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USING OLIGONUCLEOTIDE PROBES FOR IN SITU HYBRIDIZATION IN 

DEVELOPING CML322 MAIZE ENDOSPERM 

Alyssa Sonchaiwanich 

New College of Florida, 2012 

ABSTRACT 

This thesis research was a part of a larger research effort funded by the National 

Science Foundation to study the regulation of early endosperm development in Zea mays 

L.  As part of the larger study, a group of inbred lines generated around the world are 

being studied to look for variations in development as compared to the standard reference 

line, B73.  A second major goal of the grant is to identify key regulator genes and their 

patterns of localization.  Preliminary visualization of sections of the line CML322 

seemed to indicate precocious kernel (including of the endosperm) development.  Digital 

imaging and morphometry were undertaken for this thesis to systematically test this 

hypothesis.  We confirmed that the CML322 endosperm does grow precociously under 

greenhouse conditions in Florida.   

The CML322 line was then used to test the efficacy of a new generation of hyper-

labeled oligonucleotide probes for in situ hybridization. Specifically, a probe 

complementary to the transcript encoding the 27 kilodalton (kDa) gamma zein storage 

protein was employed as a test case for determining the conditions needed to assess the 

expression patterns of genes currently being identified by the larger project.  Results 

showed that these probes are useful for probing transcripts located in maize tissue and 

may be used in the future to assess the expression of target genes such as marker genes 
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and transcription factors within maize tissue.  Unfortunately, this particular type of 

oligonucleotide probe has now become unavailable; however, if/when it does become 

available again (as the vendor says it will), the optimal conditions for this tissue have 

been determined and can be modified as needed for each probe.  Even if other types of 

probes, such as complimentary RNA probes, need to be used, some of the conditions 

identified here will be useful. 

 

_________________________ 

Dr. Amy Clore 

Division of Natural Sciences 



1 
 

CHAPTER 1: INTRODUCTION 

1.1 Endosperm and Its Importance 

1.1.1 What is endosperm? 

The endosperm is a tissue found inside seeds of flowering plants that plays a 

significant role in plant as well as human and animal nutrition.  The endosperm is also 

known as a source of renewable and biodegradable materials.  With this knowledge, there 

have been many attempts to improve its use in feed (for livestock) and food products as 

well as its refinement to secondary products (i.e., oils and bioplastics) (Lopes and 

Larkins, 1993).  It has long been hypothesized that the endosperm and its development 

originated from earlier examples of double fertilization in angiosperms.  In 1900, Sargant 

hypothesized that in the original angiosperms, double fertilization created a second 

embryo, which later developed into a functional storage body, the endosperm (as 

reviewed in Lopes and Larkins, 1993).  However, a newer idea suggests that the triploid 

endosperm evolved from what was once maternal nutritive tissue to a biparental nutritive 

tissue (Williams and Friedman, 2002). 

 Double fertilization occurs in flowering plants and is a process that is unique to 

angiosperms (Raven et al., 2005).  Two fertilization events occur in which two sperm 

nuclei from the pollen tube fuse with two female gametes, namely an egg cell and a 

central cell containing two polar nuclei (Faure et al., 2003).  The latter two cells are 

found in the female reproductive structure, known as the megagametophyte, which is 

located in the ovule.  The megagametophyte develops from a megasporocyte, which 

undergoes meiosis to produce four haploid megaspores.  Of the four megaspores, three 
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will degenerate (Raven et al., 2005).  The one megaspore remaining undergoes three 

rounds of mitosis to produce a multinucleate structure with eight haploid nuclei.  This is 

the megagametophyte, also known as the embryo sac (Olsen, 2004).  Three of the eight 

haploid nuclei become antipodal cells and form opposite the micropylar opening (Berger 

et al., 2008).  Two nuclei are enclosed in the central cell in the middle, two become 

synergids and one forms the egg cell near the micropylar opening (Olsen, 2004) (Figure 

1).  Fusion of the second sperm nucleus with the central cell leads to endosperm 

formation.  The zygote will develop into the embryo.  When the seed germinates, 

reserves from the endosperm will be mobilized to provide sugars and amino acids to the 

growing seedling (Sabelli and Larkins, 2009) 

 

Figure 1: Diagram of the female reproductive structure, the megagametophyte with the 

pollen tube (yellow structure) and the two sperm nuclei located near the micropylar 

opening.  The red structures represent the synergids; the blue structure represents the egg 

cell, the orange structure represents the central cell and the green structures opposite the 

micropylar opening are the antipodal cells  (Berger et al., 2008).  
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1.2 Endosperm Development 

1.2.1 Endosperm Coenocyte Formation 

 Maize endosperm is considered a nuclear endosperm because in the beginning of 

development, the endosperm will develop without cellularization.  This type of 

endosperm development is common in seeds of cereals such as maize, barley, and rice 

(Lopes and Larkins, 1993).  Based on the detailed cytological work that has been 

conducted in barley (Brown et al., 1994; Olsen, 2004), along with some similar 

observations in maize (Randolph, 1936; Kiesselbach, 1999), the following sequence of 

events has been determined.  Early on, from 1 day after pollination (DAP) (Figure 2) to 2 

DAP, there is an absence of a cell plate between the initial daughter nuclei (Olsen, 2004).   

 

Figure 2: The nuclei of the central cell divide in the absence of cellularization. (Olsen, 

2004). 

 

Continued mitotic divisions, in the absence of cell walls, lead to the development 

of the endosperm coenocyte, which is a multinucleate cell (Olsen, 2004). The endosperm 

has undergone a total of three nuclear divisions and eight endosperm nuclei have been 

produced (Figure 3).  At the end of the coenocytic stage, at approximately 2-3 DAP, the 

endosperm will have roughly between 256-512 nuclei that are evenly spaced out in the 

cytoplasm around a temporary central vacuole (Kiesselbach, 1999; Olsen, 2004).   
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Figure 3: The endosperm coenocyte after three rounds of mitosis; still no cellularization 

(Olsen, 2004). 

 

Figure 4: The complete endosperm coenocyte (Olsen, 2004). 

 

1.2.2 Endosperm Cellularization  

The process of cellularization has also been most carefully studied in barley 

(Olsen et al., 1999; Olsen, 2004) with similar observations in maize (Monjardino et al., 

2007).  The cellularization process begins when the radial microtubular system (RMS) 

forms, nucleating from the envelopes of all the nuclei (Olsen, 2001).  These microtubules 

act as phragmoplasts since they come together and form interzones (Olsen, 2004) where 

cell walls are formed and positioned around each nucleus to form alveoli (Olsen, 2001).  

 

Figure 5: Formation of the RMS in the endosperm coenocyte (Olsen, 2004). 
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Figure 6: Formation of alveoli around each nucleus in the endosperm (Olsen, 2004) 

 

After the formation of the first layer of alveolar nuclei, each nucleus 

simultaneously breaks mitotic arrest so that they can divide.  The products are separated 

by periclinal cell walls that are adjacent to the central cell wall (Olsen, 2004).  The 

periclinal cell walls will divide the alveoli into peripheral cells, each with an additional 

alveolus (Olsen, 2004).  The alveolar nuclei continue dividing until the endosperm 

becomes completely cellularized, which occurs around 4 days after pollination, or DAP, 

(Olsen, 2004).   

 

Figure 7: Complete cellularization of the maize endosperm after 4 DAP (Olsen, 2004) 

 

1.2.3 Endosperm Differentiation 

Once the maize endosperm is fully developed, it can be subdivided into four different 

cell types: cells of the embryo surrounding region (ESR), transfer cells (TC), aleurone 

cells (AL), and starchy endosperm (SE) cells (Olsen, 2004).   
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Figure 8: The four different cell types of the maize endosperm.  EMB is the embryo; ESR 

is the embryo surrounding region; AL is the aleurone layer, SE is the starchy endosperm; 

TC are the transfer cells (Olsen, 2001) 

 

The ESR, believed to develop first, lines the cavity of the endosperm where the 

embryo develops.   Its function is not known but it is hypothesized to play a role in 

embryo nutrition and/or provides a barrier between the embryo and endosperm during 

development of the seed (Olsen, 2001).  While the embryo matures, the ESR continually 

shrinks and around 12 DAP only small ESR remnants remain at the base of the 

endosperm (Sabelli and Larkins, 2009).  This layer may also be a means of defense from 

pathogens and signaling between endosperm and embryo (Sabelli and Larkins, 2009).  In 

maize endosperm, the ESR is characterized by dense cytoplasmic contents and expression 

of three specific ESR genes: Embryo surrounding region 1 (Esr1), Esr2, and Esr3 

(Opsahl-Ferstad et al., 1997).  It has been speculated that ESR genes code for small 

hydrophilic proteins (Bonello et al., 2000) and play a role in embryo development since a 

decrease of Esr expression has been seen in embryo-less endosperm (Olsen, 2004).   
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Transfer cells develop over the main vascular tissue and function to facilitate the 

transportation of photosynthate into the endosperm (Olsen, 2001).  They also regulate the 

transport of solutes (amino acids, sucrose, and monosaccharides) into the endosperm 

(Becraft et al., 2001) and are characterized by distinct secondary wall ingrowths (Becraft 

et al., 2001).  In maize endosperm, transfer cells express Basal endosperm transfer cell 

layer (Betl) genes and Basal layer-type antifungal protein (Bap) (Hueros et al., 1995).  

The BETL-1 protein has three possible roles in the endosperm: to protect the seed from 

pathogens, modification of cell wall characteristics, and/or promoting the addition of cell 

wall components to the transfer cells (Hueros et al., 1995). BETL-2, BETL3, and BETL-

4 proteins have been suggested to play a role in creating a barrier that prevents pathogens 

from entering the endosperm (Xiong et al., 2011).  The Bap proteins are similar to anti-

microbial proteins, suggesting that they may also play a role in the defense against 

pathogens (Olsen, 2004).   

After the transfer cells have developed, the cells of the aleurone layer differentiate 

between 6 and 10 DAP (Sabelli and Larkins, 2009).  The aleurone layer surrounds the 

perimeter of the endosperm, with the exception of the transfer cell region (Olsen, 2001).  

In maize endosperm, the aleurone layer is only one layer thick and consists roughly of 

250,000 cells (Olsen, 2001).  These cells have lytic vacuoles and protein storage vacuoles 

(Swanson et al., 1998).  Two types of inclusion bodies are found in both vacuoles: 

globoid bodies (composed of phytin, protein, and lipids) and protein-carbohydrate bodies 

(Olsen, 2001).  

Aleurone cells secrete proteolytic and hydrolytic enzymes at germination (Olsen, 

2001).  These enzymes are responsible for digesting endosperm cell walls and mobilizing 
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starch and protein from the endosperm to the embryo (Sabelli and Larkins, 2009).  

Aleurone cells undergo apoptosis once the seed has finished germinating (Olsen, 2001).   

 The starchy endosperm is the largest component of the endosperm (Sabelli and 

Larkins, 2009).  Starch, the main endosperm storage compound, is synthesized by four 

different classes of enzymes: ADP-glucose pyrophosphorylase (AGPase), starch 

synthases (SS), branching enzymes (BE), and debranching enzymes (Olsen, 2001).  

Prolamin proteins are the other main storage molecules (Shewry and Tatham, 1990; 

Müntz, 1998).  The first starchy endosperm cells come from two sources: the inner cells 

present at the end of endosperm cellularization and the inner aleurone daughter cells that 

have divided periclinally (Olsen, 2004).  Starchy endosperm cells go through the process 

of endoreduplication and eventually an apoptosis-like process (Olsen, 2001).  

Endoreduplication is the process of nuclear polyploidization, involving the production of 

many uniform copies of chromosomes sans chromatin condensation and segregation or 

cytokinesis (Larkins et al., 2001).   

1.3 Description of NSF-Funded Project on Early Endosperm Development in 

Maize 

 As evident in the Introduction thus far, much of what we know about early 

development in maize has been inferred from work in barley.  This thesis research was 

part of a large research effort funded by the National Science Foundation (NSF) (award 

#0923880).  This is a multi-institutional grant that focuses on the regulation of early 

endosperm development in maize specifically.  There are four main universities working 

together on this grant to achieve the main goals of this project: University of Arizona, 

University of Utah, Central Michigan University, and New College of Florida.  The long-
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term goal of the grant is to understand the gene networks that control early endosperm 

development.  The grant focuses mainly on kernels 0 to 12 DAP, homing in on the early 

stages.  In maize, these stages have been studied less well than the later stages when 

starch and storage proteins are deposited (see Olsen, 2004 and Sabelli and Larkins, 2009 

for reviews). 

 Specifically, the four main goals of the grant include: (1) analyzing and staging 

the cytological features of early endosperm development, (2) profiling messenger RNA 

(mRNA) sequences in early seed development, (3) characterization of expression and (4) 

assessment of function of selected transcription factor (TF) genes.  The majority of this 

work is being conducted in the inbred line B73, the genome of which has been sequenced 

(Schnable et al., 2009).  In addition, 26 different mapped inbred lines thought to represent 

the range of natural variation (Buckler et al., 2009; Yu et al., 2008) are also being 

analyzed for differences they may display in endosperm development.  If marked 

differences are observed, it is possible that loci could be identified that are associated 

with these differences.  Preliminary observations of micrographs of the CML322 line 

suggested that the endosperm development was precocious (Clore and Sonchaiwanich 

preliminary observations).  One goal of this thesis was to quantitatively measure 

CML322 endosperm tissue and to compare it to B73 at different stages of development in 

order to test the hypothesis of precocious development. 

Profiling of the mRNA sequences is a larger goal of the grant that should allow 

for identification of active genes in early endosperm development and possibly the 

discovery of TF genes that are key in endosperm development.  Characterizing the gene 

expression patterns will validate the discovered genes and verify their location of 
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expression.  In addition, the research involves testing the hypothesis that 10 to 15 genes 

already known to be expressed in early Arabidopsis thaliana endosperm may serve a role 

in maize development as well.   

 Many techniques will be utilized for the grant research (NSF Grant Proposal, 

award #0923880, 2009).  The use of basic and advanced types of microscopy (compound, 

fluorescent, and confocal) as well as in situ hybridization will help detect early 

developmental events and cellular locations of gene expression in endosperm.  Laser 

capture microdissection (LCM) is also being used to isolate specific cells and amplify the 

transcripts expressed therein.  Following amplification of the transcripts, a form of 

sequencing, known as deep sequencing, is being used to sequence the RNAs expressed 

during development.  Deep sequencing is an efficient way of identifying and profiling 

populations of mRNAs in tissues at different developmental stages (Fahlgren et al., 

2007).  Sequences corresponding to transcription factors will be prioritized for further 

analysis, starting with in situ hybridization to characterize endogenous expression.  

Eventually, RNA interference (RNAi) will be utilized in order to form stable mutant lines 

and gene targeting to assess their function of the targeted genes. 

 In the end, the general goal of the grant is to expand the basic understanding of 

the early stages of maize endosperm development.  If the defined goals mentioned are 

accomplished, it will set precedence as a large contribution to the field of grain biology.  

Also, breeders may be able to use this information to produce improved lines for both 

nutritional and industrial applications.  However, the grant provides contribution to more 

than the scientific community.  Undergraduate students from all of the universities will be 

able to gain laboratory techniques and experiences and an education in molecular 
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genetics of plants.  There is also community involvement with local community colleges 

and K-12 schools. 

 This present study tested one of the techniques, in situ hybridization, to obtain the 

optimal conditions for the future characterization of genes identified by the grant. 

1.4 Techniques of In Situ Hybridization (ISH) 

1.4.1 General Overview of ISH  

 In situ hybridization (ISH) is a technique used in many types of biological 

research to localize RNA and/or DNA in specific cells using molecular and histological 

methods (Jin and Lloyd, 1997).  It can trace the sites of the expression of specific genes 

within a tissue (Wisden and Morris, 2002).  ISH is a hybridization reaction between a 

labeled nucleotide-containing probe (e.g. DNA, RNA, or oligonucleotide) and 

complementary target RNA or DNA sequences (Jin and Lloyd, 1997).  The nucleic acid 

probe can be radioactively labeled and is applied to the tissue section (Wisden and 

Morris, 2002).  Alternatively, the probes are labeled with digoxigenin (DIG), a standard 

immunohistochemical marker used for in situ hybridization experiments.  In the case of 

ISH to probe for mRNA, once the probe has been applied to the tissue, it forms a probe-

mRNA hybrid (Wisden and Morris, 2002).   

Detection of the probe is dependent on the probe’s label.  If the probe is labeled 

with a radioisotope, then autoradiography is typically used to detect the signals (Jin and 

Lloyd, 1997).  This method allows for the quantification of the signals (Jin and Lloyd, 

1997).  If the probe is labeled with a non-isotope, such as with DIG, then histochemical 

or immunohistochemical systems are used to detect the signals (Jin and Lloyd, 1997).  



12 
 

For example, in the present study, following application of DIG-labeled probes and anti-

DIG antibodies conjugated to alkaline phosphatase (AP), a colorimetric method was used 

to visualize the signal and employed nitro blue tetrazolium (NBT)/5-bromo-4-chloro-3-

indolyl phosphate (BCIP) as substrates.  Finally, fluorescence can also be used either via 

incorporation of fluorescent nucleotides into the probe or via the use of fluorescent 

antibodies or reactive products (Moter and Göbel, 2000). 

 There are a variety of probes that can be used for the in situ hybridization process.  

These probes include cDNA, cRNA, and synthetic oligonucleotide probes (Jin and Lloyd, 

1997).  cRNA probes are prepared by in vitro transcription using cDNA sequences as the 

template (Jin and Lloyd, 1997).  cDNA probes can be either double stranded or single 

stranded; double stranded cDNA probes must first be denatured (Jin and Lloyd, 1997).  

Single stranded cDNA probes are prepared via polymerase chain reaction (PCR) with an 

antisense primer extension and Taq polymerase (Jin and Lloyd, 1997).  This thesis 

involved the use of custom-made synthetic DIG hyper-labeled oligonucleotide probes 

from the vendor, GeneDetect
®
.   

 The use of oligonucleotide probes in an in situ experiment is more recent; 

however, it has many advantages.  Oligonucleotide probes are only 20-50 bases long and 

are single stranded.  These probes are prepared by an automated DNA synthesizer, 

starting with known sequence information of the RNA target (Jin and Lloyd, 1997).  

Hyper-labeled custom ordered probes recently became available for order online 

(www.genedetect.com).   

http://www.genedetect.com/
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The use of oligonucleotide probes is advantageous because they are able to 

penetrate cells better than longer probes and provide good hybridization signals (Jin and 

Lloyd, 1997).  Because all oligonucleotide probes are relatively the same length, the 

conditions for these probes in the ISH experiment are all roughly the same (Wisden and 

Morris, 2002).  Finally, they can simply be ordered based upon known mRNA sequence 

information.  If cRNA probes (which require the gene to be cloned into bacteria and then 

the probe synthesized through in vitro transcription) were used, each cRNA probe 

corresponding to each gene of interest would have its own set of optimal conditions, 

prolonging the trouble-shooting stages of the experiment (Wisden and Morris, 2002).  

However, some researchers feel that RNA probes remain ideal due to their typically high 

signal to background ratio (Melton et al., 1984). 

Since a large number of oligonucleotide probes and tissue sections can be handled 

at once, oligonucleotide probes are good for the parallel study of the expression of 

several different genes in a specific tissue (Wisden and Morris, 2002).  In the present 

study, oligonucleotide probes were used to detect the typically abundant expression of a 

gamma zein gene in the endosperm tissue of maize. 

1.4.2 Gamma Zein as a Test Case 

 In maize kernels, there are two types of seed storage protein bodies present: 

prolamins and globulins (Holding, 2006).  Gamma zein is a prolamin protein that is 

abundantly found in the endosperm of maize (Holding, 2006).  Experimental results have 

shown that gamma zein is highly abundant during endosperm development in maize.  

Woo and colleagues (2001) showed that the 27 kDa gamma zein gene was expressed in 
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the endosperm starting between 10 to 15 DAP (Woo et al., 2001).  At 15 DAP, the level 

of ISH signal was shown to be higher than at 10 DAP and with the least amount of 

incubation time; this indicated that gamma zein transcript is present at these stages of 

endosperm development and abundant at 15 DAP (Woo et al., 2001).  RNA probe, which 

had to be synthesized via in vitro transcription, was used in the above study. 

 Zein mRNAs are transported to the endoplasmic reticulum where they co-

translationally assemble into protein bodies (Lending and Larkins, 1989).  A particular 

distribution pattern has been shown through immunolocalization techniques (Lending and 

Larkins, 1989).  Immunolocalization was used to label three types of zein proteins, alpha, 

beta, and gamma, which are heterogeneously located in tissues at different stages 

(Lending and Larkins, 1989).  Analysis of the endosperm structure at 14 DAP using light 

microscopy combined with immunocytochemistry showed that protein bodies were first 

observed in the starchy endosperm layer.  The protein bodies increased in size the further 

away the tissue was from the aleurone.  The staining increased in endosperm tissue at 18 

DAP, indicating that the abundance of gamma zein increased from 14 DAP to 18 DAP, 

and again the size of the protein bodies increased as the distance from the aleurone layer 

increased (Lending and Larkins, 1989). 

 Based on their additional immunocytochemical studies combined with electron 

microscopy, a model of protein body development was suggested.  During its initial 

development, the protein body is mainly composed of beta and gamma zein proteins and 

very little alpha or delta zein proteins (Lending and Larkins, 1989; Swarup et al., 1995).  

However, as the protein body develops, alpha and delta zein begin to accumulate into a 



15 
 

central core of the protein body while the region of beta and gamma zein transforms into 

a thin peripheral shell (Figure 9) (Lending and Larkins, 1989).   

 

Figure 9: Development of a protein body.  The shaded region represent the beta and 

gamma zeins while the lighter region represents alpha and delta zeins (Swarup et al., 

1995).  As the protein body develops, the beta and gamma zeins turn into an outer shell 

while the alpha and delta zeins accumulate at the center of the protein body (Lending and 

Larkins, 1989). 

 

Since the 27 kDa gamma zein mRNA is known to be expressed in the endosperm 

between 10 and 15 DAP, it was used as the test case in the ISH experiments in the 

present study since it should allow for potentially attainable results with the ISH 

experiments after optimization.  These experiments were conducted on tissue from the 

CML322 inbred line because it appeared from our preliminary observations that this 

line’s endosperm developed precociously and, thus, we reasoned that sections of 12 DAP 

CML322 kernels should certainly be expressing the zeins.  As mentioned earlier, this 

hypothesis of precocious development was quantitatively tested in the present study via 

tissue morphometry.  CML322 morphometry results, conducted by the author, were then 

compared to those in the standard control inbred line, B73, which were obtained as a 

whole lab effort. 
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 It was not possible to use the Greenstar
®

 probe on B73 kernels due to a tissue 

shortage in the lab at the time the in situ hybridization experiments were being 

conducted.  Greenstar
®

 probes were used to characterize the CML322 line without 

directly comparing its activity on the B73 line in order to determine the optimal 

conditions for hybridization and staining.  Using gamma zein as a test case for the use of 

the DIG hyper-labeled oligonucleotide probes should lead to the determination of 

conditions that can be used, or at least serve as a starting place, for future ISH 

experiments as candidate genes of interest are identified by the NSF project. 
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CHAPTER 2: MATERIALS AND METHODS 

2.1 Overview of Plant Materials 

Maize kernels from the CML322 line were surface sterilized with 10% (v/v) 

bleach solution for 15 min.  After surface sterilization, the kernels were placed between 

wet paper towels in a Ziploc
®
 bag in a growth chamber to germinate for one week.  The 

kernels were then removed from the paper towels and planted in potting soil (13 L peat 

moss, 13 L vermiculite, 3.15 L top soil, 9 L sand, and 6.75 L perlite).  The pots were 

placed in a New College of Florida greenhouse and were drip-irrigated with 

approximately 100 mL of water per pot per day.  Supplemental lighting was used to 

extend “daylight” to 16 h. 

Two fertilizer solutions were used on the CML322 line.  The Southern Ag 

fertilizer solution consisted of Southern Ag Power Pack 20-20-20 amended with calcium 

nitrate (Ca(NO3)2), potassium nitrate (KNO3), and iron ethylenediaminetetraacetic acid 

(EDTA).  A volume of 300 mL of Southern Ag fertilizer solution was applied three times 

weekly.  A volume of 300 mL of 2 mM magnesium sulfate (MgSO4) was applied twice 

weekly, alternating with the Southern Ag fertilizer solution.   

2.2 Tissue Morphometry Technique 

2.2.1 Tissue Fixation, Vibratome Sectioning, and Staining 

 Before fixation, maize kernels were superficially nicked at the apical end with a 

double-edge razor blade to allow for further penetration of the fixative solution.  Maize 

kernels (1-12 DAP) were placed in 20 mL scintillation vials containing 4% (v/v) 
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formaldehyde and 1% (v/v) glutaraldehyde in 50 mM phosphate buffer, pH 7.  The 

kernels were incubated overnight on a tissue rotator and then placed in 4 °C.  Prior to use, 

they were rinsed in phosphate buffer saline (PBS—0.01 M phosphate, 0.0027 M 

potassium chloride, and 0.137 M sodium chloride, pH 7.4) three times for 15 min each.  

Kernels were then mounted onto a vibratome mounting block using Gel Formula Super 

Glue
®
.  For longitudinal sections, the kernel was oriented on one of its lateral surfaces 

such that the original point of attachment of the kernel to the cob was facing towards the 

blade.  For cross sections, the kernel was oriented such that its apical end was facing 

upward.  The vibratome was set to produce 200 µM thick sections.  Sections were 

transferred from the vibratome blade to a 16-well plate containing 50 mM phosphate 

buffer in each well.  Once all the sections from a kernel had been obtained, they were 

stained with 0.05% (v/v) Toluidine Blue (TBO) solution for 30 sec and then washed with 

50 mM phosphate buffer.  Stained sections were then mounted onto slides with polyvinyl 

alcohol (PVA)-Dabco (1,4 diazabicyclo-2-2-2-octane) (Banker, G., Goslin, K, 1991). 

2.2.2 Morphometry Technique (ImageJ) 

Micrographs of the longitudinal and cross sections were taken, along with a ruler, 

using a dissecting microscope (Olympus SZX).  All sections were measured using the 

ImageJ (version 1.45s) program from the National Institutes of Health (NIH).  

Measurements were made of the entire kernel, the maternal tissue known as the nucellus 

(if present—note that the nucellus ultimately degenerates as the endosperm fills the 

kernel (Woo et al., 2001), the endosperm, and the embryo (if present/visible).  For 

longitudinal sections, measurements of the length, thickness, and area were made for 

each tissue (Figure 10).  For cross sections, measurements of the width, thickness, and 
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area were made for each tissue (Figure 11).  In a characteristic longitudinal section, the 

embryo (if present) usually lies to the side of the kernel while in cross sections, the 

embryo (if present) lies in the center of the kernel (c.f. figures 10D and 11D). 

 

 

 

 

Figure 10: Cartoon depictions of longitudinal sections of maize kernels and their 

cytological measurements.  The solid vertical line indicates the length (at the longest part 

of the tissue); the dashed horizontal line indicates the thickness (at the widest part of the 

tissue).  These lines must be perpendicular to each other.  (A) The blue region represents 

the sectional area of the whole kernel.  (B) The orange region represents the area of the 

nucellus (if present).  (C) The red represents the area of the endosperm. (D) The yellow 

represents the area of the embryo. 

 

Figure 11: Cartoon depictions of cross sections of maize kernels and their cytological 

measurements.  The solid horizontal line indicates the width of the tissue (the widest 

part); the dashed vertical line represents the thickness of the tissue.  These lines must be 

perpendicular to each other.  (A) The blue region represents the cross-sectional area of 

the kernel.  (B) The orange region represents the area of the nucellus (if present).  (C) 

The red represents the area of the endosperm. (D) The yellow represents the area of the 

embryo. 

 

Before measurements could be made, the measurement scale had to be set and 

calibrated.  To do this, a line was drawn between two millimeter lines on the ruler.  The 
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known distance was set to one millimeter.  A second line was drawn between the same 

millimeter lines on the ruler and measured.  If the value was between 0.97 and 1.03 

millimeters, then each cytological structure could be measured.  If the value was below 

0.97 millimeters or above 1.03 millimeters, the measurement scale was set again. 

The width, length, and thickness of the endosperm and kernel were measured 

using ImageJ.  From these measurements, the radii were calculated and used in the 

ellipsoid equation  
 

 
               to estimate the percent volume of endosperm (and 

other tissues) relative to the whole kernel.  Standard error was calculated and the 

Student’s t test was run using SAS JMP (Version 4). 

2.3 In Situ Hybridization Methods 

2.3.1 Paraffin Embedment 

2.3.1.1 Ethanol: Acetic Acid Fixation 

A fresh ethanol:acetic acid (3:1, v/v) solution was prepared and aliquoted into 

scintillation vials.  CML322 kernels (12 DAP) were fixed in this ethanol:acetic acid 

solution at 4 °C for a minimum of 4 h to a maximum of 16 h.  After fixation, the kernels 

were placed in 75% (v/v) ethanol (EtOH) and stored at 4 °C until further use. 

2.3.1.2 Dehydration Series 

To prepare for paraffin embedment, the kernels went through an abbreviated 

EtOH dehydration series at room temperature on a tissue rotator.  The kernels were 

transferred from the 75% (v/v) EtOH to 85% EtOH for 3 h, followed by treatment in 95% 

EtOH solution for another 3 h.  The kernels were then placed in a 100% EtOH change 
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overnight at room temperature.  The second and third 100% EtOH changes were made 

the next day for 3 h each. 

2.3.1.3 Infiltration 

After the EtOH dehydration series, the kernels were infiltrated in a xylene-

solution series every 6 h at room temperature on a tissue rotator in a fume hood.  The 

volume ratios of EtOH (E) to xylene (X) (E:X) for each change were as follows: 75:25, 

50:50. 35:75, 0:100, 0:100, and 0:100 (second change).  In the last E:X change, ten 

Paraplast ® chips were added to each vial and left on a tissue rotator overnight.  The next 

day, the vials were placed at 60°C to allow the remaining Paraplast
®

 chips to melt.  Once 

all the chips had melted, the xylene was replaced with paraffin.  The first two changes 

consisted of new half volume paraffin changes, once per day.  For the next three to four 

days, the kernels were passed through 100% paraffin changes, once per day. 

2.3.1.4 Embedment 

Plastic paraffin molds were wiped away with RNase Away
®

 and vials containing 

paraffin and kernels were placed in a 60 °C water bath on the hot plate before the 

embedment process.  A beaker of melted paraffin was also placed on the hot plate.  The 

molds were filled with liquid paraffin to the lip of the mold and placed on a hot plate to 

prevent paraffin from solidifying.  Forceps were flamed and then used to transfer one 

kernel from the paraffin vial to the paraffin mold.  The kernels were oriented so that they 

were resting on one of their lateral surfaces at the bottom of the mold.  A glass pipette 

was flamed and then used to transfer 5 mL paraffin from the beaker to the mold, forming 

a convex surface.  A spatula was flamed and then used to go over the melted paraffin to 
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rid of any air bubbles.  The filled paraffin mold was then carefully transferred to ice and 

the spatula was wiped over the upper paraffin surface a few more times before 

solidification.  After all the kernels were embedded, they were stored in the 4 °C until 

needed for sectioning. 

2.3.2 Microtome Sectioning 

Paraffin molds were removed form the 4 °C refrigerator and placed on an ice pack 

that was wiped with RNase Away
®

.  A brand new single-edged razor blade was used to 

trim the mold into a trapezoid shape surrounding the kernel.  The top and bottom of the 

trapezoid were made to be parallel with each other and the blade of the microtome.  It 

was found that the sides of trapezoid needed to be almost square (not too oblique) for 

proper sectioning (Figure 12).  Once the block had been trimmed, it was placed into the 

microtome.  The blade was wiped with RNase Away
®
 as were the paint brushes and 

probes.   

The microtome was set to make 8 µm thick sections.  Before sectioning, the face 

of the block was trimmed to ensure that it was flat and completely parallel to the blade.  

An ice block was held up against the face of the block for 30 sec.  The handle was 

continuously turned, moving the block closer and closer to the blade until the blade made 

an initial cut.  These preliminary cuts, which were discarded, were made until the face of 

the mold was shiny.   
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Figure 12: Diagram of the trapezoidal trimming of the face of the paraffin block.  The 

dashed shape represents the trapezoid that should surround the kernel (shaded region). 

 

Ribbons consisting of approximately 80 sections were made and laid onto 

Parafilm
®
.  These ribbons were cut into mini-ribbons, containing approximately four 

sections each.  Once the series sectioning was complete, all the mini-ribbons were placed 

in Parafilm
®
 in shallow boxes, which were then placed in drawers to avoid dust and 

RNase contamination.  These mini-ribbons were stored at room temperature until 

hematoxylin staining (to initially visualize the tissue) or in situ hybridization.   

2.3.3 Hematoxylin Staining 

 Paraffin sections were baked onto poly-D lysine-coated slides overnight at 60 °C.  

The following morning, the slides were placed in two 30 mL xylene rinses in Coplin jars 

for 10 min each.  The xylene rinses removed the paraffin from the surrounding tissue and 

a hydration series followed the xylene washes.  The slides were first placed in two 30 mL 

100% EtOH rinses for 3 min each, followed by rinses consisting of 95% (v/v) and 80% 

(v/v) EtOH, for 3 min each. 

The slides were washed for 5 min each in 30 mL distilled water and then placed in 

30 mL Mayer’s Hematoxylin (7,11b-dihydroindeno[2,1-c]chromene-3,4,6a,9,10(6H)-

pentol) for 30 min.  The slides were then rinsed in lightly running water for an additional 
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30 min and then in nanopure water for 5 min.  A dehydration series followed the rinses.  

The slides were placed in a 30 mL 70% EtOH rinse for 2 min and then in two 30 mL 95% 

(v/v) EtOH rinses for 2 min each.  Afterwards, the slides were transferred to 30 mL of 

100% EtOH for 1 min and then placed in two changes of 30 mL 100% fresh xylene, 2 

min each.  The sections were mounted with Permount
®
 and a coverslip and allowed to 

dry before observation. 

2.3.4 Probe Information 

The custom-made GreenStar
TM

 digoxigenin (DIG)-hyperlabeled antisense 

oligonucleotide probe, ordered from the vendor GeneDetect
®
) was complimentary to 

nucleotides 548-595 of the 27 kilodalton (kD) gamma zein mRNA from Zea mays.  The 

48bp sequence of the antisense oligonucleotide DIG-labeled probe is: 5’-

GCGTCGTGGCCATGGTCCGCTAGAAGCCGAACCAGGAGGTCAGGTAGG-3’. A 

DIG-hyperlabeled sense probe (negative control) and a poly (dT) probe (positive control) 

were also used.  The latter probes were also obtained from GeneDetect
®
. 

2.3.5 In Situ Hybridization 

In preparation for hybridization, paraffin sections were first baked overnight at 

60°C.  For each of the several runs, four slides were prepared at a time: two slides to be 

probed with the DIG-hyper labeled antisense probe, one slide for the negative control 

probe, and one slide for the positive control probe.  The slides were then placed in three 

100% xylene washes, 2 min each, to remove the paraffin from the surrounding tissue.  At 

the same time, a water bath was set to 37 °C and the pre-hybridization solution (4 mL 

20X SSC, 4 g Dextran sulphate, 10 mL Formamide, 0.5 mL PolyA, 0.5 mL ssDNA, 0.5 
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mL tRNA, 2 mL DTT, and 0.2 mL 50X Denhardts in a total volume of 17.7 mL) was 

placed in the water bath.  After the xylene washes, the slides went through the following 

hydration series: two 30 mL 100% EtOH washes, 2 min each, 30 mL 95% (v/v), 70% 

(v/v), and 50% (v/v) EtOH washes for 5 min each, two quick washes in nanopure water, 

and two phosphate buffered saline (PBS) (pH 7.4) washes for 5 min each. 

The sections were post-fixed in 4% (v/v) formaldehyde for 15 min.  After the 

post-fixation, the slides were placed in three PBS washes, 5 min each.  Slides were first 

transferred to 30 mL fresh 0.1M (w/v) triethanolamine (TEA) buffer for the acetylation 

step (to block non-specific binding).  A volume of 75 µL of acetic anhydride was added 

to the buffer to a final concentration of 0.25% (v/v).  The slides were incubated at room 

temperature for 5 min and afterwards, an additional 75 µL of acetic anhydride was added 

to reach a final concentration of 0.5% (v/v), after which the slides were incubated at room 

temperature for 5 min. 

The slides were washed in 30 mL 2X saline-sodium citrate (SSC) for 3 min and 

then washed in two 30 mL PBS washes for 5 min each.  A pre-hybridization chamber 

was created and used for the rest of the in situ hybridization protocol, unless otherwise 

noted.  An overturned 1.5 mL plastic micro-centrifuge rack was placed inside a 

Tupperware
®
 container containing moist paper towels on the bottom.  The slides were 

then placed on the microcentrifuge rack and 200 µL of the pre-hybridization solution was 

pipetted onto each slide.  Each slide was then covered with a strip of Parafilm
®
 about the 

size of the tissue ribbon.  The lid was placed on the container and the slides were 

incubated at 37 °C for 2 h. 
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During the pre-hybridization incubation period, the hybridization solutions for the 

DIG-labeled anti-sense probe, negative (sense) control, and positive (poly-T) control 

were prepared all to a final probe concentration of 200 ng/mL.  After the pre-

hybridization solution was removed, the slides were placed in a 2X SSC wash for 5 min.  

A volume of 200 µL of the hybridization solution was pipetted onto the slides.  The slides 

were covered with strips of Parafilm
®
 and incubated at 37 °C overnight in the pre-

hybridization chamber. 

The next day, the slides were removed from the oven and briefly washed with 200 

µL of 1X SSC, 10 mM dithiothreitol (DTT) at room temperature (RT).  At 55 °C, the 

slides were washed with two 200 µL 1X SSC, 10 mM DTT washes for 15 min each.  

Two 200 µL 0.25X SSC, 10 mM DTT washes followed, 15 min each at 55 °C.  The last 

two 200 µL 0.25X SSC, 10 mM DTT washes were performed at RT on a rotator.  The 

slides were covered with strips of Parafilm
®
 after each wash.  After the 0.25X SSC, 10 

mM DTT washes, the slides were washed in three 30 mL Tris-buffered saline (TBS) 

washes, 5 min each.  On a rotator and in coplin jars, slides were blocked in a blocking 

solution consisting of Triton (X-100) + TBS (TTBS) and 1% normal sheep serum for 30 

min.  After 30 min, the slides were then incubated with an anti-DIG alkaline phosphatase 

(AP) antibody solution (200 µL antibody in 1 mL TTBS + 1% normal sheep serum) for 4 

hr.  During this incubation, the slides were covered with Parafilm
®
 and placed on the 

rotator. 

After antibody treatment, the slides were placed in Coplin jars on a rotator and 

were washed in two 30 mL TBS washes, 5 min each.  A quarter tablet (Sigma) of a 

nitroblue tetrazolium (NBT)/5-bromo-4-chloro-3-indolyl phosphate (BCIP) was 
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dissolved in 2.5 mL dH2O containing 2.5 µL of stock 1 M levamisole solution (to inhibit 

any endogenous alkaline phosphatase activity.  A volume of 100 µL of the color solution 

was pipetted on top of the tissue sections and allowed to sit for 5-10 min or until color 

appeared.  To stop the color reaction, the stained slides were placed in tap water for 5 

min.  After the color reaction had been stopped, a dehydration series was performed in 

Coplin jars.  Slides were placed in 30 mL of: 30% EtOH, 50% EtOH, 70% EtOH, 90% 

EtOH, 95% EtOH for 5 min each.  Two 5 min 100% EtOH washes, a 5 min 1:1 EtOH: 

xylene wash, and two 5 min xylene washes followed.  After the dehydration series, the 

slides were mounted with Permount
®
 and cover slipped.  They were allowed to dry 

before observation. 

A schematic diagram depicting the hybridization and color reaction steps is 

shown in Figure 13. 

 

Figure 13: Depiction of the hybridization and color reactions.  Tissue containing the 

target RNA sequence (black solid line) had a nucleotide-containing probe (red dashed 

line) labeled with DIG (green circle) applied to it.  An anti-DIG antibody conjugated with 

alkaline phosphatase (AP) was applied to the tissue and bound to the DIG molecule.  A 

NBT/BCIP substrate solution was applied and produced a precipitate (purple diamonds) 

that stained the local area of tissue containing the target RNA bluish-purple.  Only one 

(or a few) of each type of molecule is shown for the sake of clarity. 
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2.3.6 Controls: In Situ Hybridization with RNase Solution 

An in situ hybridization experiment was performed with RNase solution, which 

should destroy endogenous RNAs, as another negative control.  Two such slides were 

prepared, one for the color reaction containing levamisole and the other for the color 

reaction without levamisole.  After the slides were post-fixed in 4% formaldehyde for 15 

min and then washed three times in PBS for 5 min each, they were incubated in 200 µL 

of RNase solution (1 mg/mL RNase in 2 µL 1M Tris, 0.2 µL EDTA, and 189.8 µL water) 

for 1 hr at 37 °C.  The pre-hybridization step following the RNase incubation was the 

same as described previously.   

For each slide, 5 µL of the DIG-labeled antisense probe was added to 245 µL of 

pre-hybridization solution.  A volume of 200 µL of the hybridization solution was 

pipetted onto each slide.  They were then covered with strips of Parafilm
®
 and incubated 

overnight at 37 °C.  The rest of the in situ hybridization steps were the same as those 

described previously. 
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CHAPTER 3: RESULTS 

 Two major components of the results were the morphometry measurements for 

use in comparing endosperm growth in CML322 vs. B73 lines and in situ hybridization 

results for localizing the 27 kDa gamma zein transcript as a test case.  CML322 was used 

in the in situ experiments due to its seemingly precocious development in preliminary 

studies; this hypothesis of precocious development was first tested in the present study 

using vibratome sectioning and digital morphometry over the first several days after 

pollination (DAP).   

3.1 Morphometry Results 

Images from the vibratome sections of CML322 and B73 show that, although 

development looks similar early on in CML322, endosperm (and embryo) development 

appears to be more advanced in CML322 versus the standard control line, B73, starting at 

about 7 DAP.  Figure 14 shows the development between CML322 and B73 at 1, 3, 4, 

and 5 days after pollination (DAP) while Figure 15 compares the development between 

CML322 and B73 at 7, 9, and 12 DAP.   
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Figure 14: B73 and CML322 kernels at 1, 3, 4, and 5 DAP.  (A-D) represent longitudinal sections of B73 at 1, 3, 4, and 5 DAP, respectively.  

(E-H) represent longitudinal sections of CML322 at 1, 3, 4, and 5 DAP, respectively.  The yellow stars represent the endosperm tissue.  

Magnification bars are all 1mm each.   Photography of B73 by Mr. Joel Thurmond; photography of CML322 by author.  Figure assembled by 

author.   
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Figure 15: B73 and CML322 kernels at 7, 9, and 12 DAP.  (A-C) represent longitudinal sections of B73 at 7, 9, and 12 DAP, respectively.  (D-

F) represent longitudinal sections of CML322 at 7, 9, and 12 DAP.  The yellow stars represent the endosperm tissue while the pink arrows are 

pointing to the embryo (if present/in the plane of section). Magnification bars are all 1mm each.  Photography of B73 by Mr. Joel Thurmond; 

photography of CML322 by author.  Figures assembled by author. 
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There is also a significant difference in the nucellus development between 

CML322 and B73, starting at 7 DAP.  At 7 DAP, the nucellus in CML322 is nearly 

degraded while the nucellus in B73 can still be seen.  At 12 DAP, the nucellus in 

CML322 is considered completely degraded while it is still very much present in B73. 

Morphometric measurements were made of CML322 and B73 kernels.  The 

measurements also suggest that, compared to the B73 line, the endosperm and embryo of 

the CML322 line occupy a larger proportion of the kernel volume at comparable DAPs 

(c.f. Figures 16 and 17) while the nucellus degenerates earlier.  The actual endosperm 

volumes for each line at each DAP are shown in Figure 18 and again, the growth curves 

appear to diverge, starting at around 7 DAP.  The differences in volume between the two 

lines were statistically significant at 5, 7, 9, 11, and 12 DAP, according to the Student’s t 

test (=0.05).   

This study proceeded with CML322 kernels for in situ hybridization since its 

development seemed somewhat precocious; therefore, gamma zein expression would 

very likely be present by 12 DAP (the latest stage of kernels harvested for the purpose of 

this study). 
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Figure 16: Proportions of total kernel volume occupied by different tissues in B73 from 0 to 12 DAP.  Purple bars represent percent volume of 

embryo (top of the 12 DAP bars).  Red bars represent percent volume of nucellus.  Blue bars represent volume percentage of endosperm.  

Green bars represent percent volume of remaining maternal tissue.   

3
3
 



34 
 

 

Figure 17: Proportions of total kernel volume occupied by different tissues in CML322 from 0 to 12 DAP.  Purple bars represent percent 

volume of embryo.  Red bars represent percent volume of nucellus.  Blue bars represent volume percentage of endosperm.  Green bars 

represent percent volume of remaining maternal tissue.   
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Figure 18: Endosperm volume for B73 and CML322 at each DAP.  The asterisks indicate that endosperm volumes are statistically different 

between the two lines at 5, 7, 9, 11, and 12 DAP according to the Student’s t test (=0.05).

3
5
 



36 
 

3.2 In situ Hybridization Results 

3.2.1 Hematoxylin Staining Results 

Hematoxylin staining results show that ethanol:acetic acid fixation and paraffin 

infiltration were reasonably effective at preserving the integrity of the kernel tissues 

despite the lack of cross-linking fixative.  Thus the tissue was deemed suitable for 

conducting the in situ hybridization experiments (Figure 19). 

 

Figure 19: Hematoxylin stained 12 DAP CML322 tissue.  Though large bubbles in the 

mounting medium are present, the images nonetheless indicate that the majority of the 

tissue was structurally well-preserved. The dark oval in figure (B) represents the 

developing embryo.  The yellow stars represent the endosperm tissue.  Some vascular 

tissue can also be seen in (A)—see pink arrow. 

 

3.2.2 In Situ Hybridization Troubleshooting Results 

The GeneDetect
®
 probe company suggested an optional permeabilization step.  

The first few in situ hybridization (ISH) runs included slides that received no 

permeabilization treatment and slides that were subjected to a proteinase K 

permeabilization treatment (data not shown).  Comparing the two tissue sample sets, it 
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was decided that the tissue appeared degraded with the proteinase K permeabilization 

treatment.  Thus, all subsequent ISH runs contained no permeabilization step.   

Early on, an optional acetylation step, which should in theory prevent non-

specific binding of the probes, was tested for efficiency along with addition of levamisole 

to decrease non-specific staining caused by remaining endogenous alkaline phosphatase 

activity (Figure 20).  The tissue in Figure 20A (minus acetylation and levamisole) was 

stained more darkly (particularly in the embryo) than that in figure 20B (plus acetylation 

and levamisole), which indicated that the addition of these steps resulted in decreased 

background staining of the tissue samples.  Therefore, all subsequent results were 

obtained from experiments in which these steps were used.   

 

Figure 20: Comparison of tissue in the embryo and immediate surrounding region, which 

should have minimal 27 kD gamma zein expression (Woo et al., 2001) with and without 

acetylation and levamisole.  (A) CML322 tissue from 12 DAP that received no 

acetylation and levamisole treatment and was probed with the antisense probe.  (B) 

CML322 tissue from 12 DAP that received acetylation and levamisole treatment and was 

probed with the antisense probe.  The magnification bars in figures (E-H) are 200 µm  

 

 



38 
 

ISH experiments were run on CML322 tissues from 12 DAP with the antisense, 

sense, and polyT probes (Figure 21).    The tissue samples containing the polyT probe 

stained the darkest because the polyT probe should bind to any mRNA sequence within 

the tissue (Figure 21E and F).  The tissue samples probed with the sense probe stained 

very faintly (Figure 21C and D).  The upper endosperm tissue treated with RNase 

solution shows starch present in the tissue, but little staining (Figure 21G).  The lower 

endosperm tissue and embryo stained very lightly (Figure 21H) and have little inherent 

contrast since there is less starch stored in the region. 
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Figure 21: ISH experiments on 12 DAP CML322 tissue using antisense, sense, and poly T probes.  (A) upper endosperm tissue with antisense 

gamma zein probe; (B) lower endosperm tissue plus embryo with antisense gamma zein probe; (C) upper endosperm tissue with sense probe 

(negative control); (D) lower endosperm tissue plus embryo with sense probe (negative control); (E) upper endosperm tissue with poly T probe 

(positive control); (F) lower endosperm tissue plus embryo with polyT probe (positive control); (G) upper endosperm tissue treated with RNase  

solution and probed with gamma zein probes; (H) lower endosperm tissue plus embryo treated with RNase solution and probed with gamma 

zein probes.  Micrographs representative of 5 kernels per antisense treatments, 5 kernels per sense treatments, 5 kernels per polyT treatment, 

and 2 kernels per RNase treatment.  The magnification bars are 200 µm. 
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CHAPTER 4: DISCUSSION AND FUTURE DIRECTIONS 

4.1 Discussion of Morphometry Results  

The percent volume for both endosperm and embryo is smaller than that of 

CML322 toward the second half of the developmental series (c.f. Figures 16 and 17).  In 

B73, the nucellus starts small and gradually begins to grow until 7 DAP, but then 

decreases due to its degradation as the endosperm grows to fill the kernel (Figures 15 and 

16).  In CML322, the nucellus volume is greatest at 4 DAP and largely degraded by 9 

DAP and almost completely degraded by 10 DAP, while at 11 and12 DAP it is nearly 

non-existent (Figures 15 and 17).  Comparatively, the nucellus persists for much longer 

in B73 than in CML322.  In both lines, the endosperm begins to increase in volume 

around 7-8 DAP and from there, increases until 12 DAP (Figures 16, 17, and 18).  

However, starting at 7 DAP, the volume of the endosperm in CML322 rises more steeply 

than in B73 (particularly evident in Figure 18).  The embryo was clear in very few B73 

kernel sections but was quite visible in many sections of the CML322 series as early as 4 

DAP (Figure 17). 

From the results of the Student’s t-test (=0.05), the differences in endosperm 

volume at 5, 7, 9, 11, and 12 DAP between the lines are statistically significant.  From all 

of the above data, it can be concluded that the CML322 kernels develop precociously as 

compared to the B73 kernels under our growth conditions at New College of Florida 

(NCF). 

Since the CML322 kernels growing at the University of Arizona do not show this 

discrepancy in growth (personal communication between Dr. Clore and Dr. Yadegari), it 
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is possible that environmental factors may play a role for CML322’s relatively rapid 

growth and development at NCF.  To test this theory, future experiments mimicking 

University of Arizona’s greenhouse conditions should be conducted, as will be discussed 

later in the Future Directions section. 

Despite the discrepancy between the development of CML322 and B73 kernels in 

different locales, Florida grown CML322 kernels were deemed ideal for in situ 

hybridization experiments because of its precocious development and therefore  

presumed relatively strong expression of the 27 kDa gamma zein.  

4.2 Discussion of In situ Hybridization Results  

Figures 18E and 18F were in situ hybridization (ISH) results for the polyT probe 

(positive control) and resulted in the darkest staining.  This was expected since the polyT 

probe was used as the positive control to ensure that there was mRNA present in the 

tissue.  Figures 18C and 18D show results for the sense probe (negative control) which 

resulted in the lightest staining.  The sense probe contains the sequence from the actual 

27 kD gamma zein mENA and should not hybridize to endogenous zein mRNAs since it 

is not complementary.  Any staining is likely due to minimal non-specific binding.   

Figures 18A and 18B show ISH results for the antisense probe, resulting in a 

staining intensity that was between that of the negative and positive control.  The 

antisense probe contains the sequence that is complementary to the gamma zein mRNA; 

therefore, it should only specifically bind to the gamma zein mRNA, if present in the 

tissue.  Staining patterns suggest that the antisense probe bound specifically to the gamma 

zein mRNA.  The intensity of the staining was mainly concentrated in the apical region of 
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the kernel, which is expected since there are higher levels of gamma zein mRNA in this 

region (Woo et al., 2001).   

Figures 18G and 18H show ISH results of an in situ hybridization experiment on 

RNase-treated tissue.  This was done to confirm that the antisense probes were primarily 

binding to RNA.  The visible circular bodies in the apical region do not represent 

staining, but rather are starch granules present in the upper endosperm.  A relatively low 

level of staining was expected since endogenous mRNAs should no longer be present. 

Overall, not only did these in situ experiments allow the optimal conditions (i.e., 

hybridization temperature at 37°C, omission of permeabilization, treatment with 

levamisole, and addition of acetylation.) to be identified, but it also showed that 

Greenstar
TM

 probes work for abundant transcripts located in the tissue.   

4.3 Future Directions 

4.3.1 Determining the Environmental Factors Responsible for the Rapid Endosperm 

Development in CML322  

Since CML322 grown in the greenhouses at University of Arizona does not show 

the same rapid increase in endosperm volume, it would be best to mimic the conditions 

(temperature, humidity, irrigation times and amounts) of Arizona’s greenhouses to see if 

their results can be duplicated.  If their results are reproducible, then it is possible that it 

is environmental factors that are causing the developmental precociousness, although 

there may be an underlying genetic program that is triggered by environmental factors. 

It would be best if this experiment was conducted at the University of Utah since 

they have growth rooms where the specific temperature, light, and humidity levels can be 
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set.  This would make mimicking University of Arizona’s greenhouse conditions more 

feasible.  (NCF growth conditions would be more difficult to mimic since our 

temperatures are much more variable due to lack of significant temperature control).  

Perhaps different variables (i.e., humidity) could then be changed systematically to see if 

precocious development can be triggered.  If it can with regularity, then it might be 

worthwhile to see if any known loci of the mapped line correlate with this tendency. 

4.3.2 Location of Target Genes, Transcription Factors, and Marker Genes 

Now that optimal conditions for ISH have been achieved with these probes, we 

can begin to use the technique to probe for target genes such as transcription factors and 

marker genes.  Marker genes have been discovered that are abundant and should be 

useful for tissue identification.  Some of these marker genes appear to be endosperm 

specific based upon PCR studies (personal communication between Dr. Clore, Dr. 

Drews, and Dr. Yadegari) and this can be verified via ISH experiments.  ISH can also be 

used to determine where in the kernel other marker genes are expressed.   

What is beneficial about using Greenstar
TM

 probes is that they can be ordered 

simply based upon known sequence information and come with positive and negative 

control probes.  Greenstar
TM

 also makes triple-labeled DIG probes available for 

transcripts that are rare and require increased sensitivity, which should be useful for 

probing for transcription factor mRNAs.  Unfortunately, probes from Greenstar
TM

 are 

currently unavailable as the company is negotiating with a larger company.  cRNA 

probes may have to be used for future in situ experiments; however, the synthesis of 

cRNA probes is rather tedious and time consuming. However, if different types of probes 
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(such as cRNA probes) must be used in the ISH, similar conditions could still be applied 

to the ISH experiments.  For example, we know which permeabilization condition not to 

use and that acetylation and levamisole should be included to decrease background 

staining.   

4.3.3 ISH Comparison of B73 and CML322 

No B73 kernels were available for preparation of ISH due to their use in other 

grant research.  B73 kernels are issued from the Maize Genetics Cooperative Stock 

Center in very limited quantities.  Therefore, ISH could not be done on B73 kernels to 

compare to CML322 kernels.  ISH experiments conducted on B73 would determine if the 

precocious development in CML322 included the increased production of gamma zein or 

just cellular proliferation.  Once the lab is able to receive more B73 seeds by bulking, this 

experiment to compare the gamma zein transcript production can be conducted. 

4.3.4 Limitation of Formula for Endosperm Volume 

The formula to calculate the volume of the endosperm,  
 

 
              , was 

generated from the formula for the volume of an ellipsoid.  However, this formula likely 

overestimates the actual volume of the endosperm, especially around 4 or 5 DAP.   

During this stage, the endosperm generally has a bottle shape (Figure 13D) so the 

ellipsoid formula would overestimate the volume, particularly of the apical portion.  

Devising a formula (or formulas) that more accurately estimates the endosperm volume 

would be beneficial and could help to verify that endosperm development in CML322 is 

precocious compared to B73.   
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4.4 Overall Summary 

In conclusion, although the observation that CML322 endosperm develops 

precociously was not confirmed in Arizona, these findings may lead to interesting 

information about environmental triggers for enhanced endosperm and embryo growth.  

In addition, a set of conditions has been identified for use with Greenstar
TM

 probes which 

should prove to be very useful, particularly if these probes return to the market.  Some of 

the information learned (i.e., that permeabilization is damaging, that acetylation blocks 

non specific binding, and that endogenous alkaline phosphatase activity needs to be 

inhibited) should prove useful even if cRNA probes must be used. 
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