maize.  Transposon insertions were obtained for PIN1a and PIN1b from the 
uniform mu stocks (McCarty et al. 2013).  The PIN1a insertion was located in the 
3’ UTR, and the PIN1b insertion was near the end of the second exon.  A Ds 
insertion was also obtained for PIN1a in the 5’ UTR near the transcription start 
site.  These insertions were introgressed into the A632 inbred and observed 
relative to their normal siblings.  No morphological defects were observed.  The 
pin1b mutant has been confirmed as an RNA knockout by RT-PCR (Figure 2A).  
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To account for possible gene redundancy, double pin1a-Ds and pin1b-Mu 
mutants were generated.  Double homozygotes were identified, but phenotypic 
defects were not observed.  Analysis was greatly complicated by the presence of 
other mutations in the genetic background as the material was insufficiently 
backcrossed. 
 
The Trait Utility System for Corn (TUSC) was used to generate insertions in 
PIN1c and SoPIN.  Several insertions into exons were verified, but poor 
germination and overall low plant vigor prevented these lines from being 
propagated.  The mutant plants that did grow did not display any hallmark pin 
phenotypes, though had diminished spikelet formation (data not shown).  
However, without sufficient introgression into a well-characterized inbred, it is 
impossible to say whether this was caused by the insertion. 
 
 
Antibody Production 
Antibodies for the maize PIN1 homologs were generated against the hydrophilic 
intracellular loop of the proteins, as has been done with other PIN antibodies 
(Gälweiler et al. 1998).  These sequences were cloned and inserted into vectors 
with 6His and GST tagging sequences.  The 6His-tagged protein was used as 
antigen to inject into two guinea pigs for each protein (Figure 1A).  The GST-
tagged version was bound to columns to use for affinity purification (Figure 1B).  
The use of the small 6His epitope and a different tag for making affinity columns 
ensures high specificity to the desired antigen.  Affinity purification was not 
performed on the PIN1c serum as the GST-tagged protein would not express. 
 
Antibody specificity was assessed by Western Blot against the recombinant 
protein (Figure 1C).  Against the GST-tagged protein, only anti-SoPIN displayed 
high specificity, even after very long exposure.  Anti-PIN1a and anti-PIN1b both 
detected each other, while anti-PIN1c detected all 4 recombinant proteins.  This 
is consistent with SoPIN being the most diverged from the other PINs (O’Connor 
et al. 2014).  Against the 6His-tagged proteins, anti-PIN1a continued to show 
significant affinity for PIN1b, even greater than for the intended target PIN1a 
(Figure 1D).  Anti-PIN1b, however, shows affinity only for the PIN1b protein, 
indicating it may be specific.  
 
Immunolocalization with the PIN antibodies shows expression patterns consistent 
with those previously described for other PIN1 homologs (O’Connor et al. 2014; 
Carraro et al. 2006; Byeong-ha Lee et al. 2009).  PIN1c was excluded from this 
analysis due to the inability to affinity purify the antibody and the low specificity 
the serum displays by Western Blot.  The SoPIN antibody has the most distinct 
expression pattern, while PIN1a and PIN1b are quite similar.  Some specificity 
between PIN1a and PIN1b can be observed, particularly in the root (Figures 2B 
and C).  PIN1a can be seen polarized toward the root apex in the cortex tissues, 
while PIN1b is present more in the stele.  However, using the pin1b knockout, 
anti-PIN1b signal is still detected (Figure 2E).  This expression pattern is identical 
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to PIN1a, suggesting that the antibody has affinity for the PIN1a protein in 
immunolocalization (Figure 2D). 
 
Anti-PIN1a Immunolocalization 
Immunolocalization with the PIN1a antibody reveals and expression pattern 
consistent with previously reported results from a PIN:YFP reporter line (Lee et 
al., 2009).  Expression mostly occurs along vascular traces in the SAM and 
inflorescence meristems (Figures 3A and B).  Epidermal expression is seen at 
the sites of incipient organ formation, from new leaves to new floral organs in 
spikelet meristems (Figure 3C).  Expression is seen to be polarized along the 
direction of auxin flow from organ initials, along vasculature, and down toward 
the root. 
 
In the SAM, PIN1a appears to be excluded from the L1 and L2 layers, but is 
otherwise present internally (Figure 3A).  At the P0, some polarization toward the 
local auxin maximum appears to be present (Figure 3D).  This observation is not 
conclusive, however, as sectioned tissue can capture only parts of the plasma 
membrane, giving a two-dimensional view of a three-dimensional structure.  This 
is not seen at the at the P1, were strong polar localization points internally 
(Figure 3E). 
 
Hoja loca SAMs that are undergoing organ initiation failure do not have 
epidermal expression of PIN1a (Figure 3F).  This sample is a SAM without a leaf 
at the expected site of the P1 leaf, as perhaps also the P2.  There is also no PIN 
patterning indicating a P0.  The internal expression also appears to be more 
disorganized with little clear polar PIN localization. 
 
Anti-PIN1b Immunolocalization 
The patterning of PIN1b is quite similar to PIN1a (Figures 4A and B).  The 
primary difference between them is that the PIN1b antibody displays stronger 
polarization.  It is difficult to say whether this is an actual difference in protein 
localization, or simply a consequence of the antibody providing less background 
signal.  Spikelet PIN1b localization is also similar to PIN1a, reiterating the pattern 
of linking local auxin maxima with vascular sinks (Figure 4C). 
 
PIN1b localization in Hoja loca again matches the PIN1a pattern.  Clear vascular 
traces are seen connecting organs that succeed in forming, even if those organs 
have morphological defects.  There is no signal found along any of the bare stem 
where leaf initiation has failed.  
 
Anti-SoPIN Immunolocalization 
The SoPIN expression pattern is quite distinct from the other PINs.  Clear signal 
can be seen along the epidermis of the meristem flanks (Figure 5A).  Polarized 
expression along the epidermis points toward developing organs.  There is also 
expression in the internal tissues that is also polarized toward incipient and 
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developing organs.  However, expression along mature vasculature is basal, with 
the direction of auxin flux. 
 
The pattern continues in the IM (Figure 5B).  Expression in the L1 layer is seen 
throughout the developing tassel, including along branches.  Stronger signal is 
seen at developing spikelet pair meristems, where expression is not restricted to 
just the L1 layer (Figure 5B inset). 
 
Expression in Hoja loca again shows that regions of bare stem where leaf 
initiation has failed do not expression patterns consistent with local auxin maxima 
(Figure 5C).  The bare segments have expression in the epidermal layer, but 
polarization is directed toward the nearest organ.  There is also no expression 
outside of the epidermal layer in these regions, whereas there is at the sites of 
successful organ initiation. 
 
PIN1a:YFP Expression 
The PIN1a:YFP reporter line provides a way to image whole tissue [Lee et al., 
2009].  This was crossed with Hoja loca to observe the expression in mutant 
meristems where leaf initiation has failed.  Expression along the vasculature and 
internal SAM tissues was normal, but distinct rings of PIN1a expression were 
observed along bare segments of stem (Figure 6 A-D).  The numbers and 
spacing of these rings is consistent with the position of leaf primordia; the rings 
start at the meristem periphery and continue down until the next leaf.  These 
rings are completely separate from the internal column of PIN1a expression 
(Figures 6A and C).  These rings also completely encircle the stem, forming 
continuous discrete rings in many cases (Figure 6B).  In cases where many 
initiation events have failed, the rings become less organized and intersect 
(Figure 6D). 
 
DPBA Staining 
Diphenylboric Acid 2-aminoethyl Ester is a florescent stain for flavonols in plants.  
Upon interaction with Kaempferol or Quercetin, it will floresce around 515nm and 
530nm respectively (Lewis et al. 2011).  This stain has been used to investigate 
the role of flavonols in auxin transport in the roots of Arabidopsis, but analysis of 
the shoot is lacking.  Considering the possible effect ZmGLU1 has on flavonol 
accumulation, I sought to characterize flavonols in the maize shoot. 
DPBA staining reveals extensive flavonol presence in the shoot, with very little 
background signal (Figure 7A and B).  In the SAM, flavonol signal is primarily in 
the epidermal cells, particularly at the apex of the shoot.  Signal can be seen in 
both the cytoplasm and in nuclei, consistent with previous reports and the 
localization of flavonol biosynthetic enzymes (Lewis et al. 2011; Saslowsky, 
Warek, and Winkel 2005). 
 
DPBA staining is especially high at the sinus between leaf margins and 
surrounding the incipient leaf primordium (Figure 7C).  This shows that flavonols 
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are present near the site of lateral organ initiation, as well as at distinct 
morphological zones of the leaf. 
 
DPBA staining of a PIN1a:YFP reporter line shows that the domains of PIN1a 
expression and flavonols are mutually exclusive; flavonols are present between 
the devloping vasculature of young leaves, but excluded along the vascular 
traces and the leaf tip (Figure 7A-C).  High flavonol signal also localized laterally 
in a band across the leaf.  This is approximately the location of the pre-ligular 
band, though may be somewhat distal to it.  At the leaf tip, high PIN1a:YFP 
signaling is seen, around which flavonols accumulate.  This pattern is consistent 
across the observed tissues; flavonols appear to accumulate near zones of high 
auxin concentration, but are excluded from the maxima. 
 
Attempts were made to image Hoja loca shoot apexes with DPBA, but useful 
images were difficult to collect.  SAMs with no visible defects were 
indistinguishable from normal siblings (data not shown).  The intensity of 
forescence was identical, and matched the diffuse signal throughout the apex.  
Specimens with visible defects had no staining along bare regions of stem, and 
the staining process resulted in what appeared to be tissue damage.  Time 
restrictions prevented further analysis, though simple modifications to the 
protocol will likely yield good results. 
 
KNOTTED1 Expression in Hoja loca 
KNOTTED1 is normally present in meristem tissue, but downregulated in 
differentiated tissue (Jackson, Veit, and Hake 1994). In Hoja loca, this pattern 
remains with no signal in the leaves and strong signal throughout the meristem 
(Figure 8).  The bare segment of stem where leaf initiation has failed shows 
strong KN1 accumulation, indicating that failure to initiate a leaf is also failure to 
downregulate KN1 (Figure 8 inset). 
 

Discussion 
Some progress was made in developing PIN knockout lines, but only PIN1b 
could be verified as an RNA-knockdown.  The insertions into PIN1a were not 
located in coding sequence, and reliable genotyping was difficult to develop.  
Given the similarities between PIN1a, b, and c, it is not surprising that a single 
knockout would display no mutant phenotype.  Without a SoPIN mutant, the 
usefulness of this project seemed limited and further attempts to develop a pin1a 
and pin1b double mutant were not pursued. 
 
The antibody project fared much better, resulting in 3 purified antibodies effective 
in a variety of assays.  The distinctive localization pattern of SoPIN suggests it is 
highly specific, and it matches the localization found in Brachypodium (O’Connor 
et al. 2014).  This tool is valuable for investigating SoPIN in a variety of mutants 
and species.  The PIN1a and PIN1b antibodies match the general pattern of 
PIN1 expression seen in Brachypodium and Zea mays (Byeong-ha Lee et al. 
2009).  There are differences between their localization patterns in 
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immunolocalization, but specificity is not seen by Western Blot.  Some anti-PIN1b 
signal can also be seen in pin1b knockouts.  Further specificity could be acquired 
by purifying remaining serum against a smaller protein epitope that is divergent. 
 
The immunolocalization patterns confirm the findings of O’Connor et al., 2014 
that SoPIN is expressed primarily in epidermal cells and polarized toward auxin 
maxima, while PIN1a and PIN1b trace vasculature and are polarized away from 
sites of organ initiation.  In Hoja loca, this pattern remains and no signs of PIN 
expression consistent with the formation of an auxin maximum are found along 
bare sections of stem. 
 
In contrast to the results from immunolocalization, the PIN1a:YFP reporter line 
shows conspicuous rings of PIN1a expression along the meristem flanks.  These 
results are not necessarily contradictory; thin sections used in 
immunolocalization can make it difficult to detect signal on the surface of tissue, 
and the material analyzed is different.  The PIN1a:YPF rings are seen in older 
tissue, whereas the immunolocalization is best performed with younger tissue. 
 
The ring shape of PIN1a expression is very interesting.  pin1 mutants in 
Arabidopsis make a similar ring of LFY and ANT expression encircling the 
inflorescence apex (Vernoux et al. 2000).  The authors of that paper interpret link 
this observation with organogenesis failure: “This could imply that the mutant 
simply forms one ring like ‘anlage’ which then fails to grow out.”  A similar 
process could be acting in Hoja loca, with the notable difference that it makes 
many successive rings, and can recover to form more leaves in later initiation 
events.  It is also interesting that Hoja loca leaf morphology is defective in 
medial-lateral patterning which matches this expression pattern.  Instead of 
forming discrete primordia that mark the medial domain, these encircling 
primordia lack medial-lateral asymmetry. 
 
While rings in PIN expression form along bare sections of stem, KNOTTED1 
remains expressed along these regions.  This suggests that, while PIN1a may be 
recruited in rings at sites of failed leaf initiation, the process of organogenesis 
fails before KN1 downregulation.  Furthermore, KN1 downregulation must not be 
required for defining phytomer nodes, since mutant plants always display proper 
internode elongation. 
 
Finally, DPBA staining reveals that flavonols are present in the shoot, and are 
localized in patterns related to auxin patterns.  Auxin and flavonol form mutually 
exclusive domains in young leaves, suggesting that auxin signaling could 
influence flavonol levels.  Flavonols are also found adjacent to the site of organ 
initiation, but excluded from the presumptive site of initiation itself.  These 
observations suggest that flavonol patterning could be involved in developmental 
patterning.  An attractive hypothesis is that, since flavonols are thought to restrict 
auxin flow, they could accumulate in tissues adjacent to high auxin levels to 
reinforce auxin patterning. 
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Figures 
 

 
Figure 1: Recombinant PIN Proteins and Western Blots. (A) Coomassie 
stained PAGE of 6-His-tagged proteins. (B) Coomassie stained PAGE of GST-
tagged PIN proteins. (C) Western Blot of purified antibody (a, b, and So) and 
serum (c) against GST-tagged recombinant protein. (D) Western Blot of 6-His-
tagged PIN1a and PIN1b protein with anti-PIN1a (left half of blot) and anti-PIN1b 
(right half of gel).  Protein loading decreases moving left. 
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Figure 2: pin1b Mutant. (A) RT-PCR amplicons for Pin1b imaged on RNA gel.  
Two samples each of heterozygous pin1b mutants, homozygotes, normal 
siblings, and no-DNA blank. (B) anti-PIN1a immunolocalization in root apex 
showing signal predominantly in the cortex.  Scale = 300um (C) anti-PIN1b 
immunolocalization in the root apex showing signal throughout the root, though 
excluded from the root cap. (D) anti-PIN1a in the pin1b mutant. Scale = 150um 
(E) anti-PIN1b in the pin1b mutant. (F) anti-SoPIN in the pin1b mutant. 
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Figure 3: PIN1a Immunolocalization. (A) anti-PIN1a signal in the maize shoot 
apex.  Signal is seen strongly marking lateral organ primordia and developing 
vasculature.  The direction of PIN1a localization is basal along the vasculature. 
Scale = 150um (B) anti-PIN1a signal in the maize inflorescence.  Spikelet pair 
meristem primordia are visible (stars). Scale = 300um (C) Signal in developing 
spikelets. Scale = 150um (D) Closeup of P0 primordia from part A showing 
polarization toward the auxin maximum (arrows). (D) Closeup of P1 showing 
polarization directing internally toward the developing vasculature (arrow). (F) 
anti-PIN1a signal in an Hoja loca shoot apex.  This specimen as no sign of PIN1a 
signal at the presumed sites of lateral organ initation in P0, P1, and P2.  Overall 
PIN1a expression is more diffuse, perhaps due to no vasculature forming in the 
absence of lateral organs. Scale = 150um 
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Figure 4: PIN1b Immunolocalization. (A) anti-PIN1b signal in a maize shoot 
apex.  Signal is seen along developing vasculature and is strongly polarized 
(arrow). Scale = 150um (B) Another view of PIN1b, again showing strongly 
polarized localization. Scale = 150um (C) anti-PIN1b signal in a young spikelet. 
Scale = 75um (D) anti-PIN1b signal in an Hoja loca shoot apex that has formed 
partial lateral organs (stars).  PIN1b can be seen only where lateral organs have 
formed, and along vasculature.  No expression is seen along bare sections of 
stem. Scale = 300um 
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Figure 5: SoPIN Immunolocalization. (A) anti-SoPIN signal in a shoot apex.  
Strongest signal is seen at sites of lateral organ initiation (stars), at leaf tips 
(cross), and at the leaf axil (arrows). Polar localization is directed toward organ 
tips and presumptive auxin maxima. Scale = 150um (B) anti-SoPIN signal in a 
developing tassel.  Strongest expression is seen at the tips of lateral organs, with 
polarization directed toward the tips (inset). Scale = 300um (C) anti-SoPIN signal 
in an Hoja loca shoot apex. Expression is seen at an encircling leaf primordium, 
with little signal along the bare sections of stem.  Polarization is directed toward 
this organ only (stars). Scale = 150um 
 

 
Figure 6: PIN1a:YFP in Hoja loca. (A) PIN1a:YFP signal in a young maize 
shoot.  Two distinct rings of PIN1a expression are seen encircling the SAM 
(arrows).  There is also a large central column of PIN1a expression.  This medial 
optical section shows that the rings and central column do not connect. (B) 
Another view of the same shoot apex with an optical section closer to the front 
surface of the SAM. (C and D) PIN1a:YFP expression in an older Hoja loca 
shoot. Distinct rings of PIN1a expression are seen encircling the shoot (arrows).  
These rings are also disconnected from the central column of central PIN1a 
expression.  Cells just below the epidermal layer have clearly polarized PIN1a 
expression toward the epidermal cells, suggesting auxin transport toward the 
surface. Scale = 150um in all panels. 
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Figure 7: Flavonols in the Maize Shoot. (A) Background florescence in an 
unstained SAM. (B) DPBA signal in a maize SAM.  Signal is seen throughout 
cells, with higher concentrations in nuclei.  Signal is higher in the SAM than in the 
young leaves, and some increased signal is seen at leaf tips. (C) A side view of 
the SAM showing signal around the P0 (star) and at the sinus between the leaf 
margins of P2. (D) PIN1a:YPF signal in a young maize leaf.  Expression is seen 
along the vasculature and leaf tip. (E) DPBA signal in the same leaf. (F) 
Combination of C and D showing that these signals occupy mutually exclusive 
domains in the leaf. Scale = 100um in all panels 
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Figure 8: KNOTTED1 in Hoja loca. (A) anti-KN1 signal in a Hoja loca shoot 
apex.  No signal is seen in leaves, yet clear signal is seen in the nuclei of cells 
along the bare section of stem where leaf initiation has not occurred (inset). 
Scale = 200um 
 

Methods 
Antibody Generation: Antibodies were produced as described in Chuck et al., 
2010.  The cytosolic loop of the Pin genes was cloned into pENTER, and then 
recombined into destination vectors with the HIS and GST tags.  Recombinant 
HIS-tagged protein was injected into two Guinea Pigs for each gene.  Affinity 
purification was performed with columns made with the GST-tagged recombinant 
protein. 
 
Immunolocalization: Immunolocalization was performed as described in Lee et 
al., 2009.  Primary antibody dilution was 1:200 in PBS for all antibodies, including 
secondary Cy3-conjugated anti-guinea pig (Jackson ImmunoResearch 
Laboratory).  Samples were imaged on Axiovert (Zeiss). 
 

PIN Insertions: Transposon insertions for Pin1a and Pin1b were obtained from 
MaizeGDB (http://www.maizegdb.org/data_center/stock) from the UniformMu 
population [Settles et al., 2007].  Transposon insertions for Pin1c and SoPin were 
obtained from R. Meeley via Trait Utility System for Corn (TUSC) (Pioneer Hi-
Bred International) 
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Protein Blot Analysis: 8% SDS-polyacrylamide gels were run at 200V for 30-60 
minutes and blotted onto a polyvinylidene fluoride membrane (Millipore) using a 
transfer cell (Bio-Rad). Blocking performed in 5% nonfat milk in TBS-T buffer 
(140 mM NaCl, 20 mM Tris, pH 7.6, and 0.1% [v/v] Tween 20) for 1 h. Antibody 
diluted 1:1,000 was incubated with the blocked membrane for 1 h. After washing 
three times with TBS-T for 10 min, a horseradish peroxidase labeled 
anti-guinea pig antibody (Amersham Bioscience) was used at 1:5,000 for 
secondary antibody labeling.  Membranes were washed 4 times and visualized 
with the ECL Plus Western Blotting Detection System (Amersham 
Bioscience) and then exposed to x-ray film from 1 to 10 minutes. 
 

Conclusions and Future Directions 
Hoja loca is an exciting developmental mutation that should provide insight into 
the process of lateral organ organogenesis.  The mutant effect is specific to 
lateral organ initiation, avoiding complications from changes to shoot architecture 
or meristem maintenance.  Robust internode formation shows that, even when 
leaves are not formed, mutants are still organized into phytomer units, 
demonstrating that lateral organ formation is not required to create distinct plant 
nodes.  The mutant defects in leaf development show that the formation of 
distinct medial and lateral domains are important for proper organ initiation.  
Patterning along the proximal-distal and abaxial-adaxial axes are unaffected in 
Hoja loca, while the formation of the medial midrib and separation of the lateral 
margins is aberrant. 
 
Another maize mutant shares some aspects of the Hoja loca phenotype: barren 
inflorescence 2 (bif2) (McSteen et al. 2007).  bif2 plants also form leaves lacking 
a midrib, and organ initiation is defective in the inflorescence, relating these 
phenotypes once again.  BIF2 is a co-ortholog of PINOID, a serine/threonine 
kinase that is involved in PIN polarization and auxin patterning.  The identification 
of Hoja loca as ZmIAA38 shows that auxin mediates the mutant phenotypes of 
both mutants.  PIN1a expression is altered in both mutants such that 
concentrated local auxin maxima cannot form on the meristem periphery.  BIF2 
directly phosphylates PIN1a, likely directly affecting its localization.  ZmIAA38 
could be involved in feedback cycles that promote local auxin maxima. 
 
While the mechanism of disrupting auxin patterning in Hoja loca is unknown, the 
highly upregulated gene ZmGLU1 provides some compelling hints.  
Glucosidases like ZmGLU1 are known to degrade flavonols and activate 
cytokinin-glucoside conjugates.  Flavonols are known to affect auxin transport, 
and cytokinin signaling is often closely related to auxin signaling, generally in an 
antagonistic manner.  Investigating the activity of ZmGLU1 will be crucial for 
understanding Hoja loca.  This gene is also implicated in ligule development, 
making it a keystone for understanding other aspects of maize organogenesis. 
 
Several experiments will could provide valuable insight into the Hoja loca defect 
and organogenesis.  Generating knockout mutants for ZmIAA38 and ZmGLU1 
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are natural next steps in understanding the genetic interactions and functions of 
these genes.  It is particularly interesting that upregulation of ZmGLU1 occurs at 
ligule formation, but the ectopic levels in Hoja loca result in failed organ initiation.  
The possibility that defined levels (not too much nor too little) of ZmGLU1 
expression are needed for organogenesis is consistent with the phenocritical 
nature of the Hoja loca defect. 
 
It will also be important to characterize flavonols and cytokinin signaling in Hoja 
loca.  Both compounds could conceivably mediate the effects on auxin patterning 
and organogenesis.  Given that flavonols accumulate around the site of leaf 
initiation, ZmGLU1 may be responsible for excluding them from the auxin 
maximum, or perhaps favor certain flavonol-glucoside conjugates with different 
activities.  Or, auxin-dependent downregulation of ZmGLU1 via ZmIAA38 could 
be required to limit Cytokinin signaling at the site of organogenesis.  Ectopic 
ZmGLU1 expression in Hoja loca could lead to cytokinin signaling that interferes 
with organogenesis. 
 
While much remains unknown, Hoja loca presents compelling opportunities to 
investigate organogenesis in plants. 
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