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ABSTRACT 

 A maize (Zea mays ssp. mays) opaque mutant, mto38 (Mutator-tagged opaque 

38), was shown to cosegregate with a Mutator-tagged genomic fragment. Sequence 

analysis of the DNA indicated that it contained a gene similar to the smu-2 (suppressor of 

mec-8 unc-52) gene in nematodes. Previous studies showed that the mutations in either 

the nematode smu-1 or smu-2 genes affect splicing of the unc-52 pre-mRNA, and SMU-1 

protein interacts with SMU-2 protein. In addition, human homologues of SMU-1 and 

SMU-2 proteins were identified from human spliceosome. Thus, animal SMU-1 and 

SMU-2 homologues appear to play a role in pre-mRNA splicing. Plant SMU-1 and SMU-

2 homologues have not been characterized. This study demonstrated that a Mutator 

insertion in Zmsmu2 (Zea mays homologue of nematode smu-2) gene is responsible for 

multiple mutant phenotypes. Transcript profiling of mto38/zmsmu2-1 endosperm revealed 

that defective rRNA processing and inefficient protein synthesis in the mutant can 

explain the mutant endosperm phenotypes. Furthermore, splicing of multiple pre-mRNAs 

is altered in zmsmu2-1 endosperm, indicating a regulatory role for ZmSMU2 in pre-

mRNA splicing. This study also describes the AtSMU1 and AtSMU2 genes, which encode 

the Arabidopsis homologues of nematode SMU-1 and SMU-2, respectively. The SMU-2 

homologues of Arabidopsis and maize physically interact with their corresponding SMU-

1 homologues. Genetic analysis indicated that the AtSMU1 and AtSMU2 genes are in the 

same genetic pathway, and mutations in AtSMU1 and AtSMU2 also result in altered 

splicing of pre-mRNAs, as was true for zmsmu2. Taken together, the data presented in 

this study indicate a role for plant SMU-2 homologues in pre-mRNA splicing.  
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CHAPTER 1. INTRODUCTION 

Maize opaque mutants 

 Maize (Zea mays ssp. mays) is an important crop species worldwide. According 

to the FAO (Food and Agriculture Organization of the United Nations) yearbook, maize 

is the cereal with highest production in the world (638 million tons in 2003). Seeds of 

maize are used for the production of starch, oil and protein, and food additives for human 

and livestock. 

 Most of the protein in the maize kernel consists of zein storage proteins, which 

are found in protein bodies in the rough endoplasmic reticulum. Mutations that affect 

protein body size and the organization of zein proteins within protein bodies result in soft, 

starchy endosperms that cause an opaque kernel phenotype (Holding and Larkins, 2006). 

For example, Opaque2 (O2) encodes a transcription factor that regulates genes expressed 

in the endosperm, in particular those encoding 22-kDa α-zeins (Schmidt et al., 1990). 

Protein bodies in o2 endosperm are smaller than wild type, and this has generally been 

considered to be the basis for the opaque kernel phenotype (Geetha et al., 1991; Segal et 

al., 2003). Several opaque mutants, e.g. floury2 (fl2) and Defective endosperm B30 (De-

B30) (Coleman et al., 1997; Kim et al., 2004) are caused by defective signal peptides in 

α-zein proteins that disrupt protein body assembly (Zhang and Boston, 1992), leading to 

increased expression of genes involved in the unfolded protein response (Hunter et al., 

2002). These observations are consistent with the hypothesis that the size, number and 

structure of zein protein bodies influence the texture and vitreous phenotype of the 
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mature endosperm (Coleman and Larkins, 1999). 

 Although studies of the o2, fl2, and De-B30 mutants make it clear that zein 

proteins influence endosperm texture, other opaque mutants suggest there must be 

additional factors that contribute to this phenotype. For example, the opaque1 mutation 

(Nelson et al., 1965) has no detectable effect on zein synthesis, and the zein level in 

several others, e.g. opaque5, opaque9 and opaque11, is only marginally reduced (Hunter 

et al., 2002). Unfortunately, most of the known opaque mutants were identified as 

spontaneous mutations or were induced by EMS mutagenesis, which makes it difficult to 

discover their molecular basis.  

 To facilitate the cloning of additional mutant genes that cause an opaque kernel 

phenotype, Larkins and colleagues identified several Mutator (Mu)-tagged opaque 

mutants (MTOs) (see Introduction in Appendix A). One of these mutants, mto38, was 

shown to be recessive in terms of the opaque phenotype. A Mu-tagged genomic fragment 

that cosegregated with the opaque phenotype (see Figures 1 and 3 in Appendix A) was 

identified by a postdoc in the lab, Dr. C. S. Kim. Subsequent analysis of the DNA 

revealed that the Mu element was inserted in a gene encoding a hypothetical protein with 

sequence similarity to an Arabidopsis protein, a Drosophila protein and RED proteins of 

human, mouse and nematode origin (Krief et al., 1994; Assier et al., 1999; Spartz et al., 

2001). RED proteins contain RD repeats of arginine (R) and aspartate (D) and RE repeats 

of arginine and glutamine (E), but these repeats were not found in the Arabidopsis protein, 

the Drosophila protein and the putative maize MTO38 protein. Except for regions 

containing the RE and RD repeats, all these proteins are very similar in their deduced 
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amino acid sequences (see Figure 4 in Appendix A). In this study, proteins showing the 

highest similarity to the SMU-2 amino acid sequence will be referred to as SMU-2 

homologues, regardless of the presence of RE and RD repeats in their sequence. 

Consequently, the gene responsible for the maize mto38 mutation will be referred to as 

zmsmu2, Zea mays homologue of nematode smu-2.  

 RED proteins are possibly involved in pre-mRNA splicing, since the human 

RED protein was identified from analysis of the human spliceosome (Neubauer et al., 

1998). Furthermore, mutations in the nematode smu-2 gene, which encodes a RED 

protein, affect alternative splicing of unc-52 pre-mRNA (Spartz et al., 2001; Spartz et al., 

2004). However, it is not clear whether SMU-2 homologues lacking RD or RE repeats 

play a similar role in pre-mRNA splicing. Furthermore, no splicing event other than that 

of unc-52 pre-mRNA is known to be affected by smu-2.  

  

Pre-mRNA Splicing 

 In eukaryotes, many pre-mRNAs have introns, or intervening sequences, that are 

eliminated from the mature mRNA by pre-mRNA splicing. Pre-mRNA splicing is 

catalyzed by spliceosomes, which are multi-megadalton complexes consisting of small 

nuclear RNAs (snRNAs) and many proteins (Figure 1). Recent years have seen the 

identification of almost 300 human spliceosomal proteins (Jurica and Moore, 2003). It is 

unclear why the spliceosome contains such a great number of proteins, only some of 

which are core proteins required for removal of introns. Possible functions of some non-

core spliceosomal proteins showing weak association with the spliceosome were 
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proposed based on knowledge about biochemical functions and protein interactions of 

some spliceosomal proteins (Jurica and Moore, 2003; Nilsen, 2003). For example, some 

spliceosomal proteins were previously identified in protein complexes with different 

biochemical functions, including the transcription complex, exon-junction complex, and 

mRNA export complex. Along with the spliceosome, these complexes are involved in 

mRNA metabolism. Thus, shared members of spliceosomes and other complexes in 

mRNA metabolism may function as adapters that link or coordinate different mRNA 

metabolic processes. Conversely, some spliceosomal proteins were recently found to be 

associated with transcription and mRNA export (Dellaire et al., 2002; Blanchette et al., 

2004) as well as seemingly separate processes, such as rRNA biogenesis (Combs et al., 

2006; Hirose et al., 2006; Leeds et al., 2006). 

 Another group of non-core spliceosomal proteins is serine/arginine-rich (SR) 

proteins that are involved in constitutive and regulated pre-mRNA splicing (Graveley, 

2000). SR proteins typically contain one or two RNA recognition motifs (RRMs) and an 

arginine/serine-rich (RS) domain. SR proteins can recognize their target pre-mRNAs by 

interaction between their RRMs and cis-elements for splicing of the pre-mRNAs. RS 

domains of SR proteins, on the other hand, can promote splicing near the cis-element. It 

is generally accepted that selection of a splice site during alternative splicing is affected 

by the combination of SR proteins and other splicing regulators, such hnRNPs 

(heterogeneous nuclear ribonucleoproteins) (Smith and Valcarcel, 2000; Black, 2003). 

Thus, different types of cells with specific splicing profiles vary in their catalogs of 

splicing regulators, which are controlled at multiple levels, such as tissue-dependent 
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transcriptional activation, alternative splicing of their own pre-mRNAs, and protein 

phosphorylation. 

 There is an interesting correlation among complexity of metazoan species, 

alternative splicing, conservation of splice site sequence consensus, and the essentiality 

of genes encoding SR proteins (Izquierdo and Valcarcel, 2006). For example, sequences 

at splice sites are highly conserved in budding yeast, where only a few alternative 

splicing events were reported. Genes encoding SR-like proteins are rare in the yeast 

genome. Although the nematode genome has seven genes encoding SR proteins, their 

RNAi-based inhibition did not result in lethality, and no obvious phenotypes were 

detected from the RNAi lines for most of the SR proteins (Longman et al., 2000). In 

contrast, many SR proteins in fruit fly and mammalian cells were shown to be essential 

(Graveley, 2000; Matlin et al., 2005), and alternative splicing events in poorly conserved 

splice sites are probably more common in these higher eukaryotes. Since SR proteins are 

also required for constitutive splicing, mainly by helping define exons, SR proteins may 

be even more important for proper pre-mRNA splicing in mammals, where exon 

definition is a major mechanism for selecting a splice site. 

 Given the essentiality of splicing regulators, genetic analysis of the genes 

encoding these regulators is often complicated in higher eukaryotes. Null mutations are 

expected to be lethal in many cases during early development, and overexpression and 

conditional knockout of the genes can be associated with severe developmental defects 

(Kraus and Lis, 1994; Kalyna et al., 2003; Xu et al., 2005). Furthermore, many members 

in the SR protein family are at least partially redundant, and there appear to be 
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widespread auto-regulatory mechanisms for SR proteins and other splicing regulators 

(Matlin et al., 2005). As mentioned earlier, selection of single splice sites is generally 

determined by the combination of several splicing regulators. Thus, viable mutations in 

splicing regulator genes tend to show only partial effects on alternative splicing (Black, 

2003) and may have subtle phenotypes with incomplete penetrance. 

 Pre-mRNA splicing in plants is assumed to be similar to that in animals, in terms 

of spliceosome components and the splicing reaction (Reddy, 2001). However, detailed 

mechanisms of the plant splicing reaction and major splicing regulators in plants are 

poorly understood. This is due to the lack of an in vitro splicing reaction with plant 

extracts (Reddy et al., 2004), and the aforementioned elusive genetic behavior of genes 

encoding splicing regulators. Nevertheless, there is evidence supporting the hypothesis 

that plant SR proteins are involved in plant pre-mRNA splicing, and many SR protein 

genes in plants were demonstrated to have common properties. Alternative splicing of 

their pre-mRNAs were observed in various taxa (Lazar and Goodman, 2000; Gao et al., 

2004; Gupta et al., 2005), and the splicing pattern was altered by overexpression of their 

own or other SR protein genes (Lopato et al., 1999; Kalyna et al., 2003; Isshiki et al., 

2006). GUS histochemical assays using promoters of various Arabidopsis SR protein 

genes revealed common sites of strong GUS activity (e.g. pollen), while there is clearly 

non-overlapping tissue-specific expression (e.g. roots versus shoots) (Lopato et al., 1999; 

Lopato et al., 2002; Fang et al., 2004). Like their animal counterparts, plant SR proteins 

are phosphoproteins (Golovkin and Reddy, 1999) and localize in nuclear speckles 

(Tillemans et al., 2005). While over-expression of plant SR protein genes resulted in 



 16

pleiotropic effects on plant development (Lopato et al., 1999; Kalyna et al., 2003), there 

have been no reports characterizing viable mutations in plant SR protein genes. As 

mentioned earlier, this is probably because viable mutants would exhibit only subtle 

phenotypes with low penetrance. 

 Alternative splicing in plants has been reported extensively. Current estimation 

of genes undergoing alternative splicing in Arabidopsis and rice is about 20% of all genes 

(Wang and Brendel, 2006). Spatially regulated splicing patterns are also common in 

various plant species (Reddy, 2001). For example, several reports describe differential 

splicing patterns in maize endosperm (Ortiz and Strommer, 1990; Montag et al., 1995; 

Marillonnet and Wessler, 1997; Lal and Hannah, 1999; Springer et al., 2002), but no 

splicing regulator is known to be responsible for the differential splicing program in 

endosperm. 

 

Questions addressed in this study 

 The zmsmu2-1 mutant kernels show reduced accumulation of zeins, the major 

alcohol-soluble seed storage proteins of maize. The mutant also exhibits multiple 

developmental defects, including effects on shoot and root meristem formation (see 

Figures 1 and 2 in Appendix A). Based on the pleiotropic nature of the zmsmu2-1 

mutation and on its sequence similarity to human and nematode SMU-2 homologues, I 

hypothesized that plant SMU-2 homologues are involved in pre-mRNA splicing. 

According to this hypothesis, following predictions can be made: 

 (i) Mutations leading to abnormal or deregulated functions of plant smu-2 
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homologous genes will affect the in vivo splicing of multiple pre-mRNAs. 

 (ii) Plant smu-2 homologous genes will genetically interact with one or more 

genes encoding known spliceosomal proteins or splicing factors. Phenotypic similarity 

may be observed between the mutants in plant smu-2 homologous genes and some 

mutants of genes interacting with the plant smu-2 homologues. 

 (iii) Plant SMU-2 homologous proteins will physically interact with one or more 

known spliceosomal proteins. Plant SMU-2 homologues will be found in the nucleus and 

may be co-localized with spliceosomes.  

 It is important to note that proteomic studies to identify spliceosomal proteins are 

limited to those for human and yeast, although the composition of spliceosome appears to 

be highly conserved between the two species (Jurica and Moore, 2003). Thus, our present 

knowledge of plant spliceosomal proteins relies on homologies to human spliceosomal 

proteins.  

 Since the aforementioned hypothesis presumes highly conserved machinery for 

pre-mRNA splicing among eukaryotic species, including plants, it is expected that the 

Arabidopsis thaliana homologue of the smu-2 gene (AtSMU2) may function in pre-

mRNA splicing. Nevertheless, it is important to note that the maize and Arabidopsis 

homologous genes may have quite different sets of downstream target genes, since 

ancestors of dicots (Arabidopsis) and monocots (maize) probably diverged more than 150 

million years ago. Thus, the role of AtSMU2 and ZmSMU2 could differ at the 

physiological level. 

 Genetic analysis of AtSMU2, in addition to Zmsmu2, was expected to provide 
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additional insight into the biological functions of plant SMU-2 homologues. 

Conservation of biochemical properties between the homologues would help to confirm 

the role of SMU-2 homologues in pre-mRNA splicing. The Arabidopsis genome 

sequence (The Arabidopsis Genome Initiative, 2000) and Arabidopsis reverse genetic 

resource (Alonso et al., 2003) facilitate the identification and characterization of genes 

with conserved functions. Since introduction of foreign genes is easier in Arabidopsis 

than maize, various types of genetic manipulation can be performed routinely with 

AtSMU2 and other genes of interest, including over-expression, RNAi-based knockdown 

of gene expression, histochemical promoter-reporter assays and microscopic observation 

of transgenic plants expressing a fluorescent marker gene. 

 By studying AtSMU2, it was also possible to take advantage of current 

knowledge of pre-mRNA splicing in Arabidopsis. There are plentiful examples of 

alternative splicing of pre-mRNAs, enabling a candidate gene approach for identifying 

any altered splicing pattern in a mutant. Furthermore, several genes encoding putative 

Arabidopsis spliceosomal proteins were characterized previously, and mutants or 

transgenic plants with defective or altered expression of these genes indicated impaired 

pre-mRNA splicing. For instance, STABILIZED1 (STA1) is similar to a core 

spliceosomal protein (Jurica and Moore, 2003; Lee et al., 2006), while SR proteins such 

as SRp30 and RSZ33 (Lopato et al., 1999; Kalyna et al., 2003; Reddy, 2004), are 

possible auxiliary spliceosomal proteins that regulate alternative splicing (see 

Introduction and Discussion in Appendix B).  

 In brief, a key question of the present study is whether plant SMU-2 homologues 
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such as ZmSMU2 and AtSMU2 function in pre-mRNA splicing. In addition, the 

following questions were asked to confirm the preliminary observation supporting the 

hypothesis and to identify the ZmSMU2-dependent targets other than pre-mRNAs. 

 Is the Mu insertion in the Zmsmu2 gene responsible for the phenotypes of 

zmsmu2-1? 

 How does the Mu insertion alter expression of Zmsmu2 gene in the zmsmu2 

mutant endosperm? 

 How do zmsmu2 mutations lead to mutant phenotypes? 

 

Statement of Dissertation Format and Author’s Contribution 

 This dissertation contains two Appendices that are entire manuscripts submitted 

to an academic journal on October 18, 2006. Full author lists and contribution of the 

authors on these two papers are as follows: 

 Appendix A: Taijoon Chung, Cheol Soo Kim, Hong N. Nguyen, Robert B. 

Meeley, Brian A. Larkins. Taijoon Chung performed molecular and phenotypic 

characterization of zmsmu2 alleles; determination of DNA sequences of partial B73+ 

Zmsmu2 gene, zmsmu2-1 cDNA and zmsmu2-3 cDNA; preparation of ZmSMU2 antigen; 

immunoblot analysis using ZmSMU2 antibodies; microarray hybridization; statistical and 

bioinformatic analysis of microarray data; analysis of rRNA processing; and analysis of 

polysomes, and wrote the manuscript. Cheol Soo Kim performed phenotypic analysis of 

zmsmu2-1 mutants; Mu-specific TAIL-PCR; cosegregation analysis; and determination of 

DNA sequence of W64A+ Zmsmu2 gene and Zmsmu2 W64A+ cDNA. Hong N. Nguyen 
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performed dissection of wild-type and zmsmu2-1 embryos. Robert B. Meeley identified 

additional zmsmu2 alleles. Brian A. Larkins is the corresponding author, proposed the 

project, and helped write the manuscript. 

 Appendix B: Taijoon Chung, Cheol Soo Kim, Ramin Yadegari, Brian A. Larkins. 

Taijoon Chung performed molecular and phenotypic characterization of Arabidopsis 

mutants, analysis of subcellular localization of AtSMU2 protein, AtSMU2 immunoblot 

analysis, and in vitro pull down analysis; and wrote the manuscript. Cheol Soo Kim 

performed the yeast two-hybrid interaction screen, and made technical suggestions during 

the project. Ramin Yadegari made technical suggestions during the project and helped 

write the manuscript. Brian A. Larkins is the corresponding author, proposed the project, 

and helped write the manuscript. 
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Figure 1. In vitro spliceosome assembly in animal cells, as adapted from a review by 

Jurica and Moore (2003). Previous biochemical studies of the in vitro splicing reaction 

identified several assembly intermediates (complexes E, A, B, B* and C). Exons are 

shown as solid bars, while a solid line containing ‘A’ (a branch site) represents an intron. 

Core components containing U1, U2, U4, U5 and U6 snRNAs interacting with 5’ and 3’ 

splice sites and the branch site are represented by solid spheres and triangles. Non-core 

components are not shown. Abbreviated names of representative components in 

complexes A, B* and C, as well as triple-snRNP (a recycling intermediate), are given 

below the diagram. For full lists of components and limitations in the interpretation of the 

lists, refer to Jurica and Moore (2003). SmD1, one of the Sm proteins comprising the core 

components; U1-specific 70-kD, U1-snRNP-associated 70-kD protein; U2-specific 

SAP155, U2-snRNP-associated SAP155 protein; U4/U6-HPRP4, U4/U6-snRNP-

associated human homologue of yeast Prp4p; REF/Yra1 and Y14, components of exon 

junction complex and mRNA export complex; PRP43, a DEAH box ATPase also 
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functioning in ribosome biogenesis; U2 AF65 and U2 AF35, two components of U2 

snRNP auxiliary factor bound to polypyrimidine tract in mammalian intron; ASF/SF2, 

SC35, 9G8 and hTRA2, SR(-like) proteins that are involved in constitutive and 

alternative splicing; HsSMU1 and HsSMU2, human homologues of nematode SMU-1 

and SMU-2, respectively.
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CHAPTER 2. PRESENT STUDY 

 The methods, results, and conclusions of this study are presented in the 

manuscripts appended to this dissertation. The following are major conclusions and 

perspectives of this study. 

 

Conclusions 

 ZmSMU2 and AtSMU2 play a conserved role in alternative splicing of some pre-

mRNAs. 

 In maize endosperm, proper gene expression of Zmsmu2 is required for efficient 

rRNA processing and protein synthesis, especially of zein seed storage proteins. 

 AtSMU1 cooperates with AtSMU2 to regulate pre-mRNA splicing events that are 

required for normal Arabidopsis development. 

 

Unanswered questions and perspectives 

 This study described two maize zmsmu2 mutant alleles with several common 

phenotypes. Nevertheless, the Mu insertions in zmsmu2-1 and zmsmu2-3 mutants have a 

differential effect on the level of zmsmu2 transcript accumulation. The molecular basis 

for this differential effect is not clear (see Discussion in Appendix A). In addition, it is 

also not known which aspect of zmsmu2 gene expression is responsible for the mutant 

endosperm phenotype. The difference observed in ZmSMU2 protein level between the 

wild-type and zmsmu2 mutants could be responsible for mutant phenotypes. Many 
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splicing regulators can affect splicing of their target pre-mRNAs in a concentration-

dependent manner, and their overexpression often results in severe developmental defects. 

A second, but not mutually exclusive, possibility is that the mutant phenotypes are due to 

some type of modification to the ZmSMU2 protein, which is suggested by the slight 

change in ZmSMU2 protein mobility during SDS-PAGE. It is noteworthy that the 

ZmSMU2 protein level in the zmsmu2-1 embryo at 16 days after pollination appeared to 

be similar to or lower than the wild-type embryo, in contrast to what was observed in the 

endosperm. Nevertheless, ZmSMU2 protein in the mutant embryo showed the same 

decrease in mobility during SDS-PAGE, compared to that in the wild-type embryo. Thus, 

the Mu insertion in zmsmu2-1 does not appear to have the same effect on zmsmu2 

transcript levels in different tissues, suggesting a stochastic effect on control of 

downstream gene expression. 

 While zmsmu2-1 and zmsmu2-3 share many similar mutant phenotypes and 

unique changes in gene expression, not all the zmsmu2-1 phenotypes were penetrant in 

zmsmu2-3. For example, the starchy endosperm phenotype was not as obvious in 

zmsmu2-3 as in zmsmu2-1. The phenotypic variation between the two mutant alleles 

could result from their differential effects on the zmsmu2 transcript level in endosperm, as 

discussed in the previous paragraph. Additional mutant alleles of the Zmsmu2 gene would 

be helpful to investigate this possibility, if they are associated with a higher level of 

zmsmu2 transcripts. However, we were unable to find them in the TUSC population 

(Bensen et al., 1995; Meeley and Briggs, 1995). 

 Given the role of plant SMU-2 homologues in pre-mRNA splicing, it is 



 25

important to understand the mechanism by which SMU2-dependent pre-mRNA splicing 

events are controlled. Obviously, an in vitro splicing reaction would be valuable for 

answering this question. Since the biochemical properties of eukaryotic SMU-2 

homologues may be conserved, it might be possible to take advantage of the in vitro 

splicing system used in animals. 

 Spatial regulation of AtSMU2 and Zmsmu2 gene expression suggests a role in 

tissue-specific pre-mRNA splicing. An effect of the zmsmu2-1 mutation on rRNA 

processing is less obvious in Northern blot analysis of RNA extracted from leaves, where 

the expression of Zmsmu2 is extremely low. Thus, it would be worthwhile to know if any 

tissue-specific alternative splicing events (Ortiz and Strommer, 1990; Marillonnet and 

Wessler, 1997; Lal and Hannah, 1999) rely on the ZmSMU2. 

 The lack of a known nucleic acid binding motif in SMU-2 homologues raises the 

possibility that SMU-1 and SMU-2 homologues could directly or indirectly interact with 

proteins containing a RNA-binding motif. The maize Rasputin-like protein is a putative 

ZmSMU2-interacting protein identified by the yeast two-hybrid interaction screen (Table 

2 in Appendix B), and it contains an RNA recognition motif. However, its interaction 

with ZmSMU2 was not confirmed by in vitro interaction. Additional yeast two-hybrid 

screens for proteins that interact with ZmSMU1 and AtSMU1 could be useful.  

 The data presented in this study indicate that SMU-1 and SMU-2 are functionally 

related to SR proteins. SR proteins are also non-core components of spliceosome. 

Overexpression of plant SR proteins resulted in pleiotropic effects on plant architecture, 

and were often associated with twin shoots and twin roots, as well as an abnormal 
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number of cotyledons (Kalyna et al., 2003). zmsmu2, atsmu1 and atsmu2 mutations led to 

altered splicing of pre-mRNAs encoding SR(-like) proteins. Expression pattern of SR 

proteins are also associated with tissues containing young, not fully differentiated cells. It 

will be interesting to see if this functional similarity results from direct or indirect 

physical interaction among SR(-like) proteins, SMU-1 and SMU-2 homologues.  

 mto38/zmsmu2-1 is unique among opaque mutants, since its endosperm 

polysome profile indicates a general reduction of translational efficiency. In other opaque 

mutations, such as o2 and fl2, no significant difference in the major polysome size classes 

was detected between wild-type and mutant endosperm, although the amount of 

membrane-bound polysomes is reduced compared to wild-type endosperm (Jones et al., 

1977; Jones, 1978). This is consistent with indirect comparison of microarray data 

between zmsmu2-1 and other opaque mutants: only the zmsmu2-1 mutant showed an 

overall increase in the expression of ribosomal protein genes, while other opaque 

mutations variably influence ribosomal protein gene expression (Hunter et al., 2002; 

Gibbon et al., unpublished data).  
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APPENDIX A 

MAIZE Zmsmu2 GENE ENCODES A REGULATOR OF PRE-mRNA SPLICING 

REQUIRED FOR rRNA PROCESSING AND PROTEIN SYNTHESIS DURING 

ENDOSPERM DEVELOPMENT. 

 We characterized two maize (Zea mays L.) mutants, zmsmu2-1 and zmsmu2-3, 

that result from insertion of a Mutator transposable element in the first exon of a gene 

homologous to the nematode gene, smu-2. In addition to having a starchy endosperm 

with reduced levels of zein storage proteins, homozygous zmsmu2 mutants manifested a 

number of phenotypes, including defective meristem development. The mutants had poor 

seedling viability, and the surviving plants were sterile. The gene encoding ZmSMU2 is 

expressed in the endosperm, embryo and shoot apex, which explains the pleiotropic 

nature of the mutation. Transcript profiling of zmsmu2-1 endosperm indicated that pre-

mRNA splicing is altered in zmsmu2 endosperm, strongly suggesting that ZmSMU2 is a 

splicing regulator. We also found that proper expression of Zmsmu2 is required for 

efficient rRNA processing, ribosome biogenesis and protein synthesis. 

 

I. Introduction 

The texture of maize endosperm is an important quality trait, as it influences the shipping 

characteristics of the grain, its susceptibility to insects, the yield of grits from dry milling, 

energy costs during wet milling, and the baking and digestibility properties of the flour. 

However, factors contributing to texture, i.e. hardness and vitreousness, are poorly 

understood (Mestres and Matencio, 1996; Chandrashekar and Mazhar, 1999). As one 
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approach to identify genetic factors that influence this trait, we cloned and characterized 

several well-known mutations that lead to a starchy endosperm phenotype (Coleman et 

al., 1997; Kim et al., 2004a; Kim et al., 2006). We also screened a population of Mutator 

(Mu)-tagged maize mutants created as part of Pioneer Hi-Bred’s TUSC collection 

(Bensen et al., 1995) to identify novel opaque mutations. After harvesting, the ears were 

inspected for evidence of segregating mutant phenotypes, and subsequently kernel 

samples were viewed with a light box to confirm possible opaque mutations. From this 

screen we identified a number of potential Mu-tagged opaque (mto) mutants, which were 

later confirmed by genetic testing. One group of these mutants, mto38 through mto50, 

was later shown to have originated from the same F1 cross of a Mu-active and a Mu-

inactive line, suggesting they most likely originated from the same mutational event. All 

of these mutants showed recessive inheritance of the opaque kernel phenotype, a marked 

reduction in zein synthesis, and poor seed germination.  

 We used TAIL-PCR (Liu et al., 1995) to compare the Mu insertions in a large 

number of homozygous wild type and homozygous mto38 mutants and identified a 150 

nucleotide product that was unique to the opaque mutants. Subsequent characterization of 

the gene associated with this sequence showed that it encoded a homologue of 

mammalian RED proteins, which are known components of spliceosomes (Neubauer et 

al., 1998; Makarov et al., 2002; Rappsilber et al., 2002; Zhou et al., 2002). The 

comparable mutation in C. elegans, smu-2 (Lundquist and Herman, 1994) was shown to 

play a role in pre-mRNA splicing (Spartz et al., 2004). Hence, we designated the mutant 

maize gene zmsmu2 (Zea mays L. homologue of nematode smu-2). 
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 Pre-mRNA splicing is an essential process to remove introns from gene 

transcripts in eukaryotic cells, and it can lead to more than one splice variant (SV), 

resulting in the production of different proteins. Alternative splicing has been found to be 

an important regulatory process in global gene expression, since the splicing pattern of a 

pre-mRNA can vary in different cell types and at different developmental stages, as well 

as in response to environmental cues (Black, 2003). A model of combinatorial control for 

pre-mRNA splicing was proposed to explain the apparent complexity of splicing control, 

as the protein complex controlling splice site selection consists of positive- and negative-

acting factors, e.g. SR proteins and heterogeneous nuclear ribonucleoproteins (hnRNPs), 

respectively, that have synergistic and antagonistic interactions (Smith and Valcarcel, 

2000; Black, 2003). The balance between splicing factors determines the pattern of pre-

mRNA splicing, but tissue-specific regulators appear to be crucial for determining 

alternative splicing patterns between tissues. Typically, these kinds of proteins have a 

modular structure, containing one or more RNA binding motifs with or without other 

domains such as arginine/serine-rich (RS) domains, RS-like domains and glycine-rich 

domains (Black, 2003). 

 Mechanisms of pre-mRNA splicing in plants are assumed to be similar to those 

in animals, as the consensus sequences around 5’ and 3’ splice sites and branch sites are 

similar in plants and animals (Brown and Simpson, 1998) and components of animal 

spliceosomes are conserved in plant genomes (Reddy, 2001). Likewise, precise control of 

splice site selection during alternative splicing appears to be common and essential in all 

higher eukaryotes, including plants. The percentage of Arabidopsis genes with alternative 
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splicing is currently estimated to be about 22% (Wang and Brendel, 2006), a percentage 

much smaller than is found in humans. But the Arabidopsis genome contains at least 19 

genes for SR proteins (Reddy, 2004), almost twice the number of known human SR 

proteins (Graveley, 2000). SR proteins and some spliceosomal proteins in plants appear 

to form a functional complex through their physical interactions (Reddy, 2004).  

 Despite conserved cis-elements and trans-acting factors, the precise function of 

plant splicing factors is poorly defined. This is partly because an in vitro splicing assay 

using plant cell extracts is currently unavailable, and a surprisingly small number of 

mutations in genes encoding putative plant spliceosomal proteins, such as the sad1 

(supersensitive to ABA and drought 1) and sta1-1 (stabilized1-1) mutants of Arabidopsis 

(Xiong et al., 2001; Lee et al., 2006), have been reported. SAD1 and STA1 encode 

proteins similar to a human Sm-like snRNP and a human U5 snRNP-associated protein, 

respectively. Both sad1 and sta1-1 manifest altered stress responses, as well as 

morphological defects and reduced growth, indicating that these mutations have 

pleiotropic effects on plant development. Similarly, developmental defects were obvious 

in transgenic plants where the production of SR proteins was de-regulated. Over-

expression of Arabidopsis SR proteins led to pleiotropic effects on developmental 

programs and influenced splice site selection among SVs encoding the SR proteins 

themselves, as well as other splicing factors (Lopato et al., 1999; Kalyna et al., 2003). 

More recently, it was found that SR proteins in rice, when overexpressed, also affect 

alternative splicing of their own transcripts and those of other SR protein genes (Isshiki et 

al., 2006). 
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 Here we demonstrate that the zmsmu2 mutation affects gene expression during 

endosperm and embryo development, resulting in an opaque endosperm phenotype and 

changes in meristem development. Although the Mu insertions in zmsmu2 do not create 

null mutations, they affect the activity the ZmSMU2 protein, resulting in alterations of 

RNA processing during endosperm development. Transcript profiling of zmsmu2-1 

endosperm demonstrated that the mutation affects alternative splicing. In addition, we 

demonstrated that zmsmu2-1 endosperm manifested defective rRNA processing and 

ribosome biogenesis, as well as inefficient protein synthesis on a global level. 

 

II. Results 

Identification of mto38 and a candidate gene responsible for the opaque kernel 

phenotype 

 The mto38 mutant was discovered during a screen of Pioneer Hi-Bred’s TUSC 

mutant collection (Bensen et al., 1995), while searching for Mutator (Mu)-tagged opaque 

(mto) mutants. A subset of these mutants, mto38 through mto50, showed a similar pattern 

of reduced zein synthesis and were later found to have originated from the same F1 cross 

of a Mu-active and a Mu-inactive parental line. Thus, mto38-50 are most likely 

independent isolates of the same Mu-induced mutation. Several of the mutant isolates, 

including mto38, were out-crossed to W64A+ and then back-crossed six generations. In 

all subsequent experiments we used the W64A-introgressed mto38 allele.  

During the backcrossing process, the mutant phenotype was monitored using a 

light box to screen for opaque kernels in segregating ears. Approximately 25% of the 
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progeny from an F2 ear segregating for the mto38 mutation manifested an opaque kernel 

phenotype (Figure 1A), suggesting the mutation is due to a recessive allele. SDS-PAGE 

analysis of the zein and non-zein protein fractions from endosperms of these kernels 

revealed a marked reduction of the major zein storage proteins in the mutant (Figure 1B, 

c.f. lanes 1 and 2) and quantitative differences in some non-zein proteins (Figure 1B, c.f. 

lanes 3 and 4).  

The mto38 kernels germinated poorly and rarely survived in the field. When the 

seeds were placed on MS medium (Murashige and Skoog, 1962), their rate of 

germination improved, but the seedlings still had poor viability. Surviving plants were 

shorter than wild type, and developed a sterile ear and a short, poorly branched sterile 

tassel. Because of the sterility, we were unable to propagate homozygous mto38 mutants; 

consequently, we maintained the mutant allele in heterozygotes.  

We frequently observed an unusual proliferation of leaves in homozygous mto38 

seedlings (Figure 2A and 2B), suggesting that meristem development was also affected. 

To investigate this, developing F2 kernels from a self-pollinated +/mto38 ear were 

harvested 16 days after pollination (DAP) and the endosperm and embryo dissected. 

(Note, embryos were genotyped by PCR after the nature of the Mu insertion was known.) 

By 16 DAP, wild-type embryos formed five to seven leaves and had a small, distinct 

shoot apex (Figure 2C). In contrast, mto38 embryos were smaller and the apical meristem 

produced fewer leaves, as though development was delayed (Figure 2D-F). Some mto38 

embryos had two shoot (Figure 2D) and two root apices (Figure 2E), while others 

possessed a single shoot and root apex (Figure 2F). Thus, it appeared the gene 
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responsible for mto38 is required for proper regulation of meristematic activity, and this 

may explain the low rate of germination and poor viability of the mutant seedlings.  

To identify the Mu insertion responsible for the mto38 mutant, we used a TAIL-

PCR approach (Liu et al., 1995). DNA was extracted from 70 homozygous wild-type and 

70 homozygous mto38 seedlings, and two sequential PCRs were carried out to amplify 

target DNA sequences with an arbitrary degenerate primer and nested Mu-specific 

primers that correspond to the Mu terminal inverted repeat (Settles et al., 2005; see 

Methods). Upon gel electrophoretic separation of the products, we identified a DNA band 

of approximately 150 bp that was present in all the homozygous mto38 mutants (Figure 

3A, lanes 1-6), but not homozygous wild type seedlings (Figure 3A, lanes 13-16). We 

also analyzed a few seedlings from non-genotyped vitreous F2 kernels (Figure 3A, lanes 

7-12). As predicted from the recessive nature of mto38 allele, the 150-bp band was 

detected in some of these plants (Figure 3A, lanes 8, 9 and 10), indicating they were 

probably heterozygous for the Mu insertion. 

DNA sequence analysis of the 150 bp fragment revealed that approximately 90 bp 

corresponded to the Mu terminal inverted repeat, while 60 bp were non-Mu DNA. To 

further characterize the Mu-associated DNA sequence, we designed two gene-specific 

primers, F1 and F2 (Figure 3C, primers represented by arrowheads) to amplify the 

corresponding 5’- and 3’- ends (5’-RACE and 3’-RACE). While no product was obtained 

with the 5’-RACE, the 3’-RACE produced a cDNA containing a 1698-bp open reading 

frame; the 5’ end of this sequence was identical with the 60-bp non-Mu DNA sequence. 

Using this cDNA sequence, we designed a downstream gene-specific primer, R6, so we 
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could easily genotype F2 individuals for the wild-type and mutant alleles. For genotyping 

the locus, PCR primers R6 and MuTir6 (Figure 3C, gray arrowheads) were used to detect 

the mutant allele, while primers F3 and R6 were used to amplify the wild-type allele. 

With the F3-R6 primer pair, only the W64A+ but not the mto38 mutant allele could be 

amplified by PCR (Figure 3B, lanes with a plus sign). Genotyping plants from vitreous 

and opaque kernels showed that all the F2 seedlings with an opaque phenotype (n=45) 

were homozygous for the Mu-tagged fragment, while those from vitreous kernels (n=136) 

were either homozygous wild type or heterozygous. This result confirmed that the Mu-

tagged sequence was tightly linked with the opaque kernel phenotype.  

Nucleotide sequence analysis showed the cDNA encoded a hydrophilic protein 

consisting of 565 amino acids (Figure 4). BLASTX comparison of the amino acid 

sequence against the NCBI protein database revealed a high degree of identity with RED-

related proteins, which are conserved in higher eukaryotes. These proteins were named 

based on the RED domain, which contains several repeats of either arginine (R) and 

glutamate (E) or arginine and aspartate (D). However, many of the homologous proteins, 

including all the plant accessions, do not contain distinct RE or RD repeats. Two highly 

conserved regions in the N- and C-termini were identified in the sequence alignment of 

the homologous proteins (Figure 4), although no function has been assigned to these 

regions. We did not identify any of the other conserved domains, including those for 

binding to nucleic acids.  

Among RED proteins, the human and nematode homologues are the best 

characterized. The human RED protein was identified in several independent proteomic 
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studies where components of human spliceosomes were isolated (Neubauer et al., 1998; 

Makarov et al., 2002; Rappsilber et al., 2002; Zhou et al., 2002). The nematode 

homologue, smu-2, was isolated from a screen for genetic suppressors of the mec-8; unc-

52 double mutant (Lundquist and Herman, 1994). SMU-2 plays a role in pre-mRNA 

splicing, since the smu-2 mutant accumulates unc-52 transcripts that lack exon 17, which 

contains a premature stop codon, thereby preventing the mec-8; unc-52 double mutant 

from being lethal (Spartz et al., 2004). The gene product of another suppressor, smu-1, 

physically interacts with SMU-2, and a human protein homologous to SMU-1 is also 

found in spliceosomes (Jurica and Moore, 2003). Because of the high level of sequence 

identity among smu-2 homologues and the biochemical properties of animal smu-2 

homologues, we designated the mto38 candidate gene as Zmsmu2.  

In mto38/zmsmu2-1 mutant, the Mu element appeared to be inserted in the first 

exon, which encodes the putative 5’ UTR of the mRNA. To verify this, it was necessary 

to define the structure of the gene. Using primers derived from the Zmsmu2 cDNA 

sequence, we amplified a 6.5-kb W64A+ genomic DNA fragment. Comparison of its 

sequence with that of the cDNA revealed the gene contains 11 exons (Figure 3C). 

Because the Mu insertion made it difficult to obtain additional 5’ genomic DNA sequence 

from W64A+, we screened a B73+ BAC library with a Zmsmu2 cDNA probe. A 

comparison of the 5’ ends of the W64A+ and B73+ Zmsmu2 genes revealed a poor 

conservation of nucleotide sequence near the Mu insertion site, which sharply contrasted 

with their nearly identical downstream sequences (Figure 3D). Several potential cis-

acting elements for binding of sequence-specific transcription factors were identified in 
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the 5’ sequence preceding the coding region of Zmsmu2 (underlined sequences in Figure 

3D). Thus, there did not appear to be additional exon or intron sequences upstream of the 

Mu insertion site in theW64A+ Zmsmu2 gene.  

The analysis of maize BAC clones also showed that the Zmsmu2 gene maps in bin 

10.01 of chromosome 10, although putative paralogues, represented by weaker 

hybridization signals, were found on chromosomes 3 and 8 (data not shown). Most of the 

maize expressed sequence tags (ESTs) encoding the ZmSMU2 protein are identical to the 

Zmsmu2 sequence, indicating that this gene encodes the predominant ZmSMU2 protein. 

The potential Zmsmu2 paralogous genes on chromosomes 3 and 8 could be non-

functional copies, as a search of genomic databases showed that the rice genome has only 

one functional copy of the OsSMU2 gene (Os11g04950) and two pseudogenes, 

Os12g04780 and Os12g04940, the latter of which could encode a truncated paralog of 

OsSMU2 (supported by an EST CK041467.1). 

 

Expression of the zmsmu2-1 gene 

Based on the tight linkage of the zmsmu2-1 allele with the opaque kernel 

phenotype, we hypothesized this gene is responsible for the pleiotropic effects of the 

mutation. To test this, we investigated whether the zmsmu2-1 mutant exhibits defects in 

the expression of the Zmsmu2 gene, and whether additional mutant alleles of Zmsmu2 

result in similar phenotypes. Since the Mu insertion occurs in the first exon of Zmsmu2, it 

is possible this alters expression of the gene (Lisch, 2002). We performed a semi-

quantitative reverse transcriptase PCR (RT-PCR) analysis of zmsmu2-1 RNA in 
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developing endosperm. F2 kernels from self-pollinated heterozygous (+/zmsmu2-1) ears 

were genotyped for the zmsmu2 locus, and RNA was isolated from endosperms 

genotyped as homozygous wild type or mutant. For RT-PCR, we used three pairs of 

primers (see Figure 3C): F5 and S1 amplified the partial 3’ coding sequence of Zmsmu2 

RNA; F1 and R5 amplified the 5’ UTR and part of the coding sequence; and MuTir6 

(gray arrowhead in Figure 3C) and R5 amplified the Mu terminal inverted repeat 

(MuTIR) as well as 5’ UTR and part of the coding sequence. The result with the F5-S1 

primer pair indicated the zmsmu2-1 transcript level in mutant endosperm is slightly 

higher than its wild-type sibling (Figure 5A). In contrast, we were unable to detect any 

RT-PCR product from zmsmu2-1 endosperm with primers F1 and R5. Likewise, no RT-

PCR product was detected from wild-type endosperm with the mutant-specific primer 

pair, MuTir6 and R5 (Figure 5A). These results indicated that the mutant endosperm 

accumulates a somewhat higher level of zmsmu2 RNA than wild type, although the 

mutant transcripts appear to have a slightly different 5’ UTR sequence. To verify this, we 

determined the nucleotide sequences of the RT-PCR products. The coding sequence of 

the zmsmu2-1 RNA was identical to its wild-type counterpart, indicating that the primary 

amino acid sequences of the proteins are most likely the same. However, comparison of 

the 5’ UTR sequence of the mutant and wild-type RT-PCR products confirmed that the 5’ 

end of the mutant transcript contains a portion of the Mu element (see also Figure 3D, 

sequence in gray). 

To investigate the level of ZmSMU2 protein in wild type and mutant endosperm, 

ZmSMU2 antibodies were prepared by injecting a rabbit with antigen prepared after 
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enzymatic removal of GST (glutathione-S-transferase) from a recombinant 

GST::ZmSMU2 fusion protein. The resulting antiserum recognized the recombinant 

fusion protein, but did not bind GST (Figure 5B, lanes 1 and 2). Immunoblotting of 

W64A+ endosperm proteins with these antibodies detected three polypeptides (Figure 5B, 

lane 3) with apparent sizes of approximately 85-, 75- and 55-kDa. To determine which of 

these bands correspond to the ZmSMU2 protein, we took advantage of the cross-

reactivity of these antibodies with the homologous Arabidopsis protein, AtSMU2, and its 

fusion protein GST::AtSMU2 (Figure 5B, lane 4). Immunoblotting of extract from 

Arabidopsis seedlings at 7 days after germination (DAG) also identified three protein 

bands (Figure 5B, lane 5). Based on the absence of the 100-kDa band in extracts of the 

two Arabidopsis knockout mutants, atsmu2-1 and atsmu2-2 (Figure 5B, lanes 6 and 7; 

Chung et al., 2006), we concluded that the band of approximately 100-kDa most likely 

corresponds to the AtSMU2 protein. Since ZmSMU2 is predicted to be 20 amino acids 

shorter than AtSMU2 (see Figure 4 and also cf. lanes 2 and 4 in Figure 5B), the 85-kDa 

band in lane 3 must correspond to the ZmSMU2 polypeptide, even though its apparent 

size is significantly larger (85- vs 64-kDa) than the predicted mol wt. The slower 

migration of this protein during SDS-PAGE presumably results from an unusual 

secondary structure or some type of post-translational modification.  

 The level of ZmSMU2 protein in homozygous wild-type endosperm (Figure 5C, 

lane 1) appeared to be slightly lower than in the zmsmu2-1 mutant (Figure 5C, cf. lanes 1 

and 3). Furthermore, SDS-PAGE of 16 DAP endosperm extract of heterozygous and 

homozygous zmsmu2 genotypes revealed ZmSMU2 proteins with slightly different 
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mobility. The wild-type protein appeared to be slightly larger than that in the mutant 

(Figure 5C, c.f. lanes 1 and 3), and heterozygous (+/zmsmu2-1) endosperm contained 

proteins of both sizes (Figure 5C, lane 2). This co-dominant pattern of ZmSMU2 

inheritance was observed in nearly all the heterozygous F2 endosperms examined, with 

rare exceptions showing a banding pattern like the wild type (data not shown). 

 Immunoblotting of proteins from different maize tissues was done to determine 

the spatial expression of the Zmsmu2 gene. This analysis showed comparable levels of 

the protein in developing endosperm (Figure 5D, lane 1), embryo (Figure 5D, lane 2), and 

the shoot apex (Figure 5D, lane 3). Unfertilized ovules (Figure 5D, lane 6) contained 

lower but detectable amounts of ZmSMU2 protein, while none was found in pollen 

(Figure 5D, lane 7). Very weak immunodection was obtained with proteins from 

developing tassels, roots and leaves, even when larger amounts of proteins were analyzed 

(data not shown). These results indicate that the maize Zmsmu2 gene is most highly 

expressed in mitotic/developing tissues, although it could be expressed throughout the 

plant.  

 In summary, the Mu insertion in the first exon of the Zmsmu2 gene alters the 5’ 

UTR of the mRNA transcript and increases its level. The difference in Zmsmu2 RNA 

levels between the wild-type and mutant endosperm is positively correlated with the 

protein levels. Significantly, the ZmSMU2 protein in mutant endosperm has a slightly 

smaller apparent mol wt. 

 

Shared phenotypes of zmsmu2-1 and zmsmu2-3 mutants 
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 If the zmsmu2-1 mutation creates the diverse phenotypes of the mto38 mutant, 

additional mutant alleles of this gene should do the same. To test this, a reverse genetic 

screen of Pioneer Hi-Bred’s TUSC population was conducted to identify additional Mu 

insertions in the Zmsmu2 gene. We were able to identify several Mu insertions at the 5’ 

end of the Zmsmu2 gene, but nowhere else, even though we tested PCR primers 

corresponding to multiple intron and exon sequences. One of the Mu-tagged mutants, 

zmsmu2-3, had a Mu insertion in the first exon, 266 bp before the start codon, which is 59 

bp downstream of the zmsmu2-1 insertion site (see Figure 3C and 3D). The other Mu 

insertions, zmsmu2-2 and zmsmu2-4, occurred in the first and second introns, respectively. 

No mutant phenotypes were observed for zmsmu2-2 and zmsmu2-4, suggesting introns 

containing these Mu insertions are removed by splicing during transcription. 

 To eliminate Mu elements and obtain a more uniform genetic background, we 

introgressed the zmsmu2-3 allele into W64A+ by two or three generations of 

backcrossing. Subsequently, F2 progeny from the ear of a self-pollinated heterozygous 

zmsmu2-3 plant was compared with those from a self-pollinated heterozygous zmsmu2-1 

plant (Table 1). The genotype for each of the F2 progeny was determined by PCR, and 

the number of leaves was counted at 10 DAG as an index for growth and development. 

Notably, homozygous zmsmu2-3 mutant kernels often failed to germinate or exhibited 

delayed seedling growth when compared to homozygous wild type and heterozygous 

zmsmu2-3 siblings. Poor germination and delayed seedling growth were also observed in 

homozygous zmsmu2-1 mutants (Table 1). After germination, homozygous zmsmu2-3 

plants grew slowly, similar to the zmsmu2-1 mutant. Tassels and ears of the homozygous 
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zmsmu2-3 plants were either absent or poorly developed, as with zmsmu2-1. Thus, in 

terms of germination and seedling growth, the zmsmu2-3 mutation appeared to 

phenocopy zmsmu2-1.  

To determine if the Mu insertion in the zmsmu2-3 allele altered its expression, as 

well as that of other genes, we analyzed of RNAs and proteins in wild type and 

homozygous zmsmu2-1 and zmsmu2-3 mutant endosperms at 16-DAP. Compared to 

homozygous and heterozygous wild-type endosperm, there was a reduction in the level of 

zmsmu2-3 RNA (Figure 6A) and protein (Figure 6B) in the homozygous mutant. This 

contrasted with homozygous zmsmu2-1 endosperm, where the gene was more highly 

expressed than in wild type (cf. Figure 6A and B; see also Figure 5). SDS-PAGE analysis 

showed that the mobility of the ZmSMU2-3 protein, like that of zmsmu2-1, was altered 

relative to wild type (Figure 6B). In both cases, the change in size appeared to be small, 

but the difference was reproducible. The nucleotide sequence of the zmsmu2-3 cDNA 

was only slightly different from the wild type and zmsmu2-1 alleles as a result of 

substitutions of Glu107 and Ala233 with Asp107 and Ser233 (see asterisks in Figure 4). 

However, these amino acid substitutions do not explain the change in mobility detected 

by SDS-PAGE, since the mol wt predicted for the protein is increased only 2-Da. 

An opaque kernel phenotype was observed in kernels developed from some of the 

zmsmu2-3 backcross populations, but a starchy endosperm was not as penetrant in this 

mutant as in zmsmu2-1. Nevertheless, zmsmu2-3 resulted in a reduction in zein synthesis, 

particularly α-zeins, as was true of developing zmsmu2-1 endosperm (Figure 6C).  

We conducted an RT-PCR analysis of selected gene transcripts to compare RNA 
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processing in wild type, zmsmu2-1 and zmsmu2-3 endosperms. The selection of candidate 

genes was based on differentially expressed transcripts identified by microarray 

hybridization of RNAs from homozygous wild-type and zmsmu2-1 endosperms 

(Supplementary Text, Supplementary Table 1 and Supplementary Figure 1). Analysis of 

the microarray data (Supplementary Figure 1 and Supplementary Tables 2 through 4) 

indicated that alternative splicing is altered in zmsmu2-1 endosperm. We identified splice 

variants (SVs) for at least three genes, and these SVs were differentially accumulated in 

wild type and zmsmu2-1 endosperm. These genes encode TRA2 (a SR-like protein 

similar to Drosophila Transformer 2) (Amrein et al., 1988), RSp31B (an SR protein) 

(Gupta et al., 2005) and OTUX (an OTU-like protease) (Makarova et al., 2000). RT-PCR 

analysis of transcripts for these genes revealed one or more SVs that are preferentially 

increased or decreased in zmsmu2-1 endosperm compared to wild type (Figure 6D, left 

panels labeled Tra2, Rsp31b and Otux; Supplementary Figure 2), and the relative 

abundance of these SVs was also found to be affected by the zmsmu2-3 mutation (Figure 

6D, right panels). For example, the ratio of Tra2 SV1 to SV3 is higher in zmsmu2-1 

endosperm than in wild-type or heterozygous siblings (Figure 6D, left panel). Similarly, 

the ratio of Rsp31b SV0 to SV1 is higher in zmsmu2-1 than in wild-type or heterozygous 

siblings (Figure 6D, left panel labeled Rsp31b). The altered splicing pattern of Tra2 and 

Rsp31b pre-mRNAs in zmsmu2-3 is very similar to that in zmsmu2-1 (Figure 6D). In 

contrast, the splicing pattern of Otux pre-mRNA in zmsmu2-3 endosperm is opposite to 

that in zmsmu2-1: the ratio of Otux SV1 to SV2 is lower in zmsmu2-3 than wild type or a 

heterozygote, but the ratio is higher in zmsmu2-1 than wild-type or heterozygous sibling 
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endosperms (Figure 6D). 

 The microarray data analysis revealed that zmsmu2-1 endosperm contains a 

higher level of transcripts encoding ribosomal proteins, some translation factors, histones 

and tubulins than corresponding wild-type siblings, but fewer transcripts encoding α-

zeins and O2 (see Supplementary Figure 1F). To confirm this result, a semi-quantitative 

RT-PCR analysis was performed using primers for ribosomal proteins (rpL10, rpL7a, 

rpS29, rpS3 and rpL15), a translation factor (eEF-1α) and O2. Compared to wild-type, 

homozygous zmsmu2-1 endosperm contains more transcripts for ribosomal proteins and 

eEF1α, but less O2 RNA (Supplementary Figure 3A; also see Figure 6D, left panels 

labeled Rps29 and Rpl15). For some of the genes tested, it was also possible to 

demonstrate the presence of SVs that were identified in the bioinformatics analysis 

(Supplementary Figure 3A, SV2 for Rps29 and O2). To see if the difference in gene 

expression in wild-type and mutant endosperm was due to delayed development of the 

mutant, we carried out a similar RT-PCR analysis at two developmental stages. The 

results of this experiment showed that the expression pattern of ribosomal protein genes 

in zmsmu2-1 endosperm was similar at 16 and 20 DAP (Supplementary Figure 3B), 

suggesting the results were not due to a delay in endosperm development.  

We tested if the up-regulation of ribosomal protein genes is also observed in 

zmsmu2-3. Semi-quantitative RT-PCR analysis showed that transcripts encoding 

ribosomal proteins S29 (RPS29) and L15 (RPL15) were also up-regulated in zmsmu2-3, 

compared to wild-type endosperm (Figure 6D, right panels labeled Rps29 and Rpl15). 

In conclusion, zmsmu2-1 and zmsmu2-3 share several of the same molecular 
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phenotypes, strongly suggesting that proper expression of the Zmsmu2 gene during 

endosperm development is required for alternative splicing of some pre-mRNAs, 

ribosomal protein gene expression, and storage protein synthesis. 

  

Ribosome biogenesis and protein synthesis are major targets of the zmsmu2-1 

mutation 

Based on the microarray analysis, ribosome biogenesis appeared to be one of the 

pathways affected by the zmsmu2-1 mutation. This was interesting, because we 

determined about a 50% decrease in total RNA per gram fresh weight of developing 

zmsmu2-1 endosperm compared with wild-type, in spite of only a slight difference in 

their mRNA levels. Furthermore, many ribosome biogenesis factors, especially rRNA 

processing proteins, appeared to be up-regulated in the mutant (Supplementary Table 1). 

Consequently, we decided to assess rRNA processing in zmsmu2-1 endosperm.  

Figure 7A illustrates the primary transcript of a maize rDNA gene. Although 

rRNA processing sites have not been defined in the primary transcript, nucleotide 

sequences for rDNA gene repeats and their rRNA components - 18S, 5.8S and 25S rRNA 

- were available. Based on this information, we designed six probes for Northern blot 

analysis (Figure 7A), which allowed a comparison of mature and unprocessed rRNAs 

between wild-type and zmsmu2-1 endosperm. An rRNA intermediate containing the 5.8S 

rRNA, internal transcribed spacer 2 (ITS2) and 25S rRNA accumulated at higher levels 

in zmsmu2-1 endosperm (Figure 7B, band b in blots 4, 5 and 6), suggesting that the 

mutation leads to defective rRNA processing at cleavage sites in ITS2. An effect on 
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rRNA processing in the mutant was also shown by the accumulation of unprocessed 

primary rRNA transcript (Figure 7B, band a in all blots). Based on these observations, we 

concluded that the reduced yield of rRNA and the induction of ribosome biogenesis 

genes in zmsmu2-1 endosperm resulted from defective rRNA processing. 

To test if the zmsmu2-3 mutant also manifests defective rRNA processing, we 

performed a similar experiment with 16-DAP zmsmu2-3 endosperm. RNA blot analysis 

revealed that rRNA processing in zmsmu2-3 endosperm resulted in a slightly higher level 

of unprocessed rRNA than in wild-type or heterozygous sibling endosperms (Figure 7C).  

To investigate whether the zmsmu2-1 mutation affected the translational 

efficiency of mRNAs, polysomes from equal amounts of 16 DAP wild type and mutant 

endosperms were analyzed by sucrose density gradient centrifugation. Using an ISCO 

640 density gradient fractionator, the size distribution of polysomes was monitored by 

continuous UV absorbance as the sucrose gradient was divided (top to bottom) into 0.8 

ml fractions. Comparison of the wild type and mutant polysome profiles provided 

additional evidence of a lower concentration of ribosomes in zmsmu2-1 endosperm 

(Figure 8A). There was approximately a 15% reduction in total ribosomal material 

(monosomes plus polysomes) in zmsmu2-1 endosperm, although this value was most 

likely underestimated, because some of the large polysomes in the wild type sample 

pelleted to the bottom of the gradient. The highest absorbing polysome size-class in wild 

type endosperm contained 9-10 ribosomes, while that in zmsumu2-1 endosperm 

contained only 4-5 ribosomes per mRNA. This suggests that the zmsum2-1 mutation not 

only results in fewer ribosomes per cell, but also that their translational activity is 
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reduced. 

An RT-PCR analysis was done to determine the distribution of selected RNAs 

among the polysome size classes. Based on the concentration of ribosomal RNA (Figure 

8B, panels 1 and 2) and mRNAs (Figure 8B, panels 3-8), gradient fractions 6-8 had the 

highest amount of monosomes, while mRNAs in polysomes were recovered in fractions 

9-13 (Figure 8B). The highest concentration of ubiqitin conjugase (Ubc) mRNA, which 

was used as an internal control for semi-quantitative RT-PCR, was found in fractions 10 

and 11 of wild-type polysomes, compared with fractions 9 and 10 for polysomes from the 

zmsmu2-1 mutant. Evidence for less efficient mRNA translation was also found by the 

analysis of ribosomal protein S29 (Rps29) transcripts (Figure 8B, panels 5 and 6). 

Consistent with the results of the microarray experiment and the RT-PCR analysis (see 

Figure 6D), the total amount of Rps29 transcripts in monosome and polysome fractions 

was larger in the mutant. In this case, the peak concentration of mRNA in wild type 

polysomes was in fractions 9 and 10, while in zmsmu2-1 the peak was in fractions 7-9, 

and a large portion of the RNA was in fractions 5 and 6, which corresponds to 

monosomes and, potentially, ribonucleoproteins (RNPs). In contrast, the Zmsmu2 RNA 

appeared to be similarly distributed in large polysomes in both wild type and mutant 

endosperm (Figure 8B, panels 7 and 8), although the level of transcripts was higher in the 

mutant. This result is consistent with previous analyses, which showed a higher level of 

zmsmu2-1 RNA and protein in the mutant endosperm (see Figure 5C).  

To determine if altered rRNA processing in the mutant might have a functional 

significance, we hybridized the polysome-associated rRNA with the rRNA ITS2 probe. 
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This analysis showed that more rRNA intermediates retaining the ITS2 sequence were 

found in the monosome fraction of the mutant than wild type endosperm, while 

polysomes of the mutant contained very little of this intermediate (Figure 8C). Thus, it is 

possible the presence of un-processed rRNA contributes to the reduced translational 

efficiency of the ribosomes. 

 

III. Discussion 

 The opaque kernel mutant we identified as mto38 was found to result from a Mu 

insertion in the 5’ UTR of a gene having a high degree of sequence identity with the 

“RED” proteins in mammals and C. elegans. The human RED protein is a component of 

spliceosomes (Neubauer et al., 1998; Makarov et al., 2002; Rappsilber et al., 2002; Zhou 

et al., 2002). In C. elegans, SMU-2 and a related protein, SMU-1, were shown to play an 

important role in splice site selection during alternative RNA splicing (Spartz et al., 

2004). Consequently, we designated the maize mutant gene Zmsmu2. In maize, the 

zmsmu2 mutation has pleiotropic effects on gene expression that affected both endosperm 

and embryo development. The zmsmu2 mutation affects embryo morphogenesis with 

consequent effects on shoot and root meristem development, and the mutation negatively 

affects seedling viability, making it impossible to propagate homozygous mutant plants. 

Since we were most interested in the effects of the mutation on endosperm development, 

we did not pursue analysis of the mutation on gene expression during embryogenesis. 

 Several lines of evidence support the conclusion that zmsmu2 is responsible for 

the mutant phenotype of mto38. First, we observed tight linkage between the Mu-tagged 
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zmsmu2-1 allele and the opaque kernel phenotype (Figure 3B). Second, through a reverse 

genetics screen we identified additional Mu insertions in this gene, one of which, 

zmsmu2-3, manifested many of the same phenotypes as zmsmu2-1, including reduced 

germination and seedling viability, abnormal development of the shoot apical meristem, 

leading to proliferation of small leaves, and reduced levels of zein synthesis during 

endosperm development. Like zmsmu2-1, the zmsmu2-3 mutation also resulted in an 

altered pattern of pre-mRNA splicing, up-regulation of ribosomal protein genes and 

inefficient rRNA processing in endosperm.  

 Comparison of the Zmsmu2 genes in W64A+ and B73+, relative to Zmsmu2 

cDNAs, indicated the zmsmu2-1 and zmsmu2-3 mutations are created by Mu insertions in 

the first exon of the gene, which encodes the 5’ UTR of the mRNA. Initially, it was 

difficult to determine the correct start codon for Zmsmu2 transcripts, since the ~250 bp 

sequence corresponding to the proposed 5’ UTR (see Figure 3D; nucleotides 1-241 and 

341-376 in W64A+ sequence) does not contain either a start or a stop codon. Based 

solely on the sequence analysis, we could not exclude the possibility of a start codon 

further upstream, i.e. additional exon/intron sequences. However, several lines of 

evidence suggest this is unlikely. First, when we searched the protein database using the 

80 amino acid residues deduced from the 5’ UTR, we were unable to find sequence 

similarity to any proteins; notably, they did not align with the N-terminal amino acid 

sequences of animal SMU-2 homologues. Second, all the plant SMU-2 homologues 

aligned very nicely at their N-terminal ends when the proposed initiation codon was used 

to deduce the ZmSMU2 amino acid sequence (see Figure 4). It is difficult to conceive 
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that only the maize protein would have a longer N-terminal sequence. Third, we were 

unable to further extend the sequence of the 5’ end of the wild type TAIL-PCR product 

by 5’ RACE. Finally, comparison of the W64A+ genomic sequence with that of B73+ 

showed that their nucleotide sequence identity quickly disappeared prior to the beginning 

of the 5’ UTR. Since the nucleotide sequences of the W64A+ and B73+ alleles are 

identical in the first intron and subsequent sequences, this effectively argues against the 

likelihood there are exon or intron sequences further upstream of the proposed 5’ UTR. 

Furthermore, we identified conserved cis-elements for sequence-specific transcription 

factors in this region, implying it is part of the Zmsmu2 promoter sequence.  

 Previous studies have shown that Mu insertions in a genomic sequence 

corresponding to the 5’ UTR of a transcript can cause changes in gene expression 

(Barkan and Martienssen, 1991; Arthur et al., 2003). Consistent with this, our data 

indicated that the Mu insertions in zmsmu2-1 and zmsmu2-3 result in mis-regulation of 

gene transcription. Neither of the Mu insertions block gene expression in the endosperm; 

rather, in the case of zmsmu2-1 there is an increase in the level of RNA, while in 

zmsmu2-3 there is a slight decrease in RNA transcripts relative to wild type. In addition 

to differential RNA accumulation in the endosperm, zmsmu2-1 and zmsmu2-3 transcripts 

have different 5’ UTR sequences: a portion of the zmsmu2-1 5’ UTR is derived from the 

Mu terminal inverted repeat (Figure 3D). In contrast, the zmsmu2-3 5’ UTR appeared to 

be shorter and contains little, if any, Mu-derived sequence, since we could not amplify 

zmsmu2-3 transcripts by RT-PCR with the MuTir4 and R5 primers (data not shown; the 

binding site of the MuTir4 primer is only 34 nucleotides away from the end of the Mu 
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sequence). Based on these observations, the difference in the level of zmsmu2 RNAs in 

the two mutants can be explained in several ways. In zmsmu2-1, transcription could be 

enhanced by the Mu insertion abolishing a cis-acting repressor element, or the Mu 

sequence could act as an enhancer of transcription. It is also possible the Mu-derived 5’ 

UTR sequence influences mRNA stability. In zmsmu2-3, the transcription initiation 

site(s) may be less efficient than in wild type. Alternatively, a shorter 5’ UTR may make 

the zmsmu2-3 mRNA unstable. 

 The zmsmu2-1 and zmsmu2-3 mutations create a change in the ZmSMU2 protein 

that leads to altered mobility during SDS-PAGE (Figure 5C and Figure 6B), although the 

mechanism is unclear. Since we were unable to identify any differences between the 

deduced primary amino acid sequences of the wild type and ZmSMU2-1 mutant proteins, 

there are at least two plausible explanations for the altered mobility. First, variation in the 

5’ UTR of the zmsmu2-1 and zmsmu2-3 RNAs could affect usage of a downstream start 

codon, such as Met13. The size differences of the proteins and their co-dominant 

expression pattern in heterozygous endosperm are consistent with this explanation. An 

alternative explanation is that the variation in sizes of the wild-type and mutant proteins 

results from some type of post-translational modification. While we do not know the 

nature of this modification, phosphorylation is one possibility. Nevertheless, it is unclear 

what would bring about a change in the mutant protein’s conformation that would lead to 

differential post-translational modification. 

 The data presented here and in the accompanying paper (Chung et al., 2006) are 

consistent with the hypothesis that ZmSMU2 is a splicing regulator. This evidence 
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includes the following observations: (i) mutations in zmsmu2 caused pleiotropic mutant 

phenotypes (Figures. 1 and 2); (ii) the deduced amino acid sequence of ZmSMU2 is 

highly similar to a human spliceosomal protein and the nematode SMU-2, which is 

involved in alternative splicing (Figure 4); (iii) a significant fraction of the differentially 

hybridized probes (DHPs) in our microarray data is SV-specific (Supplementary Figure 

1E and Supplementary Table 4), suggesting the zmsmu2-1 mutation affects alternative 

splicing, and three examples of altered splicing patterns were documented (Figure 6D and 

Supplementary Figure 2); (iv) the Arabidopsis homologue of ZmSMU2 (AtSMU2) 

protein is nuclear-localized, and ZmSMU2 and AtSMU2 show physical interactions with 

nuclear proteins (Chung et al., 2006); (v) genetic interactions of AtSMU2 gene with genes 

encoding spliceosomal proteins (Chung et al., 2006) are also consistent with this 

hypothesis. 

It is known that over-expression of splicing regulators in plants and animals, 

including SR proteins, often leads to altered splicing of their own RNAs and that of other 

splicing regulators (Bell et al., 1991; Jumaa and Nielsen, 1997; Lopato et al., 1999; 

Kalyna et al., 2003; Isshiki et al., 2006). In this regard, the altered splicing patterns of 

Tra2 and Rsp31b in zmsmu2-1 and zmsmu2-3 endosperm (Figure 6D and Supplementary 

Figure 2) are particularly interesting, because these genes encode an SR and an SR-

related protein, respectively. The altered splicing that occurs when splicing regulators are 

over-expressed may be due to an auto-regulatory mechanism of the splicing regulator 

network. This mechanism, though not understood, is being actively investigated 

(Wollerton et al., 2004; Kumar and Lopez, 2005). Altered splicing of Tra2 and Rsp31b 
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pre-mRNAs in zmsmu2-1 could also be a secondary consequence of the zmsmu2-1 

mutation, and Tra2 and Rsp31b might not normally be primary targets of the ZmSMU2 

protein. Consistent with this, the microarray data indicated that expression of genes 

encoding splicing regulators was down- or up-regulated in zmsmu2-1 endosperm. Among 

these putative splicing regulators are an SRp75-like protein, a KH-domain-containing 

protein, a TIA-1-like oligouridylate binding protein and a hnRNP A2/B1-like protein 

(Supplementary Table 1). 

zmsmu2-1 is the first plant mutant showing defective processing of non-organellar 

rRNA (Figure 7). Inefficient rRNA processing in this mutant is associated with a 

reduction in rRNA and, presumably, ribosomes, which could explain the global change in 

polysome sizes (Figure 8A and Figure 8C). Since the mutant endosperm contains less 

than the normal level of mature rRNA and functional ribosomes, it was not surprising to 

observe an increased level of transcripts encoding ribosome biogenesis factors, ribosomal 

proteins, Ran GTPases and some translation factors (Supplementary Figure 1E and 

Supplementary Figure 3). These genes would be expected to be up-regulated as a 

consequence of the feedback mechanism that controls translation and ribosome 

biogenesis (Mnaimneh et al., 2004). The mutant endosperm appears to accumulate 

increased levels of ribosomal protein transcripts that could be translated into ribosomal 

proteins (Figure 8B). However, these proteins do not appear to be assembled into 

functional ribosomes, because we observed a smaller pool of ribosomes in mutant than 

wild type endosperm (Figure 8A). The unassembled ribosomal proteins might be 

degraded, as occurs in yeast (Warner et al., 1985). 
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We do not know how the zmsmu2-1 mutation causes defective rRNA processing 

in the endosperm. One explanation is that the zmsmu2-1 mutation affects the splicing 

pattern for a pre-mRNA encoding either an rRNA processing factor or a small nucleolar 

RNA (snoRNA). Alternatively, ZmSMU2 may participate in rRNA processing, 

independently of its function in pre-mRNA splicing. The latter explanation remains a 

possibility, since yeast Prp43p was recently found to have dual functions in pre-mRNA 

splicing and ribosome biogenesis (Combs et al., 2006; Leeds et al., 2006). 

The gene expression profile obtained from the microarray data can explain several 

of the molecular lesions responsible for endosperm phenotypes of zmsmu2-1. For 

instance, reduced levels of zein proteins are a hallmark of many opaque kernel mutants 

(Hunter et al., 2002). The low level of zein proteins in zmsmu2-1 endosperm could result 

from inefficient protein synthesis (Figure 8B) and decreased levels of zein transcripts 

(Supplementary Figure 1E). A cluster analysis that compared the zmsmu2-1 microarray 

data with that from other opaque mutants (Hunter et al., 2002) would be interesting, but 

this was not possible because the microarray platforms were different. Nevertheless, we 

noted that ribosomal proteins are down-regulated or up-regulated in different opaque 

mutants. The zmsmu2-1 transcript profile appeared to be unique among opaque mutants 

in that all the ribosomal protein genes were up-regulated. Interestingly, genes responsive 

to the TOR (target of rapamycin) signaling pathway, e.g. ribosomal proteins, some 

translation factors including eEF1α, and S6-kinase, were all up-regulated in zmsmu2-1 

endosperm. 

 The role of ZmSMU2 in pre-mRNA splicing is unknown. Spartz et al. (2004) 
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proposed that SMU-2 may act similarly to SR-related proteins, which also lack RNA 

binding motifs. We noted that ZmSMU2 and SR proteins have several common features. 

First, mutations in Zmsmu2 are associated with altered splicing patterns in multiple pre-

mRNAs, including those encoding SR proteins (Figure 6D). This effect has been 

observed in plant and animal cells over-expressing SR proteins (Wang et al., 1996; Jumaa 

and Nielsen, 1997; Lopato et al., 1999; Kalyna et al., 2003; Kumar and Lopez, 2005). 

Second, as was shown for plant SR proteins (Lopato et al., 1999; Lopato et al., 2002; 

Fang et al., 2004), the expression of Zmsmu2 (Figure 5D) and AtSMU2 (Chung et al., 

2006) genes appears to be tissue-dependent. Third, HsSMU2 is a spliceosomal protein. 

Taken together, these observations support the hypothesis that ZmSMU2 influences pre-

mRNA splicing in a manner similar to SR proteins, or it cooperates with splicing 

regulators such as SR proteins. 

 It is possible the quantitative or qualitative variation of ZmSMU2 proteins in 

wild type and zmsmu2 endosperm (Figure 5C and 6B) is responsible for the pleiotropic 

phenotypes of the mutants and their effects on pre-mRNA splicing (Figure 6D). 

According to the combinatorial-control model for pre-mRNA splicing (Smith and 

Valcarcel, 2000; Matlin et al., 2005), the concentrations of positive- and negative-acting 

splicing factors is tightly controlled in the cell. Overexpression and knockdown mutations 

of animal SR proteins are often lethal or cause developmental defects (Kraus and Lis, 

1994; Longman et al., 2000; Allemand et al., 2001), as their knockouts do (Ring and Lis, 

1994; Jumaa et al., 1999; Xu et al., 2005). Over-expression of plant SR proteins creates 

marked changes in plant architecture as well as in pre-mRNA splicing patterns (Lopato et 
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al., 1999; Kalyna et al., 2003). Thus, a small change in the level of a regulatory splicing 

factor can disrupt its interaction with other splicing factors. This can lead to an altered 

pre-mRNA splicing pattern (Figure 6D), despite potential negative feedback regulation 

by the network of interactions that determines pre-mRNA splicing patterns. 

 

IV. Method 

Cloning of maize zmsmu2-1 by Mu-Tail PCR 

 To identify the Mu insertion responsible for the opaque kernel phenotype of 

mto38, genomic DNA was prepared from leaf tissue of 40 homozygous wild-type and 40 

homozygous mto38 seedlings, and DNA sequences flanking the Mu elements were 

amplified by TAIL-PCR (Liu et al., 1995). Primary Mu-Tail PCR reactions (20 µL) 

contained 1X PCR buffer, 2 mM MgCl2, 200 µM each of dNTPs, about 100 ng of 

genomic DNA, one unit of Taq polymerase (Invitrogen, Carlsbad, CA), 0.2 µM of the 

Mu-specific degenerate primer MuTIR6 (5’-agagaagccaacgccawcgcctcyatttcgtc-3’) and 1 

µM of arbitrary degenerate primer AMS2 (5’-gwsidramsctgctc-3’) (Settles et al., 2004). 

The primary Mu-TAIL PCR was performed as described in Table 2 with a Peltier 

Thermal Cycler-200 (MJ Research, Waltham, MA). Aliquots (2 µL) from a 50-fold 

dilution of the primary PCR products were used directly for secondary Mu-TAIL PCR 

reactions (20 µL) containing 1X PCR buffer, 2.0 mM MgCl2, 200 µM each of dNTPs, 1.0 

unit of Taq polymerase, 0.2 µM of the Mu-specific degenerate primer, MuTIR4 (5’-

gccawcgcctcyatttcgtcgaatcc-3’), and the arbitrary degenerate primer used in the primary 

reaction. The PCR-amplified products from the second reaction were analyzed by 
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electrophoresis in 1.5% agarose or 5% native acrylamide gel. The latter was stained with 

0.2% AgNO3 in 28% formaldehyde to visualize DNA bands. A 150-bp PCR product was 

excised from the agarose gel, purified with a GeneClean kit (QBiogene, Carlsbad, CA) 

and inserted into the pCR4-TOPO vector (Invitrogen, Carlsbad, CA). Nucleotide 

sequence analysis was performed by the University of Arizona DNA Sequencing Service; 

the nucleotide sequence of all PCR-constructed clones was verified by sequencing 

isolates of multiple clones. 

 

3’ RACE analysis of the Zmsmu2 cDNA 

 Total RNA was isolated from homozygous W64A+ and zmsmu2-1 endosperms 

at 8, 10, 12, 14, 16, 18 and 20 days after pollination (DAP). A 3’ RACE system kit 

(GIBCO BRL, Gaithersberg, MD) was used to amplify the Zmsmu2 cDNA (GenBank 

Accession XXXXXXX), and the product was cloned into the pCR4-TOPO vector 

(Invitrogen, Carlsbad, CA) for DNA sequence analysis. Primary 3’ RACE-PCR was 

carried out with the primer F1 (5’-caacagcggaacacgagggccaaatcg-3’) based on the 5’ 

sequence of the 150 bp fragment associated with the Mu insertion and the UAP primer 

that came with the RACE kit. Primary PCR reactions were performed according to the 

manufacture’s instructions. Aliquots (2 µL) from 100-fold dilutions of the primary PCR 

products were used directly for secondary 3’ RACE-PCR reactions (20 µL). These were 

initiated by denaturing the cDNA at 94oC for 5 min, followed by 30 cycles of PCR as 

follows: 94oC, 30 sec; 58oC, 30 sec; 72oC, 1.5 min, using upstream primer F2 (5’-

atcacttcgcctccgccctc-3’) and the UAUP downstream primer in the RACE system kit. The 
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final cycle was extended at 72 oC for 5 min. The 1.6-kb cDNA obtained from this 

reaction was cloned into pCR4-TOPO and its nucleotide sequence subsequently 

determined. 

 

Genotyping of wild-type and mutant zmsmu2 alleles 

 Genotyping of the Zmsmu2 wild-type alleles was carried out by genomic PCR, 

using the upstream primer, F3 (5’-acacgagggccaaatcgaaaaaatcactt-3’), and the 

downstream primer R6 (5’-gcatcaacttctccttatagtagttcttc-3’), while genotyping for 

zmsmu2-1 and zmsmu2-3 alleles utilized the upstream primer, MuTir6, and the 

downstream primer, R6. Genomic DNA was denatured at 94 oC for 5 min, followed by 35 

cycles of PCR as follows: 94 oC, 30 sec; 54 oC, 45 sec; 72 oC, 45 sec. The final cycle was 

extended at 72 oC for 5 min. The PCR products were analyzed by 1.2% agarose gel 

electrophoresis. 

 

Identification of the Zmsmu2 gene from W64A+ and B73+ 

 To PCR amplify the Zmsmu2 gene from W64A+, we designed the primers S1 

(5’-tcccccgggggatcagccacgctgtttcttcgagct-3’) and E1 (5’-

ggaattcatgtcatcgaagaagaactactataag-3’). PCR conditions were as follows: 5 min at 94oC 

(first cycle); 30 sec at 94oC, 30 sec at 56oC and 5 min at 72oC (35cycles); 5 min, 72oC 

(last cycle). The DNA products were inserted into pCR4-TOPO (Invitrogen, Carlsbad, 

CA) for sequencing (GenBank Accession XXXXXXX). To obtain B73+ BAC clones 

containing Zmsmu2, we screened a maize genomic library ZMMBBb 
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(http://www.genome.arizona.edu/orders/) with a radiolabeled probe from a 353-bp KpnI 

fragment corresponding to the 3’ portion of the Zmsmu2 cDNA. Hybridization and 

identification of positive BAC clones were performed as described in 

http://www.genome.arizona.edu/information/protocols/addressnew.html. Of the10 BAC 

clones with strongest hybridization signals, 6 clones, b0013K09, b0078C03, b0152G15, 

b0018M23, b0232J06 and b0098O15, were located in contig 392 of the maize FPC map 

(http://www.genome.arizona.edu/fpc/maize/). After the BAC clone, b0013K09, was 

digested with EcoRI, HindIII or BamHI, the fragments were introduced into pBluescript. 

A radiolabeled genomic PCR product amplified with primers F3 and R6 was used for the 

secondary screen of the 5’ UTR and promoter region of Zmsmu2 gene (GenBank 

Accession XXXXXXX).  

 

Identification and characterization of additional zmsmu2 alleles by reverse genetic 

analysis 

 To identify additional zmsmu2 alleles, approximately 42,000 F1 maize plants 

obtained from a cross with a Mu-active line were analyzed. DNA pools from this 

population were screened using the TUSC procedure at Pioneer Hi-Bred (Bensen et al., 

1995; Meeley and Briggs, 1995). Pool screening was performed with Zmsmu2-specific 

primers 61699 (5’-tatcaagccacgttgcctcgctcatctt-3’) and 61700 (5’-

gtgccactgcatgaaacgaaccaagttc-3’) and a MuTIR primer (5’-

agagaagccaacgccawcgcctcyatttcgtc-3’). The primary screen identified seven progeny 

lines with putative Mu insertions at the 5’ end of the zmsmu2 gene. No insertions could 
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be confirmed toward the 3’ end of the coding sequence. To identify the positions of the 

Mu insertions, PCR reactions with primers MuTIR6 and MTO38F1 were performed for 

30 cycles as follows: 94oC, 30 sec; 55 oC, 30 sec; 72 oC, 1 min. The PCR products were 

inserted into the pCR4-TOPO vector (Invitrogen, Carlsbad, CA) for DNA sequencing. 

 

Anatomical characterization of developing zmsmu2-1 embryos 

 Embryos were dissected from 16-DAP kernels and fixed in 4% formaldehyde in 

PHEM-DMSO buffer (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 2 mM MgCl2, 5% 

DMSO, pH 6.9) overnight at 4 oC. They were then dehydrated in an ethanol series and 

infiltrated with Steedman’s wax (Brown and Lemmon, 1995). Ten-µm sections were 

obtained, adhered to ProbeOn Plus® slides (Fisher scientific), dewaxed with ethanol and 

stained with 1% toluidine blue O in deionized water. 

 

Analysis of RNA 

 Total RNA was isolated with TRIZOL reagent (Invitrogen, Carlsbad, CA) 

according to manufacture’s instructions. When RNA was extracted from developing 

endosperm, 50 mg samples were homogenized in SDS-LiCl buffer (50 mM Tris-Cl, pH 

8.0, 150 mM LiCl, 5 mM EDTA, 1% SDS) and phenol-chlroform extracted, followed by 

conventional TRIZOL extraction. After precipitation, RNA pellets were resuspended in 

50 µl of RNase-free water (1 µl/mg fresh wt). For RT, 2.0 µg of total RNA and 0.5 µg of 

oligo-dT12-18 were used in a 20 µl Superscript II reaction (Invitrogen, Carlsbad, CA). 

When RT was performed using RNA extracted from zmsmu2-1 endosperm, the same 
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volume of RNA solution was used as wild-type. This resulted in a more uniform 

amplification of Ubc control transcripts among the samples, because the yield of total 

RNA per gram fresh weight was lower from mutant than wild type endosperm, but the 

mRNA yield was only slightly reduced in the mutant. Two µl (for transcripts of Zmsmu2, 

Tra2, Rsp31b and Otux) or 0.4 µl (for Ubc, Gapdh, Rps29, Rpl15, Rpl7a, eEf-1α and O2) 

of the RT products was used for a 20 µl PCR reaction. The thermocycle for the semi-

quantitative PCR was 25 cycles (for Ubc, Gapdh, Rps29, Rpl15, Rpl7a, eEf-1α and O2) 

or 27 cycles (for Zmsmu2, Tra2, Rsp31b and Otux) of 94 oC, 30 sec; 54 oC, 45 sec; and 72 

oC, 45 sec. Reproducibility of the RT-PCR results was verified by three repetitions of 

independent experiments involving at least two biological replicates. Nucleotide 

sequences for the RT-PCR primers were as follows: ubc, ZmUBC_F1 (5’-

aagatgcaggcatctagggcaagg-3’) and ZmUBC_R1 (5’-aggctcttggcttggcacatgttc-3’); 

GAPDH, ZmGADPH_F (5’-ttcagggtggtgccaagaaggttg-3’) and ZmGADPH_R (5’-

ctgtagccccactcgttgtcgtacc-3’); rps29, ZmrpS29_F1 (5’-atgggacactccaacgtgtggaac-3’) and 

ZmrpS29_R2 (5’-ggttcgacatgctcagctagcata-3’); rpl15, ZmrpL15_F1 (5’-

agccgcatccgctatgggtgcgta-3’) and ZmrpL15_R2 (5’-ctacctttaggcacaggcctcttcc-3’); rpl7a, 

ZmrpL7a_F2 (5’-acggccttaaccatgtgacttacc-3’) and ZmrpL7a_R3 (5’-

cttgatagcctccaggattttgct-3’); eEf-1α, ZmEF1a_F2 (5’-tctccccctacaggatgtgtacaa-3’) and 

ZmEF1a_R3 (5’-gcaaacacagaaccagccagacac-3’); O2 SV1 (major transcript), O2_F1 (5’-

atggagcacgtcatctcaatggagg-3’) and O2_R3 (5’-tggattcctttcttttcctcactc-3’); O2 SV2, 

O2_F1 and O2_R2a2 (5’-tcctgatgctgctaccctccacat-3’); tra2, ZmTRA2_F1 (5’-

atgtcttactcaaggggctcaagtga-3’), ZmTRA2_R3 (5’-gatacttcccaggtgttggggttc-3’) and 
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ZmTRA2_R2a (5’-caaccctttggctgaggttggcat-3’); rsp31b, ZmRSp31B_F2 (5’-

aaccctaggtcgccgcctcttttc-3’), ZmRSp31B_R3 (5’-atggaaggagttgaagagccctgg-3’) and 

ZmRSp31B_R5 (5’-catcacgtctaccagcttgctcac-3’); otux, ZmOTUX1_F2 (5’-

ctatgatggatacgttcccatggc-3’) and ZmOTUX1_R1 (5’-aagagagctgaacccgccatcaat-3’); and 

Zmsmu2, F1 (5’-caacagcggaacacgagggccaaatcg-3’) and R5 (5’-

tccttagcacgatcgcggtacctgggtgt-3’) or F5 (5’-tctgctcaagcttggcaacaaccg-3’) and S1 (5’-

tcccccgggggatcagccacgctgtttcttcgagct-3’).  

 For Northern blot analysis of rRNA, probes were designed based on the 

nucleotide sequences of the maize rDNA gene (GenBank accession numbers K02202, 

U46605 and AJ309824). 32P-labeled probes were prepared by genomic PCR using 

W64A+ DNA as template and various pairs of primers as follows: 5’ ETS, 

ZmrDNA_5ETS_F1 (5’-tcggatgtggctacgcttgaaggc-3’) and ZmrDNA_5ETS_R2 (5’-

tagcacgtcctcgcagacgggcca-3’); 18S rRNA, ZmrDNA_18S_F3 (5’-

cgttaacgaacgagacctcagcct-3’) and ZmrDNA_18S_R4 (5’-ctgatgactcgcgcttactaggca-3’); 

ITS1, ZmrDNA_ITS1_F1 (5’-cagaccgcgaacgagtcacccgtg-3’) and ZmrDNA_ITS1_R2 

(5’-tcgattaaggtgtaaccgctgccc-3’); 5.8S rRNA, ZmrDNA_5.8S_F1 (5’-

acgactctcggcaacggatatctc-3’) and ZmrDNA_5.8S_R1 (5’-tgacgcccaggcagacgtgccctc-3’); 

ITS2, ZmrDNA_ITS2_F1 (5’-aagacactcccaacacccccccgc-3’) and ZmrDNA_ITS2_R2 

(5’-agggcaagctcggtcgctcgatgg-3’); and 25S rRNA, ZmrDNA_25S_F3 (5’-

gaccgcgccgcgatagtaattcaa-3’) and ZmrDNA_25S_R4 (5’-tcgtctgcaaaggattcagcacgc-3’). 

RNA was separated by agarose gel electrophoresis and transfered to nylon membrane as 

described in Sambrook and Russell (2001). 
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Isolation and analysis of polysomes 

Polysome isolation was based on the methods described by Larkins (1985) and Kim et al. 

(2004b). Briefly, 16 DAP kernels were dissected and genotyped to obtain homozygous 

wild type and zmsmu2-1 endosperms. Five hundred mg of pooled endosperms of each 

genotype were ground in 1 ml of polysome extraction buffer (0.2 M Tris-HCl, pH 8.5, 35 

mM MgCl2, 60 mM KCl, 0.2 M sucrose, 25 mM EGTA, 5 mM DTT, 50 μg/ml 

cycloheximide). The homogenate was maintained at 4oC and centrifuged at 2,000g for 5 

min. The supernatant was decanted into a new tube, adjusted to 1% (v/v) Triton X-100, 

and incubated on ice for 5 min. After centrifugation at 16,000g for 10 min, 0.8 ml of the 

supernatant was loaded onto 10-ml linear 10-60% sucrose gradients in buffer B (40 mM 

Tris-HCl, pH 8.5, 20 mM MgCl2, 20 mM KCl). Polysomes were separated by 

centrifugation at 330,000g in a Beckman SW41Ti rotor for 3.5 hr at 4oC.  Fractions of 

0.8 ml were recovered with an ISCO Model 640 gradient fractionator, while the 

absorbance at 254 nm was monitored continuously. RNA was extracted from 0.6 ml of 

each fraction with phenol-chloroform-isoamyl alcohol (25:24:1). After isopropanol 

precipitation, RNA was dissolved in 30 μL of nuclease-free water. For each sample, 

absorbance at 260 nm was measured with the Nanodrop (manufacturer) and 2 μL was 

analyzed by gel electrophoresis. For semi-quantitative RT-PCR, an aliquot of 3 μL was 

used for a 20 μL reverse transcription reaction, and subsequent steps were performed as 

described in the previous section. 
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Analysis of proteins 

 Zein and non-zein proteins from maize endosperm were prepared as described 

previously (Wallace et al., 1990). Five µL aliquots of the zein and non-zein protein 

extracts were separated by 12.5% and 7.5% SDS-PAGE, respectively. Various other 

tissues, including 16 DAP embryo, 20 day after germination (DAG) shoot apex, roots 

(20-DAG), leaf blade (20-DAG), ovules, pollen and tassel were ground in Laemmli 

buffer, and 4 µg of protein was separated by 7.5% SDS-PAGE. 

 

Preparation of ZmSMU2 antiserum 

 A Zmsmu2 cDNA containing the complete coding region was amplified by PCR 

with primers 38GEXE1 (5’-cggaattccatgtcatcgaagaagaactac-3’) and 38GEXN1 (5’-

agaatgcggccgctaatcagccacgctgtttcttcgag-3’). The DNA product was cloned into the 

EcoRI and NotI sites of pGEX4T-3 (Amersham Biosciences, Piscataway, NJ) to produce 

the fusion protein GST::ZmSMU2, and the plasmid was used to transform E. coli strain 

BL21(DE3) codon+ (Stratagene, La Jolla, CA). Bacterial cell extract in high-salt lysis 

buffer (10 mM phosphate buffer, pH 7.0, 0.5 M NaCl, 1 mM DTT, 1 mM EDTA and 0.2 

mM PMSF) containing 1% Triton X-100 was incubated with glutathione-agarose beads 

(Sigma, St. Louis, MO) at 4 oC. After two washes with the high-salt lysis buffer and two 

washes with phosphate buffered saline (pH 7.3), the fusion protein on the beads was 

digested with thrombin (Sigma, St. Louis, MO) to remove the GST tag. Following SDS-

PAGE, 1 mg of ZmSMU2 protein was purified by gel excision and used as antigen for 

preparation of custom rabbit polyclonal antibodies (Strategic BioSolutions, Windham, 
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ME). Immunoblots were incubated with a 1:2,000 dilution of rabbit ZmSMU2 antiserum, 

and then with 1:50,000 dilution of goat anti-rabbit IgG antibodies conjugated with 

horseradish peroxidase (Pierce, Rockford, IL). 

 

Production of recombinant GST::AtSMU2 protein and acquisition of Arabidopsis 

atsmu2-1 and atsmu2-2 mutants 

 The coding sequence of At2g26460 was amplified by RT-PCR using primers 

F+60BspHI and R+3924BamHI (5’-cgggatcccgtcaatgcttggatctcttagg-3’) and the DNA 

product was introduced into pCR4blunt-TOPO (Invitrogen, Carlsbad, CA). The resulting 

plasmid, pCR4b-AtSMU2, was digested with EcoRI, reinserted into pGEX4T-3 

(Amersham Biosciences, Piscataway, NJ) and used to transform the E. coli strain 

BL21(DE3) codon+ (Stratagene, La Jolla, CA). The recombinant protein, GST::AtSMU2, 

was purified by the same procedure as GST::ZmSMU2. The Arabidopsis mutants, 

atsmu2-1 (stock # SALK_039202) and atsmu2-2 (stock # WiscDsLox320H09), were 

obtained from Arabidopsis Biological Resource Center (Columbus, OH).  

 

Microarray hybridization and statistical analysis 

 The maize oligonucleotide array version 1.3 was obtained from Dr. David 

Galbraith, University of Arizona. This array has 64,896 features, including 56,610 

experimental probes, in two slides. The oligonucleotide probes originated from sequences 

of TIGR EST contigs, singleton ESTs, and GSS contigs. Details describing the 

microarray are available at the website (http://www.maizearray.org/). 
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To prepare targets for microarray hybridization, self-pollinated ears of four 20-

DAP heterozygous zmsmu2-1/+ plants were harvested. Endosperms were dissected from 

the kernels, and one half was used for genotyping and the other half was used for RNA 

extraction. Six to eight homozygous wild-type (+/+/+) and homozygous mutant (zmsmu2-

1/zmsmu2-1/zmsmu2-1) endosperms from each ear were pooled for RNA extraction, 

creating eight samples (four ears X two genotypes) of RNA. Subsequently, poly(A) RNA 

was isolated with Oligotex mRNA Midi Kit (Qiagen Inc, Valencia, CA). One hundred ng 

of mRNA per sample was amplified with an Aminoallyl Message Amp II kit (Ambion 

Inc, Austin, TX), according to the manufacturer’s instruction. Samples of 4.0 μg of 

amplified RNA were coupled to Cy3 or Cy5 mono-reactive dyes (Amersham Bioscience, 

Piscataway, NJ) in 0.2 M NaHCO3 buffer. Unincoporated dyes were removed using an 

RNeasy MinElute column kit (Qiagen, Valencia, CA). Dye incoporation was measured 

by Nanodrop (Nanodrop Technologies, Wilmington, DE). 

For the experiment, eight hybridizations were done: four had Cy3-labeled wild-

type targets and Cy5-labeled zmsmu2-1 targets, while the other four had Cy5-labeled 

wild-type targets and Cy3-labeled zmsmu2-1 targets. Thus, the microarray design 

consisted of four biological replicates and two technical replicates for dye swapping. 

Hybridization of Cy3- or Cy5-labeled targets with the oligonucleotide arrays was 

performed at 55°C for 12 hours. The hybridization solution contained 48 pmole of Cy3-

labeled target RNA, 48 pmole of Cy5-labeled target RNA, 2X SSC, 0.08% SDS, and 

0.06X Liquid block (Amersham Bioscience, Piscataway, NJ). After hybridization, the 

arrays were washed once at 55°C with 2X SSC, 0.5% SDS, once with 0.5X SSC, and 
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finally with 0.05X SSC. After drying briefly, the arrays were scanned with a GenePix 

autoloader 4200 AL (Molecular Devices Corp, Sunnyvale, CA) and the expression data 

on the arrays were analyzed with GenePix Pro 4.0 software (Molecular Devices Corp, 

Sunnyvale, CA). Before exporting the expression data, the microarray images were 

inspected to review features found by the software. Spots with poor quality were 

identified and flagged. 

The expression data were normalized by the global LOWESS method (Dudoit and 

Yang, 2002) which is incorporated in the Marray package of Bioconductor 

(http://www.bioconductor.org/). The normalized expression ratios were imported into 

Microsoft Excel files. To eliminate unreliable expression data (e.g. signals too low or 

spots with poor quality), 30,140 probes with three or more missing values (NA’s) among 

8 expression values were eliminated, and a significance test was carried out for 

identifying differentially hybridized probes (DHPs). Since the expression of many genes 

is turned off in endosperm, filtering of probes with a low expression level was important 

to increase the power of the significance test. The SAM version 2.0 (Tusher et al., 2001) 

was used for the significance test, allowing less than 0.1% of the false discovery rate (q-

value). As a result, we identified 1,021 DHPs. Further analyses were conducted with 839 

DHPs that showed a two-fold or greater change in level: 489 DHPs with lower target 

expression in the mutant than wild type (DHP-Ls) and 350 DHPs with higher target 

expression in the mutant than wild type (DHP-Hs). 

For gene ontology (GO) analysis, over-representation analysis in ermineJ 

(Pavlidis et al., 2002) was used. GO information for probes was obtained from the 
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manufacturer’s website, except for three user-defined gene sets: zein, non-zein storage 

proteins, and regulators of seed storage protein synthesis. To create the user-defined gene 

sets, we searched the annotation of probes for keywords, such as zein, glutelin, prolamin, 

globulin, legumin, opaque-2 and O2. P values for GO terms were calculated from the 

expression data for 34,756 filtered probes, and used for ranking GO with the lowest P 

values. 

 

Bioinformatics analysis of microarray data 

 Bioinformatic procedures were done mostly with various web-based programs 

from August to November, 2005. For BLAST analysis, GenBank BLAST webpage 

(http://www.ncbi.nlm.nih.gov/BLAST/) and GenBank NR protein, NR nucleotide, EST 

and GSS database were used. For BLASTN, the no-filtering option was used and only 

maize databases were searched. To identify target nucleotide sequences for a DHP (see 

Supplementary Figure 1A), we searched maize EST, NR nucleotide or GSS databases for 

the DHP sequence (50 or 70 nucleotides in length). To identify a maize GSS contig from 

a target GSS or NR sequence, a database of AZM release 4.0 by GenBank accession 

number was searched (http://maize.tigr.org/tigr-

scripts/tgi/maize2_annotators.pl?species=combo_T1). Since the GSS contig database 

does not have information about exons and introns, they were annotated by searching 

GenBank maize EST and NR databases for the sequence of GSS contigs. Exons and 

introns were manually annotated in the contig using Artemis version 7.0 (Rutherford et 

al., 2000), based on the search results and on the sequence consensus of a splice site - we 
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assumed that an intron starts with GT and ends with AG. Checking splice site consensus 

sequences was important, since it helped to identify authentic SVs from occasional 

technical artifacts (e.g. ESTs derived from homology-dependent recombination in E. coli). 

 To identify sister probes (SPs) for a DHP (see Supplementary Figure 1B), the 

maize microarray oligo database (http://tigrblast.tigr.org/er-

blast/index.cgi?project=MAIZEARRAY) was searched for the sequence of target EST, 

NR nucleotide, GSS and the GSS contig. Then, microarray expression data for the SPs 

were compared with those of the DHP. Probes with poor or low expression (more than 4 

NA’s) were eliminated. If none or only one among eight expression values for a SP had a 

different sign from the others, the SP was considered to be significant. Note, we did not 

search SPs for DHPs when the gene name was not given or unknown. 

 To locate DHPs in the MAGI genomic assembly (see Supplementary Table 1), 

we searched the database of MAGI version 4.0 and singletons 

(http://magi.plantgenomics.iastate.edu/blast/blast.html) for sequences of the 402 random 

experimental probes and the 490 DHP-Ls. The random probes were chosen from the 

34,756 filtered probes selected as having high expression values in the microarray 

analysis (see previous section). Probes with less than 90% sequence identity to their top 

BLASTN hit in the MAGI database were filtered out. After filtering, 291 random probes 

and 339 DHP-Ls were mapped on MAGI genomic sequences with the top BLASTN hits 

to determine if each of them could hybridize with a constitutive exon, an alternative exon, 

an intron, or an exon-intron boundary. For 17 random probes determined to hybridize 

with an alternative exon, an intron, or an exon-intron boundary, the same procedure of 
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exon-intron annotation was repeated, as was done for the AZM contigs containing DHPs. 

Thirty four AZM contigs (14 for random probes and 20 for DHPs) containing the probe 

sequences were inspected to determine if a probe was truly specific for certain SVs. The 

criteria for SV-spcific probes were as follows: (1) at least two SVs must be detected in 

the AZM contig; (2) the probe is expected to hybridize with some of the SVs but not with 

others; and (3) the SVs must be aligned to the GSS contig sequence with a high (>95%) 

sequence identity and a good splice site consensus sequence. 

 

Accession numbers 

Sequence data from this article can be found in the EMBL/GenBank data libraries under 

accession number(s) XX000000. 
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The following material is available in the online version of this article. 

Supplementary Text. Introduction, results, discussion, supplementary figure legends and 

references of zmsmu2-1 microarray data. 

Supplementary Table 1. List of DHP-Hs and DHP-Ls 

Supplementary Table 2. Correlation of random probes and DHP-L with the number of 

SVs in MAGI 

Supplementary Table 3. Idnetification of hybridization sites for random probes and 

DHP-L, according to the ab initio prediction-based exons and introns in MAGI 

Supplementary Table 4. Idnetnification of hybridization sites for random probes and 
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DHP-L, according to EST-based gene annotaion in MAGI 

Supplementary Figure 1. Identification of differentially expressed targets in zmsmu2-1 

endosperm. 

Supplementary Figure 2. Semi-quantitative RT-PCR showing altered RNA splicing in 

the zmsmu2-1 mutant. 

Supplementary Figure 3. Semi-quantitative RT-PCR analysis of RNAs corresponding 

to co-regulated and consistent SP classes of DHPs identified in the microarray 

experiment. 
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VI. Tables 

 

Table 1. Seed germination and seedling growth in zmsmu2-1 and zmsmu2-3 

    # of leaves  

F2 population a Genotype a N 0 1 2 or more 

zmsmu2-1 +/+ 25 1 2 22 (88%) 

(n=81) +/zmsmu2-1 36 2 1 33 (92%) 

 zmsmu2-1/zmsmu2-1 20 6 1 13 (65%) 

zmsmu2-3 +/+ 26 2 1 23 (88%) 

(n=84) +/zmsmu2-3 42 3 2 37 (88%) 

 zmsmu2-3/zmsmu2-3 16 8 0 8 (50%) 

a Genotypes were determined by genomic PCR, as described in Materials and Methods. 

Based on an expected genotypic ratio of 1:2:1, calculated chi square values for zmsmu2-1 

and zmsmu2-3 were 1.62 (P>0.05) and 2.38 (P>0.05), respectively. 
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Table 2. Procedures for Mu-TAIL PCR 

Reaction Cycle number PCR thermal condition 

Primary  1 95oC, 2 min 

 4 94 oC, 30 sec; 67 oC, 1 min; 72 oC, 2.5 min 

 1 94 oC, 30 sec; 25 oC, 3 min 

  ramping to 72 oC over 3 min 

 1 72 oC, 2.5 min 

 14 94 oC, 10 sec; 67 oC, 1 min; 72 oC, 2.5 min 

  94 oC, 10 sec; 67 oC, 1 min; 72 oC, 2.5 min 

  94 oC, 10 sec; 44 oC, 1 min; 72 oC, 2.5 min 

 1 72 oC, 5 min 

 1 4 oC, 30 min 

Secondary 12 94 oC, 10 sec; 63 oC, 1 min; 72 oC, 2.5 min 

  94 oC, 10 sec; 63 oC, 1 min; 72 oC, 2.5 min 

  94 oC, 10 sec; 44 oC, 1 min; 72 oC, 2.5 min 

 1 72 oC, 5 min 

 1 4 oC, 30 min 
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VIII. Figures 

 

Figure 1. Kernel and protein phenotypes of mto38/zmsmu2-1. (A) Mature F2 kernels 

from a heterozygous zmsmu2-1/+ ear that segregated for vitreous and opaque 

(arrowheads) phenotypes at a 3:1 ratio. (B) SDS-PAGE of zein (lanes 1 and 2) and non-

zein proteins (lanes 3 and 4) from vitreous (lanes 1 and 3) and opaque (lanes 2 and 4) F2 

endosperms. 
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Figure 2. Phenotypes of zmsmu2-1 mutants. (A) Wild-type (left) and zmsmu2-1 (right) 

seedlings at 20 days after germination (DAG); note the mutant seedling produced more 

leaves than wild type. (B) A mature zmsmu2-1 mutant plant showing numerous leaves 

and a poorly branched tassel. (C-F) Sagittal longitudinal sections through 16-DAP 

embryos of wild-type (C) and zmsmu2-1 (D-F). The mutant embryos (D and F) are 

typically smaller than wild-type (C). Though many mutant embryos have a single shoot 

and root meristem (F), like the wild type, some have twin plumules (D) and twin radicles 

(E). A magnified image of the section in panel D. S, scutellum; Cp, coleoptile; R, 

radicle; Cr, coleorhiza; bars = 0.2 mm. Images courtesy of CS Kim and HN Nguyen. 
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Figure 3. Identification of a Mu insertion in the maize Zmsmu2 gene that is tightly linked 

with the opaque kernel phenotype. (A) Mu TAIL-PCR products from genomic DNA of 

seedlings of opaque F2 kernels (lanes 1-6), seedlings from vitreous F2 kernels (lanes 7-

12), and homozygous wild type W64A+ seedlings (lanes 13-18). A 150-bp fragment 

(arrow) was detected in DNA of all the opaque mutants (lanes 1-6) but none of the 
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homozygous wild types (lanes 13-18). This DNA was detected in some of the vitreous F2 

progeny (lanes 9-11), which may be heterozygous for zmsmu2-1. Image courtesy of CS 

Kim. (B) Linkage analysis of zmsmu2-1 with the opaque kernel phenotype. Genomic 

PCR using gene-specific primers F3 and R6 (lanes with a plus sign; see panels C and D 

for the position of the primers in the Zmsmu2 gene) yielded a DNA band specific for the 

wild-type allele at the Zmsmu2 locus, whereas another PCR using primers MuTir6 and 

R6 (lanes with a minus sign) produced a zmsmu2-1-specific band. The lane numbers 

correspond to F2 individuals that provided genomic DNA templates for the PCR. (C) 

Structure of the maize Zmsmu2 gene. White and black boxes correspond to exon 

sequences in the 5’ and 3’ UTRs and the coding region, respectively, and gray bars 

between the boxes represent introns. The Mu element (not to scale) in alleles zmsmu2-1 

to zmsmu2-4 is illustrated by reverse triangles; the allele numbers are specified in the 

black triangles. Black and gray arrowheads mark the positions of gene-specific primers 

and of a Mu-specific primer, MuTir6, respectively, used for PCR amplification. (D) 

Alignment of the Zmsmu2 genomic DNA sequence from two maize inbreds, W64A+ and 

B73+. Only the 5’ ends of the available sequences are shown. The nucleotide sequence in 

gray corresponds to the Mu-containing sequence obtained from zmsmu2-1 cDNA. Intron 

sequences are italicized. Capital letters over the W64A+ sequence are the first 16 amino 

acid residues of the deduced protein. The three sequences in boxes show the target 

duplication sites for Mu insertion in zmsmu2-1, zmsmu2-3 and zmsmu2-4. Primer 

sequences are shown in arrows. Underlined nucleotide sequences are conserved cis-

elements identified by TESS (http://www.cbil.upenn.edu/tess). 
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Figure 4. Deduced amino acid sequences of ZmSMU2 and its homologues in eukaryotes. 

Multiple sequence alignment obtained from CLUSTALX (Thompson et al., 1994) 

revealed identical (in black) and conservative (in gray) amino acid residues among SMU-
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2 homologues. ZmSMU2 (translated from mRNA XXXXXXX), OsSMU2 

(ABA91466.2), LeSMU2 (translated from mRNA BT013452), AtSMU2 (NP_180214.1), 

HsSMU2 (NP_006074.1), DmSMU2 (NP_649865.1) and SMU-2 (NP_494559.1) 

correspond to maize, rice, tomato, Arabidopsis, human, fruit fly and nematode proteins, 

respectively. Solid lines indicate three conserved regions identified by Pfam 

(http://www.sanger.ac.uk/Software/Pfam/). RED_N, RED-like protein N-terminal region; 

RED, RD or RE repeats; and RED_C, RED-like protein C-terminal region. The two open 

boxes represent nuclear localization signals in ZmSMU2, as predicted by PSORT 

(http://psort.ims.u-tokyo.ac.jp/form.html). Two asterisks mark sequence variations in the 

zmsmu2-3 allele, Glu107 to Asp107 and Ala233 to Ser233. 
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Figure 5. The zmsmu2-1 mutant shows altered gene expression. (A) Semi-quantitative 

RT-PCR comparing transcript levels of Zmsmu2 and ubiquitin conjugase (Ubc) control 

genes in homozygous wild-type and zmsmu2-1 mutant endosperm. For Zmsmu2 

transcripts, 3 different primer pairs were used (refer to Figure 3C depicting location of 

primers and the Mu insertion in zmsmu2-1). The F5 and S1 primers detected RNAs 

corresponding to the 3’ end of the coding sequence; the F1 and R5 primers detected 

RNAs corresponding to the wild-type-specific 5’ UTR and coding region; the MuTir6 

and R5 primers detected RNAs corresponding to the zmsmu2-1-specific 5’ UTR, plus 5’ 

coding region. +/+, endosperm dissected with a homozygous wild-type embryo; -/-, 

endosperm dissected with a homozygous zmsmu2-1 mutant embryo. (B) An immunoblot 

with maize ZmSMU2 antibodies detects the corresponding protein (indicated by an arrow 

in lane 3) and the homologous Arabidopsis protein (AtSMU2) (arrow in lane 5). Lane 1, 

1 ng of GST; lane 2, 1 ng of GST::ZmSMU2; lane 3, non-zein proteins from W64A+ 

endosperm 14 DAP; lane 4, 1 ng of GST::AtSMU2; lane 5, protein extract from three 

seedlings of Arabidopsis Col-0 (7 DAG); lane 6, protein extract from three seedlings of 
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Arabidopsis mutant atsmu2-1; lane 7, protein extract from three seedlings of Arabidopsis 

mutant atsmu2-2. (C) ZmSMU2 immunoblot of non-zein endosperm proteins from 16 

DAP kernels of an F2 ear segregating for zmsmu2-1. Lane 1, homozygous wild-type; lane 

2, heterozygote; lane 3, homozygous zmsmu2-1. (D) Tissue-specific expression of 

ZmSMU2 protein based on immunoblot assay. Each lane contained about 4 μg of 

proteins from various tissues of W64A+. lane 1, 14 DAP endosperm; lane 2, 14 DAP 

embryo; lane 3, shoot apex from a 20 DAG seedling; lane 4, roots from this seedling; 

lane 5, leaf blade from this seedling; lane 6, unfertilized ovule; lane 7, mature pollen; lane 

8, developing tassel. 
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Figure 6. zmsmu2-1 and zmsmu2-3 mutants share similar molecular phenotypes. 

Heterozygous (zmsmu2-1/+ or zmsmu2-3/+) plants were self-pollinated and 16 DAP 

kernels dissected into embryo and endosperm tissues. Embryo DNA was used to 

genotype the Zmsmu2 locus, and protein and RNA were extracted from homozygous 

wild-type, heterozygous, and homozygous mutant endosperms. +/+, endosperm with a 

homozygous wild-type embryo; +/-, endosperm with a heterozygous embryo; -/-, 

endosperm with a homozygous zmsmu2-1 mutant embryo. RNA was used for semi-

quantitative RT-PCR and for Northern blot analysis with the ITS2 probe (panels A and 

D). Protein was separated into zein and non-zein fractions, separated by SDS-PAGE, and 

immunobloted with ZmSMU2 antibodies (panel B, non-zeins) or stained with Coomassie 

Blue (panel C, zeins). A minimum of three replicated experiments for each homozygous 
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zmsmu2-1 and zmsmu2-3 genotype was analyzed. (A) Comparison of Zmsmu2 transcripts 

in F2 kernels segregating for zmsmu2-1 and zmsmu2-3. Relative to wild type, Zmsmu2 

transcripts were more reduced in zmsmu2-3. Primers F5 and S1 were used for the 

amplification of Zmsmu2 transcript. (B) Immunodetection of ZmSMU2 protein in 

zmsmu2-1 and zmsmu2-3. Although this protein was synthesized in both zmsmu2-3 and 

zmsmu2-1, its migration was altered during SDS-PAGE. (C) Comparison of zein proteins 

in zmsmu2-1 and zmsmu2-3 endosperm. Both zmsmu2-1 and zmsmu2-3 showed reduced 

synthesis of zein proteins, particularly α-zeins. Zein protein designations are shown on 

the right; each lane contained 1/120 of the total zeins extracted from 50 mg of 16-DAP 

endosperm. (D) Altered RNA splicing in zmsmu2-1 and zmsmu2-3. Although all five 

genes were predicted to undergo alternative splicing, primers used for this RT-PCR 

analysis amplified multiple SVs for Tra2, Rsp31b, Otux and Rps29, but not Rpl15. Solid 

arrowheads indicate SVs with different band intensities between the wild-type and 

mutants. Pre-mRNA splicing patterns of SVs are shown at right, with RT-PCR primers 

indicated by arrows. 
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Figure 7. Evidence of defective rRNA processing in zmsmu2-1 endosperm. (A) Diagram 

illustrating the maize rRNA transcription unit. Solid bars indicate sequences present in 

mature 18S, 5.8S and 25S rRNAs after primary transcript processing. Lines between the 

bars correspond to the 5’ external transcribed spacer (5’ ETS), internal transcribed 

spacers 1 and 2 (ITS 1 and 2) and the 3’ ETS. Gray lines below the transcription unit 

show the location of probes used for Northern blots. (B) Northern blot analysis 

comparing levels of mature and unprocessed rRNAs in wild-type and zmsmu2-1 

endosperm. Each lane contained one μg of total RNA extracted from genotyped 

endosperm. +/+, endosperm from a kernel with a homozygous wild-type embryo; -/-, 
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endosperm from a kernel with a homozygous zmsmu2-1 embryo. Number above each 

blot indicates the probes used for the Northern blot and correspond to the number in the 

diagram in A. The blots were exposed to X-ray film for 1 hour (blots 2, 4 and 6) or 

overnight (blots 1, 3 and 5). Four major bands (arrowheads; labeled a, b, c and d) were 

detected, and the diagrams on the right show the intermediate and mature rRNA 

transcripts predicted from the band pattern. Note that bands corresponding to 5.8S rRNA 

are not shown here due to their small size. (C) Northern blot analysis comparing the ITS2 

levels in wild type, zmsmu2-1 and zmsmu2-3 mutants. The arrowheads indicate 

unprocessed rRNA species containing ITS2. Each lane contained one μg of total RNA. 
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Figure 8. Reduced efficiency of mRNA translation in zmsmu2-1 mutant endosperm. 

Polysomes were isolated from 16 DAP endosperm as described in Methods, separated by 

centrifugation in 10-60% sucrose gradients, and the absorbance at 254 nm monitored 

continuously during fractionation with an ISCO 640 fractionator. +/+, endosperm from a 

kernel with a homozygous wild-type embryo; -/-, endosperm from a kernel with a 

homozygous zmsmu2-1 embryo. (A) Polysome profiles from 16-DAP wild type (upper 

panel) and zmsmu2-1 mutant endosperm (lower panel). The numbers above the peaks 

indicate the monosome (1) and number of ribosomes in polysomes (2-6 or more). The 

arrow indicates the direction of centrifugation. (B) RT-PCR analysis of RNA obtained 

from polysomes in panel A. Aliquots of 0.8 ml were collected during gradient 

fractionation, and RNA was purified by phenol-chloroform extraction. Equal volumes of 

RNA solution were used for RT-PCR to detect ubiquitin conjugase (Ubc), ribosomal 

protein S29 (Rps29) and Zmsmu2 transcripts. For Zmsmu2, primers F5 and S1 were used. 

(C) Northern blot analysis of monosomal (M) and polysomal (P) fractions with a probe 

for the ITS2 of the rRNA transcription unit. Approximately 0.5 and 1.0 μg of RNA was 

used for the monosomal and polysomeal fractions, respectively. For comparison, total 

RNA (T) was analyzed. The rRNA precursors corresponding the two bands detected are 

labeled as in Figure 7.  
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IX. Supplementary Text 

Identification of pre-mRNA targets of splicing regulators is important for 

understanding how regulation of splicing affects gene expression. Traditionally, targets of 

splicing regulators were identified by comprehensive molecular genetic and biochemical 

studies (Black, 2003). However, as more splicing regulators and alternative splicing 

events were discovered, it became possible to use a candidate gene approach, where the 

splicing pattern of a potential target pre-mRNA was investigated in a splicing-regulator 

mutant. An alternative strategy is to compare the transcript profile of a splicing-regulator 

mutant with that of the wild type. This type of comparison results in the identification of 

a pre-mRNA target as well as secondary effects on gene expression. The pre-mRNA 

target of a splicing regulator could be identified by an altered pattern of splicing in the 

mutant, while a secondary effect would include feedback responses to the targets and 

compensatory effects. For example, up-regulated genes in cardiac-specific ASF/SF2 

knockout mice included markers for cardiac hypertrophy and fibrosis (Xu et al., 2005). 

Furthermore, Xu et al. (2005) also identified three potential pre-mRNA targets with 

altered splicing, two of which were found by microarray analysis and one through a 

candidate gene approach. 

 Conventional microarrays, however, are not optimized to help identify an altered 

splicing pattern (Matlin et al., 2005). This process is facilitated by special splicing 

microarrays, which are designed to distinguish one SV from another, by taking advantage 

of oligonucleotide probes that can specifically recognize a certain SV (Johnson et al., 

2003). These SV-specific probes (see Supplementary Fig. 1C; probe 1 can hybridize with 
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SV2 and SV3 but not with SV1) hybridize with an alternative exon, while control probes 

(e.g. SP-1 in Supplementary Fig. 1C) hybridize equally well with constitutive exons of 

different SVs. A splicing microarray was effective for analyzing RNAi knockdowns of 

four Drosophila splicing regulators and identifying target pre-mRNAs of the splicing 

factors (Blanchette et al., 2005). The number of alternative splicing events affected by 

these splicing regulators varied from 43 to 319. Similarly, a splicing microarray 

experiment with Nova2 (a neuron-specific splicing regulator) knockout mice revealed 

Nova2-dependent changes in pre-mRNA splicing (Ule et al., 2005). A splicing 

microarray requires thorough coverage of known alternative splicing events in the 

organism to be tested, as well as precise genome-wide annotation of exons and introns.  

 To identify potential pre-mRNA targets and secondary effects of ZmSMU2, we 

conducted a transcript profiling experiment using endosperm from developing 

homozygous wild-type and zmsmu2-1 kernels. Although a conventional EST-based 

microarray was used, the data analysis applied the logic of a splicing microarray, i.e. SV-

specific probes were identified (see below).  

 

Design of the zmsmu2-1 microarray analysis 

For the microarray experiment, we used a nearly isogenic line of W64Azmsmu2-1, 

in which the mutant allele was introgressed by six generations of backcrossing. Because 

homozygous zmsmu2-1 mutants are sterile, four heterozygous (zmsmu2-1/+) plants were 

self-pollinated to obtain ears segregating for the zmsmu2-1 allele. At 20 days after 

pollination (DAP), the kernels were dissected and genotyped for the zmsmu2 locus. Based 
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on this result, homozygous wild-type and homozygous mutant endosperms from each ear 

were pooled, creating eight RNA samples (four wild-type and four mutant) for poly(A) 

RNA isolation. RNA from wild-type and mutant endosperm samples from each ear were 

amplified and reciprocally labeled with Cy3 and Cy5. Thus, there were four biological 

replicates with two technical replicates for the microarray analysis. 

We used the maize oligonucleotide array version 1.3 (see Methods) for which the 

probes were derived from EST contigs (TIGR maize gene index release 15.0), singleton 

ESTs, and genome survey sequence (GSS) contigs (Chan et al., 2006). This array 

contains 64,896 features, including 56,610 experimental probes. After the Cy3- and Cy5-

labeled targets were hybridized with the microarrays, they were scanned and comparative 

expression data were extracted from the images. The expression data were normalized 

and 30,140 probes with a low expression value and poor hybridization quality were 

filtered out. A significance test for determining differentially hybridized experimental 

probes (DHPs) was carried out with 34,756 filtered probes. We found 1,021 probes with 

less than 0.1% false discovery rate (q-value): 647 showed lower and 374 probes showed 

higher expression values in mutant than wild-type endosperm. We selected 839 DHPs 

with greater than two-fold change in expression for bioinformatics analysis (see below). 

It was expected that it would be possible to confirm greater than a two-fold change in 

target RNAs by RT-PCR. The 839 DHPs consisted of 489 sequences with lower 

expression values in zmsmu2-1 than in wild type (DHP-Ls) and 350 sequences with 

higher expression values in zmsmu2-1 than wild type (DHP-Hs) (Supplementary Table 1).  

 



 106

Microarray data analysis 

 To identify gene expression pathways affected by the zmsmu2-1 mutation, we 

carried out a gene ontology (GO) analysis. Some experimental probes in the microarray 

were grouped into particular GO terms (Ashburner et al., 2000) by the microarray 

manufacturer. We used an over-representation analysis that determines if a GO is 

statistically over-represented in the microarray data. This procedure indicated the 

expression data were highly biased to certain GO terms, including ribosome biogenesis, 

protein synthesis, translation initiation, seed storage protein synthesis, RNA binding, 

protein phosphorylation, protein ubiquitination, nucleosome assembly, etc. (P values < 

0.001%).  

Putative gene annotations associated with 40 DHPs were validated by 

investigating the proteins they encode, based on nucleotide sequences that showed a high 

degree of identity with the DHPs (Supplementary Fig. 1A, paths to gray boxes). Of the 40 

DHPs, eight were found to have a new or a completely different gene annotation from 

those provided by the manufacturer. For many other DHPs, we were able to find an 

updated annotation. This was not surprising, because the old annotation was generated 

mostly by automated bioinformatics procedures that used earlier established sequence 

databases. Based on the evaluation of putative gene annotation, we decided to extend this 

investigation to all 839 DHPs (Supplementary Table 1). 

To identify DHP sequences in target GSS contigs (see paths to and from maize 

GSS contigs in Supplementary Fig. 1A), we manually annotated exons and introns in the 

contig through BLAST searches and inspected the sequence alignment of EST matches to 
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exonic sequences to verify the consensus sequence of splice sites. Then, we determined if 

the DHP mapped in an exon, an intron, or an exon-intron boundary (XIB). 

Supplementary Figure 1C illustrates the results of the analysis and Supplementary Figure 

1D (see column of hybridization site) shows the categorization of probes shown in 

Supplementary Figure 1C into exon, intron, XIB or ND (not determined). When multiple 

splice variants (SVs) were detected in a GSS contig, a SV-specific probe could be 

mapped to an exon, an intron or XIB, depending on which SV was used as reference. For 

instance, probe 1 (Supplementary Fig. 1C) will be intronic if SV1 is used as reference, 

but exonic if SV2 or SV3 are used. In such cases, we simplified the classification of the 

hybridization sites by prioritizing intron and XIB over exon (Supplementary Fig. 1D). 

Some DHPs lacked a matching EST (probe 2 in Supplementary Fig. 1C) or had only 

partially matching ESTs (e.g. probe 5 in Supplementary Fig. 1C). In these cases, 

BLASTX (see Supplementary Fig. 1A) was often helpful for annotating exons and 

introns based on sequence similarity to known proteins. The classification of 

hybridization sites for DHPs provided information with which we could test our 

hypothesis regarding the biological function of ZmSMU2 in alternative splicing. When 

we determined the hybridization sites for 162 DHP-Ls, 34 probes (22%) were located in 

an intron or an XIB (Supplementary Fig. 1E), and 27 of these mapped to a GSS contig 

that had at least two SVs (data not shown). These results indicated that a significant 

percentage of the DHP-Ls differentially hybridized with several SVs from one gene. 

As mentioned earlier, transcript profiling of splicing regulators using conventional 

EST-based microarrays is confounding, since DHPs can result from not only a 
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differential splicing pattern, but also any secondary consequence of defective splicing. To 

distinguish between these two types of DHPs, we categorized them as “co-regulated”, 

“consistent SP”, “splice variant”, “3’ end variant”, “inconsistent SP” and “single probe”. 

Categorization of these DHP classes is explained as follows: from the list of DHPs, we 

noted that many DHP-Hs represented genes encoding ribosomal proteins, translation 

factors, eIF-5A, histones and tubulins, while several α-zein genes were found in the list of 

DHP-Ls. These genes appear to be co-regulated, because they are either members of a 

gene family (e.g. zeins, tubulins, eIF-5A) or components of a biochemical complex (e.g. 

ribosomes, nucleosomes). We classified DHPs for these genes as “co-regulated” which is 

likely to result from a secondary consequence. For other DHPs, we identified sister 

probes (SPs) for some of them. SPs share a common target sequence with a DHP, and 

they were identified by the procedure shown in Supplementary Figure 1B. Expression 

ratios of DHPs were compared with those of corresponding SPs, and based on this 

comparison, DHPs were further classified. 

A DHP and its SPs can have a similar pattern of expression, as shown by the 

examples of probe 2 and SP-2 (Supplementary Fig. 1C). In this case, we identified probe 

2 as a DHP-L and SP-2 as a SP of probe 2. Expression ratios associated with probe 2 and 

SP-2 indicated reduced gene expression in the mutant. Thus, we categorized probe 2 as a 

“consistent SP” type of DHP (Supplementary Fig. 1D), and we expect this class of probes 

to represent genes with expression that is not due to differential splicing.  

In other cases, however, the expression of SPs was not consistent with that of the 

corresponding DHP (probes 1 and 3 in Supplementary Fig. 1C). The presence of SVs can 
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explain this inconsistency. For example, probe 1 (Supplementary Fig. 1C) was classified 

in the “splice variant” class (Supplementary Fig. 1D), because it met several strict criteria 

for this class: it had a GSS contig (AZM4_22233): the GSS contig had multiple SVs, its 

hybridization site resided in either an intron or XIB, and the difference between the 

expression data for probe 1 and SP-1 can be explained if SV1 and SV3 accumulate more 

and less, respectively, in mutant endosperm. 

An altered pattern of pre-mRNA splicing is not the only potential source of 

inconsistency between the expression ratios of a DHP and its SPs. Variation in 

transcription initiation sites and polyadenylation sites can result in 5’ and 3’ end variants, 

respectively. If a DHP hybridizes with one 3’ end variant but not another, it will be 

classified as a “3’ end variant” type of DHP. In many cases, however, it was not clear 

why an expression ratio of a DHP was different from those of corresponding SPs (see 

probe 3 and its SPs in Supplementary Fig. 1C), though cross-hybridization is most likely 

responsible for this inconsistency. We categorized this type of DHP as “inconsistent SP”. 

The last class of DHPs is “single probe”, which means we failed to find any SPs for the 

DHP (probes 4 and 5 in Supplementary Fig. 1C). For this class of DHPs, therefore, we 

could not test for the possibility of alternative splicing. 

The pie charts in Supplementary Figure 1F summarize the nature of DHP-Hs and 

DHP-Ls (two charts on left) and show the number of gene products encoded by the 

targets of “co-regulated” and “consistent SP” classes (two smaller charts on right). This 

comparison confirmed most of the high-ranked GO terms identified from the over-

representation analysis. Transcripts encoding cytosolic ribosomal proteins accumulated at 
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higher levels in the mutant than the wild-type endosperm. Some genes encoding 

translation factors and histones were also up-regulated, while down-regulated genes 

included α-zeins and Opaque2 (O2) (Supplementary Fig. 1F), a transcription factor that 

regulates genes encoding α-zeins and other endosperm proteins (Schmidt et al., 1992). 

The “co-regulated” and “consistent SP” classes of DHPs were far more common among 

DHP-Hs than DHP-Ls. For instance, probes for ribosomal proteins, translation factors, 

histones and tubulins explained about 57% of total DHP-H, whereas probes related to 

zeins and other storage proteins covered only 7% of the total DHP-L. Apparently, the rest 

of the DHP-Ls are involved in various cellular and physiological processes. The “splice 

variant” class of DHPs was frequently observed among DHP-Ls (Supplementary Fig. 1F). 

This suggests that an altered pattern of alternative splicing in the zmsmu2-1 mutant can 

explain the inconsistency in the expression data of some SPs. 

Based on the data supporting an altered pre-mRNA splicing pattern in the mutant, 

we further tested our hypothesis regarding ZmSMU2 function in two ways. One approach 

was to see if genes with multiple SVs were over-represented among the DHPs. If a 

mutation globally affects alternative splicing, genes affected by this process, i.e. genes 

with multiple SVs, could simply be over-represented among the DHPs. Another potential 

sign of an altered splicing pattern is over-representation of SV-specific probes among the 

DHPs. If microarray hybridization is performed with RNA from a splicing-defective 

mutant, e.g. over-expression of SR protein genes, differential expression will be detected 

for many SV-specific probes. Therefore, a considerably high proportion of SV-specific 

probes among the DHPs would suggest defective or altered splicing. However, altered 
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splicing of target pre-mRNAs should induce secondary changes in gene expression and 

many cellular processes. Thus, over-representation of alternative splicing events or SV-

specific probes can be subtle or even insignificant, if they are overwhelmed by a 

secondary consequence of defective splicing. 

To test if genes with multiple SVs or SV-specific probes were over-represented 

among the DHPs, we randomly chose 402 of the 34,756 filtered probes and compared 

them with 490 DHP-Ls. We did not include DHP-Hs in this analysis, because most of 

them appeared to result from secondary consequences of the defect in zmsmu2-1 (see 

Supplementary Fig. 1E). Random probes and DHP-Ls of genomic contigs were identified 

by searching the database of MAGI version 4.0 and singletons (Fu et al., 2005) . In the 

MAGI database, gene annotation was based on alignment of EST matches from BLAST 

searches and/or on the results from an ab initio gene prediction program. We took 

advantage of these annotations to identify putative SVs and to categorize hybridization 

sites for random probes and DHP-Ls. For each contig containing a probe sequence, we 

determined the number of putative SVs and exons, as well as the hybridization site for the 

probe. When we compared the numbers of sequences obtained from random probes and 

DHP-Ls, the results were not consistent with an over-representation of alternative 

splicing events in DHP-Ls (Supplementary Table 2). However, over-representation of 

DHP-Ls with hybridization sites in an intron or an XIB was observed when gene 

annotation was based on the ab initio gene prediction (16.1% of DHPs versus 8.4% of 

random probes, Supplementary Table 3). Furthermore, a reduced level of over-

representation was observed when we used EST-based gene annotation (12.3% of DHP-L 
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versus 10.2% of random probes, Supplementary Table 4). From the random probes and 

DHP-Ls with hybridization sites in an alternative exon, an intron, or an XIB, we 

identified authentic SV-specific probes (see the Methods for the definition of SV-specific 

probes). We found 14 out of 173 DHP-L (7.5%) to be SV-specific, while only 7 out of 

166 random probes (4.2%) were SV-specific. Interestingly, one of the seven SV-specific 

random probes was identified as a DHP-H in the microarray data analysis, and two other 

SV-specific random probes had a lower expression level in zmsmu2-1 than wild-type 

endosperm. Thus, the microarray data analysis supported the hypothesis that the 

alternative splicing pattern was altered in the zmsmu2-1 mutant. 

 

Identification of altered pre-mRNA splicing in zmsmu2-1 endosperm 

The analysis of the microarray data (Supplementary Fig. 1E) yielded candidate genes 

where hypothetical alternative splicing could explain the differential expression values of 

DHPs. A semi-quantitative RT-PCR analysis was conducted to investigate the predicted 

alternative splicing events and to identify an altered pre-mRNA splicing pattern in 

zmsmu2-1 endosperm. This analysis was performed using RNA from 3 homozygous 

wild-type and 3 homozygous zmsmu2-1 endosperms. From 30 DHP-Ls and 3 DHP-Hs of 

the “splice variant” class (Fig. 1F), we selected 17 DHPs and designed primers for RT-

PCR detection of potential SVs. Except for one gene that produced no RT-PCR signal, all 

the genes tested yielded RT-PCR products corresponding to at least two SVs of the 

predicted sizes (data not shown; refer to Supplementary Table 1 for the DHPs tested), 

indicating alternative splicing events associated with these genes. RT-PCR for two of the 
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DHPs revealed differential accumulation of SVs between wild-type and mutant 

endosperms (Supplementary Fig. 2). Three predicted SVs were detected for MZ00014948, 

which corresponds to a gene encoding an OTU-like protease (Otux) (Makarova et al., 

2000), and the ratio of SV1 to SV2 was higher in mutant than wild type (Supplementary 

Fig. 2, Otux). For another DHP-L, MZ00026268, which corresponds to a gene similar to 

Drosophila transformer-2 (Tra2) (Amrein et al., 1988), three predicted SVs were 

detected by RT-PCR. The ratio of SV1 to SV2 and SV3 was higher in zmsmu2-1 than 

wild type endosperm, indicating an altered splicing pattern in the mutant (Supplementary 

Fig. 2, Tra2). The maize Tra2 is an SR-related protein containing an RNA recognition 

motif (RRM) and a RS-like domain. An altered splicing pattern was observed for another 

DHP-L (MZ00000816), which corresponds to a gene encoding an SR protein, 

ZmRSp31B (Gupta et al., 2005), although this DHP-L was not classified in the “splice 

variant” class. The ratio of SV1 to SV3 for the Rsp31B gene was higher in the mutant 

than the wild type (Supplementary Fig. 2, ZmRSp31B). Thus, these three examples 

documented an altered pre-mRNA splicing pattern in zmsmu2-1, and they were 

confirmed by RT-PCR, demonstrating that alternative splicing is affected in this mutant. 

The microarray data analysis did not provide a complete description regarding the 

number of pre-mRNA targets of ZmSMU2. We hoped to identify multiple examples of 

genes with altered splicing in the mutant; however, discovering all the primary targets of 

ZmSMU2 would require a maize splicing microarray, which is currently unavailable. We 

tested 17 of the potential ZmSMU2-dependent splicing events by semi-quantitative RT-

PCR analysis (Supplementary Fig. 1F and Supplementary Table 4), but only two were 
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verified as clear examples of altered splicing in zmsmu2-1 (Supplementary Fig. 2). For 13 

events, either the nature of the SV difference was too subtle to be assessed by semi-

quantitative RT-PCR or no difference was detected in the level of known SVs. This small 

number of verifiable ZmSMU2-dependent splicing events is not surprising, because we 

used a conventional microarray platform and tested only a portion of thee candidate 

target pre-mRNAs. A higher number of targets for ZmSMU2 might be obtained with a 

specifically designed splicing microarray and better documentation of alternative splicing 

events (Blanchette et al., 2005; Ule et al., 2005). 
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X. Supplementary Tables 

Supplementary Table 1. List of DHP-Hs and DHP-Ls  

(will be provided as a Microsoft Excel file) 

 

Supplementary Table 2. Correlation of random probes and DHP-L with the number of 

SVs in MAGI 

 Random probes  DHP-Ls 

Total  169 (100%)  190 (100%) 

    Genes with a single transcript 128  (76%) a 151  (80%) a 

    Genes with multiple SVs 41  (24%) a  39  (20%) a 

a calculated based on the total number of random probes and DHP-L tested. 

 

Supplementary Table 3. Identification of hybridization sites for random probes and 

DHP-L, according to the ab initio prediction-based exons and introns in MAGI 

 Random probes DHP-Ls 

Total 202 (100%) 223 (100%) 

     exon 185  (92%) b 187  (84%) b 

     a others 17 (8%) b 36 (16%) b 

a includes probes whose hybridization sites are mapped in introns or XIB. 

b calculated based on the total number of random probes and DHP-L tested. 
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Supplementary Table 4. Idnetnification of hybridization sites for random probes and 

DHP-L, according to EST-based gene annotaion in MAGI 

 Random probes DHP-L 

Total 166 (100%) 187 (100%) 

     constitutive exon 149  (90%) c 164  (88%) c 

     a others 17 (10%) c 23 (12%) c 

   b SV-specific  7 (4%) c 14 (8%) c 

a includes probes whose hybridization sites are mapped in alternative exons, introns or 

XIB. 

b refer to Methods for the criteria of SV-specific probe. 

c calculated based on the total number of random probes and DHP-L tested. 
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XII. Supplementary Figures 
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Supplementary Figure 1. Identification of differentially expressed targets in zmsmu2-1 

endosperm. (A) Procedures for identifying target sequences corresponding to 

differentially hybridized probes (DHPs), annotating exons and introns in maize GSS 

contigs corresponding to the DHPs, and locating the DHPs in annotated GSS contigs. 

Nucleotide sequences are represented by white boxes and amino acid sequences by gray 

boxes. Inputs and outputs of sequence searches are shown at the start and end, 

respectively, of arrows. Programs and databases used in the sequence searches are 

described in the middle of arrows. (B) Procedures for identifying sister probes (SPs) from 

target sequences or GSS contigs identified in panel A. (C) Examples of DHPs and their 

target nucleotides that were identified from the procedure in panel A. The target 

nucleotides are genomic sequences (GSS contigs shown as AZM’s). Exons are shown by 

dark gray or white boxes, while light gray bars between boxes correspond to introns. The 

dark gray boxed exons are based on EST matches from BLASTN, while the white boxed 

exons were derived from BLASTX matches. Probe hybridization sites in target molecules 

are marked by arrows. Downward pointing arrows indicate hybridization sites for DHPs 

that corresponded to low target expression in the mutant (DHP-L). The split arrow 

pointing up indicates a DHP that detected a high level of target expression in the mutant 

(DHP-H; probe 3). Arrows pointing left and right indicate hybridization sites for probes 

without a significant difference between target expression values in the wild-type and 

mutant endosperm. (D) Identification of probe hybridization sites and DHP classes shown 

in panel C. The hybridization sites were determined by alignment of probe and target 

sequences with exon-intron annotation. ND, not determined; XIB, exon-intron boundary. 
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See text for an explanation of how the probe classes were determined. Operon ID (oligo 

ID by oligonucleotide manufacturer) for probes are as follows: probe 1 (MZ00026268), 

SP-1 (MZ00043966), probe 2 (MZ00046447), SP-2 (MZ00002070), probe 3 

(MZ00029716), SP-3a (MZ00044449), SP-3b (MZ00020250), probe 4 (MZ00002602), 

probe 5 (MZ00048182). (E) A pie chart showing the hybridization sites of DHP-Ls. (F) 

Pie charts showing the number of different classes of DHPs (left) and the number and 

nature of genes associated with the “co-regulated” and “consistent SP” class DHPs (right).  
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Supplementary Figure 2. Semi-quantitative RT-PCR showing altered RNA splicing in 

the zmsmu2-1 mutant. Each lane contains the RT-PCR products of RNA extracted from 

individual endosperms. +/+, endosperm from a kernel with a homozygous wild-type 

embryo; -/-, endosperm from a kernel with a homozygous zmsmu2-1 embryo. The 

transcript encoding a maize ubiquitin conjugase (Ubc) was used as a loading control. 

Arrowheads indicate SVs for genes encoding a protein similar to an OTU-like protease 

(Otux), a maize gene similar to Drosophila Transformer-2 (Tra2) and an SR protein, 

ZmRSp31B (Rsp31b). Relative abundance of SVs in wild-type endosperm (lanes 1-3) 

was compared with that in mutant endosperm (lanes 4-6). The pre-mRNA splicing 

pattern for each SV is illustrated at the right side. Small arrows indicate the positions of 

RT-PCR primers. Large arrows pointing down represent hybridization sites for DHP-L. 

Large arrows pointing left and right indicate the hybridization site for a probe without a 

significant difference in target expression values between the wild-type and mutant 

endosperms.
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Supplementary Figure 3. Semi-quantitative RT-PCR analysis of RNAs corresponding 

to co-regulated and consistent SP classes of DHPs identified in the microarray 

experiment. (A) RNA was isolated from a pool of six 20-DAP homozygous wild-type 

and six 20-DAP homozygous zmsmu2-1 mutant endosperms and compared for levels of 

transcripts encoding glyceraldehyde-3-phosphate dehydrogenase subunit C (Gapdh, 

control), ribosomal protein L7a (Rpl7a), ribosomal protein S29 (Rps29), elongation factor 

1-α (eEf1a) and Opaque-2 (O2). Arrowheads on the right side of the panels indicate the 

splice variants (SVs) of Rps29 and O2, and the splicing patterns for these SVs are 

illustrated. The sites of primers used for RT-PCR are shown by the small horizontal 

arrows. Solid arrows pointing up and down represent hybridization sites for DHP-H and 

DHP-L, respectively. Arrows split by a dotted line show the location of an exon junction. 

+/+, endosperm dissected from kernels with a homozygous wild-type embryo; -/-, 
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endosperm dissected from kernels with a homozygous zmsmu2-1 mutant embryo. (B) 

Level of Gapdh and Rpl7a transcripts in single endosperms at 16 DAP and 20 DAP. RT-

PCR products indicating the level of transcripts encoding GAPDH (control) and 

ribosomal protein L7a (Rpl7a) in homozygous wild-type (lanes 1, 2, 5 and 6) and 

homozygous zmsmu2-1 (lanes 3, 4, 7 and 8) endosperms at 16 DAP (lanes 1-4) and 20 

DAP (lanes 5-8).  
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APPENDIX B 

INTERACTION BETWEEN AtSMU1 AND AtSMU2 REGULATES PRE-mRNA 

SPLICING AND MULTIPLE ASPECTS OF DEVELOPMENT IN ARABIDOPSIS 

 In eukaryotes, alternative splicing of pre-mRNAs contributes significantly to the 

proper expression of the genome. However, the functions of many auxiliary spliceosomal 

proteins are still unknown. Here we show that mutations in the ARABIDOPSIS 

THALIANA HOMOLOGUE OF NEMATODE SMU-2 (AtSMU2) and AtSMU1, a gene 

encoding an AtSMU2-interacting protein, primarily cause defects in cotyledon number 

and plant architecture. In addition, atsmu2 and atsmu1 mutants exhibit altered splicing of 

specific pre-mRNAs. The AtSMU2 protein is localized to the nucleus and is highly 

prevalent in actively dividing cells. Genetic analysis of AtSMU1 indicated that AtSMU1 

and AtSMU2 function in the same genetic pathway. Thus, the plant SMU-1 and SMU-2 

homologues appeared to be involved in splicing of some pre-mRNAs that affect multiple 

aspects of development. 

 

I. Introduction 

The spliceosome consists of a group of small nuclear RNAs (snRNAs) and 

proteins that are recruited to pre-mRNAs to remove introns (Jurica and Moore, 2003). 

Recent proteomic analyses of human spliceosomal complexes (Neubauer et al., 1998; 

Hartmuth et al., 2002; Jurica et al., 2002; Makarov et al., 2002; Rappsilber et al., 2002; 

Zhou et al., 2002) revealed nearly 300 putative spliceosomal proteins. Only a fraction of 
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these proteins constitute the catalytic core components for pre-mRNA splicing, while the 

others are believed to be auxiliary factors. Some of these auxiliary proteins appear to be 

sequence-specific splicing factors (i.e. recruited to certain sets of pre-mRNAs) or their 

associated proteins, and provide communication links between splicing and other 

processes in pre-mRNA and mRNA metabolism, such as transcription, capping, and 3’-

end formation (Jurica and Moore, 2003). However, the biochemical functions of many of 

such auxiliary factors still remain unknown. 

Sequence-specific splicing factors play a key role in alternative pre-mRNA 

splicing, which is an important mechanism for increasing protein diversity without 

changing gene number (Graveley, 2001). Multiple splice variants (SVs) may be produced 

if the splice sites are not highly conserved. However, this splicing plasticity would be 

catastrophic if it were not accurately controlled by cis-elements in the pre-mRNA and 

splicing regulators that recognize these elements. SR proteins are examples of splicing 

regulators. SR proteins bind to splicing enhancers in pre-mRNAs through their RNA 

recognition motifs (RRMs), while arginine/serine-rich (RS) domains of SR proteins 

promote splicing either by interacting with other proteins (Wu and Maniatis, 1993) or by 

stabilizing base-pairing between pre-mRNA and snRNAs (Shen and Green, 2006).  

We isolated a maize mutants that affects pre-mRNA splicing and manifests a 

variety of phenotypes, including a reduced level of seed storage proteins and defective 

development of embryos and flowers (Chung et al., 2006, accompanying paper). The 

mutation results from insertion of a transposable element in the first exon of a gene 

encoding ZmSMU2, a homologue of nematode SMU-2 (Spartz et al., 2004) and a human 
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spliceosomal protein (Neubauer et al., 1998; Makarov et al., 2002; Rappsilber et al., 

2002; Zhou et al., 2002). Mutations in the nematode smu-2 gene are associated with 

altered splicing for unc-52 pre-mRNA, supporting a role for SMU-2 in pre-mRNA 

splicing (Spartz et al., 2004). 

Based on sequence homology, we proposed that Zmsmu2 plays a role in pre-

mRNA splicing. Consistent with this hypothesis, our transcript profiling of a maize smu2 

mutant (zmsmu2-1) revealed several genes with differentially accumulated SVs, including 

Otux (OTU-like protease), Tra2 (SR-like protein) and Zmrsp31B (SR protein) (Chung et 

al., 2006). Thus, eukaryotic SMU-2 homologues appear to have a conserved function in 

pre-mRNA splicing. Nevertheless, it is not clear how SMU-2 homologues regulate pre-

mRNA splicing. The human SMU-2 homologue does not appear to be a core component 

of spliceosome, since it was not uniformly detected in different spliceosomal complexes 

(Jurica and Moore, 2003). Therefore, it is likely that SMU-2 homologues are auxiliary 

factors of spliceosomes, similar to SR proteins. In contrast to SR proteins, SMU-2 

homologues lack any known RNA binding domain, and this raises the possibility that 

these proteins participate in pre-mRNA splicing by interacting with other spliceosomal 

proteins. 

Here we further examine the role of plant SMU-2 homologues using Arabidopsis 

thaliana. We characterized the AtSMU2 gene and obtained additional evidence 

supporting the role of SMU-2 homologues in pre-mRNA splicing. We found interactions 

of ZmSMU2 and AtSMU2 with proteins that imply a link with pre-mRNA splicing and 

other mRNA metabolic processes. We identified an interaction of AtSMU2 with 
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AtSMU1, the homologue of the nematode SMU-1 protein that was previously shown to 

interact with SMU-2 (Spartz et al., 2004). We also demonstrated genetic interaction 

between AtSMU1 and AtSMU2. Our data suggest that SMU-l and SMU-2 homologues 

cooperate with other proteins to regulate splicing of select pre-mRNAs. 

 

II. Results 

Characterization of the T-DNA insertional mutants atsmu2-1 and atsmu2-2 

 To functionally analyze the Arabidopsis homologue of ZmSMU2, we searched 

the SIGnAL T-DNA Express database (http://signal.salk.edu/cgi-bin/tdnaexpress) 

(Alonso et al., 2003) for mutants with a T-DNA insertion in the AtSMU2 gene 

(At2g26460). Two putative mutants were identified and designated atsmu2-1 and 

atsmu2-2, respectively. Analysis of the T-DNA-flanking sequences revealed that the 

atsmu2-1 T-DNA was in the eighth exon of the gene (Figure 1A). In atsmu2-2, a T-DNA 

insert was confirmed in the sixth intron of the gene (Figure 1A). To investigate the effect 

of these mutations on AtSMU2 gene expression, reverse transcription PCR (RT-PCR) 

analysis of RNA from seedlings was performed using different combinations of primers 

(see Figure 1A for the location of the primers). The atsmu2-1 (Figure 1B, lane 2) and 

atsmu2-2 homozygous seedlings (Figure 1B, lane 3) did not show significant differences 

in RNA levels corresponding to the 5’ portion of the AtSMU2 coding sequence (see the 

panel of AtSMU2 (1-2) in Figure 1B) as compared to wild-type seedlings (Figure 1B, lane 

1). However, when primers flanking the T-DNA insertion sites were used, AtSMU2 

transcripts were not detected in the mutants (see the panel of AtSMU2 (3-4) in Figure 1B), 
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indicating that the T-DNA insertions either disrupted proper transcription or RNA 

stability. Thus, atsmu2-1 and atsmu2-2 homozygous mutant plants are unlikely to 

produce a wild-type AtSMU2 protein. However, RT-PCR analysis using primers 

downstream to the T-DNA insertion sites indicated a low level of detectable RNA in the 

atsmu2-2 mutant plants (see the panel of AtSMU2 (5-6) in Figure 1B). This suggests that 

the T-DNA insertion in atsmu2-2 may create a downstream, cryptic transcription start site 

that may lead to the production of a partial AtSMU2 mRNA. 

 To determine whether the mutant plants lacked a full-length AtSMU2 protein, an 

immunoblot analysis of extracts from wild-type and atsmu2-1 and atsmu2-2 mutant 

plants was conducted. We previously reported that an AtSMU2 protein with a 

glutathione-S-transferase tag showed strong cross-reaction with an antiserum prepared 

against a maize SMU2-like protein (ZmSMU2) (Chung et al., 2006). Of the three 

prominent bands detected in wild-type Arabidopsis seedlings, the largest band 

corresponding to a 100 kD protein was absent in the mutant extracts (Figure 1C), 

indicating that it corresponds to the AtSMU2 protein. Furthermore, this result showed 

that atsmu2-1 and atsmu2-2 mutant plants do not produce a full-length AtSMU2 protein, 

suggesting that the two alleles are null for AtSMU2 function.  

 In order to understand the function of the AtSMU2 gene during development, we 

analyzed the phenotypes of the atsmu2-1 and atsmu2-2 plants. The first generation 

homozygous-mutant seedlings appeared to grow slower than wild-type seedlings, 

although their overall architecture was indistinguishable from wild-type plants (data not 

shown). On the other hand, we observed the appearance of phenotypes after further 
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selfing of the mutant alleles. For example, the weight of seeds produced in the F4 

populations (self-pollinated three times) of the atsmu2-1 plants was not significantly 

different from the wild-type seeds, while that of the F5 populations (self-pollinated 4 

times) was considerably greater (Figure 1D). Similarly, homozygous atsmu2-2 F4 seeds 

were significantly heavier than wild-type seeds (Figure 1D), although the F3 seeds were 

similar in weight to wild-type seeds (data not shown). The frequency of seed germination 

and the presence of abnormal cotyledons also showed discrepant expressivity in early as 

compared to later generations. Germination frequency was typically normal in 

homozygous atsmu2-1 F4 and F5 populations, while poor germination was observed in 

F3 populations (Table 1). Abnormal seedlings with one, three or more cotyledons were 

occasionally found in some F3 and F4 populations of atsmu2-1 and atsmu2-2, while the 

wild-type number of two cotyledons was observed in the atsmu2-1 F5 population 

(N=836) as in the wild-type seedlings (N=1443) (Figure 1E). Although the genetic basis 

of this discrepancy was not investigated further, these data indicated a reduction in the 

expression of the mutant phenotypes through inbreeding. Taken together, the genetic 

evidence indicates that the AtSMU2 gene plays a role in normal plant development.   

  

Interaction between atsmu2 and sta1  

 To investigate the role of AtSMU2 in pre-mRNA splicing, we created double-

mutant combinations between atsmu2 alleles and a mutation in the STA1 gene, which 

encodes a conserved protein with high similarity to the human U5 snRNP-associated 102-

kD protein and the yeast proteins, PRP1p and Prp6p (Lee et al., 2006). The sta1-1 mutant 
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used here is likely a partial loss-of-function allele because it contains a two-codon 

deletion in the coding region. Homozygous sta1-1 plants exhibit mild developmental 

defects, including delayed growth and serrated leaf margins (Lee et al., 2006). We 

observed that although the size of the mutant plants was typically smaller than wild type, 

they often showed more inflorescences per plant and produced a comparable amount of 

seeds as wild-type plants (Figure 1F). The weight of the seeds obtained from sta1-1 

mutants was not significantly different from that of wild-type plants (see Figure 1D). The 

sta1-1 mutant plants also showed several additional phenotypes, including an abnormal 

number of cotyledons (see Figure 1E) and a defect in node spacing during flower 

development (Table 1). 

 No double mutants were identified among 114 F2 plants analyzed from a cross of 

homozygous atsmu2-1 and sta1-1 plants. Further genotyping of 52 F3 plants that were 

homozygous for atsmu2-1 and segregating for sta1-1 and STA1 resulted in identification 

of four atsmu2-1 sta1-1 double-mutant plants, three of which produced three cotyledons, 

while one produced two asymmetric cotyledons. Three of the double-mutant plants died 

before flowering, but one with three cotyledons developed numerous small leaves and 

short inflorescences bearing only one or two short siliques (Figure 1F) with one or two 

seeds per silique. None of the 15 seeds obtained from this plant germinated. Thus, 

compared with the single-mutant parentals (Figure 1F), the double-mutant plants 

exhibited severe developmental defects. Similar results were obtained using the asmu2-2 

allele in combination with sta1-1. No double-mutant plants were obtained from F2 plants 

segregating for atsmu2-2 and sta1-1, while three double mutants were identified from F3 
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populations. All three atsmu2-2 sta1-1 double mutant seedlings ceased to grow at the 

cotyledon stage or before flowering. Taken together, the genetic interaction between 

atsmu2 alleles and sta1-1 indicate that AtSMU2 likely functions in pre-mRNA splicing in 

Arabidopsis.  

 

The atsmu2 mutations cause pre-mRNA splicing defects 

 To investigate whether AtSMU2 functions in pre-mRNA splicing, we analyzed 

atsmu2 mutant seedlings for genes previously known to produce SVs. Using RT-PCR, we 

detected three previously described SVs (mRNA1, 2 and 3) for the At1g09140 (AtSRp30) 

gene (Lopato et al., 1999) both in wild-type and mutant plants (Figure 2). However, the 

ratio of mRNA1 to mRNA3 was higher in the two mutant than wild-type seedlings 

(Figure 2). Furthermore, an additional SV was detected specifically in the mutant 

seedlings (Figure 2, indicated by an asterisk). Analysis of other known SVs, however, did 

not indicate differential accumulation in the mutant seedlings (data not shown) 

suggesting that only a certain number of alternative splicing events were affected by the 

atsmu2-1 mutation.  

 Interestingly, AtSRp30 encodes a protein showing a high degree of similarity to 

ZmRSp31B. Based on this, we speculated that maize Zmsmu2-dependent alternative 

splicing events might be evolutionarily conserved, if they are functionally significant for 

the two species. A search of the Arabidopsis protein sequence database identified 

At5g04250 (OTUX-like) and At1g07350 (AtTRA2) as putative homologues of OTUX 

and TRA2, respectively. No SVs corresponding to the At5g04250 gene were annotated in 
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TAIR (http://www.arabidopsis.org). However, analysis of the AtTRA2 mRNA from wild-

type plants indicated the presence of four SVs (Figure 2), two of which (SV1 and 2) were 

previously annotated in TAIR. As shown in Figure 2, the accumulation of the larger SVs 

relative to SV2 was reduced in atsmu2-1 and atsmu2-2 seedlings as compared to wild-

type seedlings. These data indicate that the atsmu2 mutations affect alternative splicing of 

some pre-mRNAs. Thus, AtSMU2 may function as a pre-mRNA splicing factor similar 

to the role played by its homologues in nematodes and maize.  

 

Expression of AtSMU2 during development 

Involvement of AtSMU2 in pre-mRNA splicing would suggest that the protein is 

localized to the nucleus. To test this, we generated transgenic Arabidopsis plants that 

produced a green fluorescent protein (GFP)-AtSMU2 fusion product (GFP-AtSMU2) 

under the control of a modified Cauliflower mosaic virus 35S gene promoter/enhancer 

sequence. As shown in Figure 3C, the GFP-AtSMU2 fusion protein was localized 

exclusively to the root cell nuclei. In contrast, a free GFP protein control was detected in 

both cytoplasm and the nucleus (Figure 3A), and a GFP-beta-glucuronidase (GUS) fusion 

protein control was detected exclusively in the cytoplasm (Figure 3B). Therefore, the 

nuclear localization of AtSMU2 corresponds to its putative function in pre-mRNA 

splicing.  

Immunoblot analysis of ZmSMU2 in various maize tissues indicated the highest 

level of expression in young meristematic tissues, such as developing endosperm, embryo, 

shoot apex, and flower (Chung et al., 2006). To identify the highest level of protein 
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accumulation for AtSMU2 during development, we extracted proteins from various 

Arabidopsis organs and performed an immunoblot analysis using anti-ZmSMU2 

antibodies. As shown in Figure 4, the highest level of AtSMU2 protein was detected in 

the seven days-after-germination (DAG) seedlings (lane 1), young flowers before 

anthesis (lane 6), and developing siliques less than 5 mm in length (lane 8). Lower levels 

of AtSMU2 accumulation were detected in roots (lane 2), expanding cauline leaves (lane 

4), open flowers (lane 7), and dry seeds (lane 9), while the inflorescence (lane 5) 

contained only a trace amount of the protein, which was only detected when the 

immunoblot was overexposed. No protein was detected in senescing rosette leaves (lane 

3). Thus, the AtSMU2 protein, like ZmSMU2 (Chung et al., 2006), appears to be present 

throughout the plant, although its abundance varied, with the highest level of 

accumulation in mitotically active tissues. 

 

Physical interaction of ZmSMU2 and AtSMU2 with other proteins 

To gain additional insight into the molecular function of plant SMU-2 

homologues, we used the yeast two-hybrid system (Y2H) to identify proteins that 

interacted with ZmSMU2. Transformants containing a GAL4 binding domain fused to a 

full-length ZmSMU2 protein exhibited self-activation (Figure 5A). Removal of the N-

terminal amino acids (residues 1-374) substantially reduced the self-activation, allowing 

us to create a fusion-protein bait consisting of C-terminal residues 375-565 (Figure 5A, 

pBD-GAL4-ZmSMU2(IV)). Using this bait, we screened a maize endosperm library, 

which yielded six colonies all of which encoded a full-length histone H4 cDNA. To 
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expand the repertoire of ZmSMU2-interacting proteins, we used another partial 

ZmSMU2 sequence (that did not show any self activation) corresponding to N-terminal 

residues 1-358 (Figure 5A, pBD-GAL4-ZmSMU2(V)), as a bait to screen a cDNA library 

prepared from young maize ears. This analysis resulted in the identification of six 

ZmSMU2-interacting proteins represented by 38 clones (Table 2, clone ID starting with 

Zm), including a Rasputin-like protein containing a nuclear transport factor 2 (NTF2) 

domain and an RNA recognition motif (RRM) (Pazman et al., 2000), histone H4, a SMU-

1-like protein (Figure 6) containing WD-40 repeats (Spike et al., 2001), a VOZ-like 

protein (Mitsuda et al., 2004), a protein very similar to the translation elongation factor 

EF-1beta, and a protein showing limited similarity to glycerol kinase. In addition, we 

used the bait construct pBD-GAL4-ZmSMU2(V) to screen a Y2H library prepared from 

3-DAG Arabidopsis seedlings, and this yielded three putative ZmSMU2-interacting 

proteins (Table 2, clone ID starting with At) including a partial HAF01 protein (Bertrand 

et al., 2005), a partial protein containing a tetratricopeptide repeat (TPR) domain, and a 

DUF751-containing protein. 

To further characterize the function of AtSMU2 and ZmSMU2 as spliceosomal 

proteins, we studied their interaction with the SMU-1-like proteins from maize and 

Arabidopsis using in vitro pull-down assays. We primarily focused on the SMU-1-like 

proteins, because previous findings indicated that SMU-1 and SMU-2 homologues are 

likely partners in formation of a functional spliceosome complex. The C. elegans SMU-1, 

which also contains WD-40-repeat motifs, interacts with SMU-2 (Spartz et al., 2004), and 

the HsSMU1 and HsSMU2 proteins were found within human spliceosomal complexes 
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(Jurica and Moore, 2003). As shown in Figure 5B, the GST-AtSMU2 and GST-

ZmSMU2 recombinant proteins when used as baits were capable of pulling down His-

tagged AtSMU2 and histone H4 proteins in vitro. No interaction was detected when GST 

alone was used to pull down the target proteins (Figure 5B, lane 2). In addition, a His-

tagged AtMEC8 also did not show interaction with the GST-AtSMU2 and GST-

ZmSMU2 proteins. The AtMEC8 protein is an Arabidopsis counterpart of the nematode 

MEC-8 that contains two RRMs and has been shown to regulate alternative splicing of 

the unc-52 transcripts (Lundquist et al., 1996). Taken together, these data indicate that the 

Arabidopsis and maize SMU2 proteins interact with SMU1, a highly conserved 

component of the eukaryotic spliceosome. 

  

AtSMU1 and AtSMU2 interact in a common genetic pathway 

 Identification of ZmSMU1 and AtSMU1 proteins as interacting partners for 

ZmSMU2 and AtSMU2 prompted us to investigate the genetic interaction between 

AtSMU1 and AtSMU2. Like AtSMU2, AtSMU1 appeared to be a single-copy gene in the 

Arabidopsis genome. We identified three putative T-DNA insertional mutant alleles in 

the AtSMU1 gene (At1g73720) and designated them atsmu1-1 (SALK_123852), atsmu1-

2 (SALK_051163) and atsmu1-3 (SAIL_95_E04). Sequencing of the genomic DNA 

flanking these insertions revealed that the T-DNAs in the atsmu1-1 and atsmu1-2 alleles 

were located within exon 11 and intron 15, respectively (Figure 7A). By contrast, the 

atsmu1-3 allele contained a T-DNA insertion in the promoter region. Analysis of the 

individual segregants from selfing populations of heterozygous atsmu1-1/+, atsmu1-2/+ 
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or atsmu1-3/+ plants indicated that AtSMU1 may be required for plant viability. 

Homozygous atsmu1-1 seedlings could not be maintained under normal growth 

conditions as they were extremely dwarfed (1-5 mm in diameter), developed many small 

leaves, and did not produce any flowers (data not shown). On the other hand, 

homozygous atsmu1-2 plants survived to the flowering stage despite many growth 

defects including poor germination frequency (Table 1), a general small size of the 

vegetative plants, short roots, and poor seed set as compared to wild-type plants (data not 

shown). Furthermore, homozygous atsmu1-2 plants reproducibly exhibited three sets of 

developmental defects. These included an abnormal number of cotyledons (Figures 6B 

and 1E), abnormal node spacing during flower development (Figure 7B and Table 1) and 

increased seed weight (Figure 1D), although seed set was reduced as compared to the 

wild-type plants (data not shown). The reduced severity of the phenotypes observed in 

atsmu1-2 plants was consistent with the intronic T-DNA insertion site in this allele, 

indicating that atsmu1-2 is a weaker allele than atsmu1-1. Finally, in contrast to the 

atsmu1-1 and atsmu1-2 alleles, atsmu1-3 did not exhibit any phenotypic changes, 

indicating that the upstream T-DNA insertion does not affect AtSMU1 gene expression. 

 To confirm that the T-DNA insertion in atsmu1-2 affected expression of AtSMU1, 

we used RT-PCR to amplify AtSMU1 RNA in wild-type and mutant plants. As shown in 

Figure 7C, the RT-PCR product obtained with AtSMU1-specific primers indicated that 

the transcript in atsmu1-2 seedlings lacked the 3’ terminal region of the coding sequence. 

RT-PCR product with another pair of AtSMU1-specific primers (see panel of AtSMU1 (3-

4) in Figure 7C) showed that the mutant seedlings accumulated reduced levels of 
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AtSMU1 transcript compared with wild type. The atsmu1-2 mutation did not appear to 

affect transcription of AtSMU2 (panel of AtSMU2 in Figure 7C). 

 Protein-interaction studies (see above) indicated that AtSMU1 may function in 

pre-mRNA splicing in a complex with AtSMU2. Therefore, we predicted that the 

atsmu1-2 mutant would manifest altered splicing of AtTRA2 and AtSRp30 pre-mRNAs, as 

was observed in atsmu2-1 and atsmu2-2 mutant plants. As shown in Figure 7C, the 

relative abundance of AtTRA2 and AtSRp30 SVs in astsmu1-2 resembled those seen in 

atsmu2-1 and atsmu2-2 mutant plants (see Figure 2), supporting the hypothesis that two 

genes act in a common pathway. 

 To further investigate the nature of the interaction between AtSMU1 and 

AtSMU2, double-mutant atsmu1-2 atsmu2-1 plants were generated and their phenotypes 

were analyzed. Analysis of several features indicated that the atsmu1-2 atsmu2-1 

homozygous mutant plants are intermediate between either of the single-mutant plants in 

the severity of defects. The size and overall architecture of the double-mutant plants was 

initially similar to atsmu1-2. However, after two generations of inbreeding, the double-

mutant plants were more similar to atsmu2-1 than atsmu1-2 (data not shown). Irregular 

node spacing was observed more frequently in F3 progeny of the double mutants than in 

wild type or atsmu2-1, but it was less common than in atsmu1-2 (Table 1). After an 

additional generation of selfing (F4), the double mutants had wild-type-like 

inflorescences (Table 1 and Figure 7B). The weight of F4 seeds appeared to be similar to 

wild-type and atsmu2-1 F4 seeds, but it was not as great as that of atsmu1-2 seeds (see 

Figure 1D). The frequency of appearance of abnormal cotyledons in the F4 and F5 
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populations of the double-mutant plants was also indistinguishable from that of atsmu2-1, 

but it was much lower than in atsmu1-2 (see Figure 1E). The efficiency of seed 

germination from double-mutant plants was much higher than that of atsmu1-2 (Table 1). 

We obtained similar results from the analysis of a second allelic combination of atsmu1 

and atsmu2. The atsmu1-2 atsmu2-2 double-mutant plants had a size and an overall 

architecture similar to the single-mutant atsmu1-2 plants. However, the seeds obtained 

from the double-mutants appeared to be bigger than the seeds obtained from the atsmu1-2 

atsmu2-1 plants. Taken together, our genetic data indicate that AtSMU1 and AtSMU2 

function in the spliceosome to control pre-mRNA splicing in Arabidopsis.  

 

III. Discussion 

We hypothesized that ZmSMU2 is a pre-mRNA splicing regulator (Chung et al., 

2006), and data presented in this paper provide additional evidence supporting this 

hypothesis. Mutations in AtSMU2 and AtSMU1 affect pre-mRNA splicing, leading to 

differential accumulation of AtSRp30 and AtTRA2 SVs (Figure 2 and Figure 7). Splicing 

of Zmrsp31b and Zmtra2 pre-mRNAs was affected by the zmsmu2-1 and zmsmu2-3 

mutations (Chung et al., 2006), implying regulatory conservation of these splicing events. 

The phenotypes of these pleiotropic mutants of maize and Arabidopsis are consistent with 

the proposed role of the plant SMU-2 homologues in pre-mRNA splicing. The zmsmu2-1 

mutant embryos produce twin shoots and roots (Chung et al., 2006). Similarly, the 

atsmu1-2 mutation is associated with an abnormal number of cotyledons and irregular 

inflorescence architecture (Figure 7), indicating an abnormal meristematic function. 
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Interestingly, an abnormal number of cotyledons and twin embryos were also caused by 

ectopic expression of atRSZ33, which encodes an Arabidopsis SR protein (Kalyna et al., 

2003). The nuclear localization (Figure 3), organ-dependent accumulation (Figure 4), and 

protein interactions of AtSMU2 (Figure 5 and Table 2) are very similar to those of 

ZmSMU2 protein, and are consistent with their proposed function. Based on GUS 

histochemical assays, expression of Arabidopsis SR protein genes appeared to be tissue-

specific and particularly high in pollen and in actively dividing cells (Lopato et al., 1999; 

Lopato et al., 2002; Kalyna et al., 2003). This pattern of expression is very similar to that 

observed in AtSMU2 gene expression (Figure 4 and data not shown), suggesting that 

AtSMU1 and AtSMU2 could functionally cooperate with one or more SR proteins. 

 

The physical interaction between AtSMU1 and AtSMU2 proteins (Figure 5) was 

further supported by genetic interaction between the genes encoding these proteins 

(Figure 7). The atsmu1 and atsmu2 mutants showed similar phenotypes including 

increased seed weight (Figure 1D), poor germination (Table 1), and abnormal cotyledon 

number (Figure 1E). Importantly, the developmental phenotypes of atsmu1-2 atsmu2-1 

double mutants were less severe than those of atsmu1-2, suggesting that both AtSMU1 

and AtSMU2 function in a common genetic pathway. Genetic interaction between smu-1 

and smu-2 was also found in C. elegans, where these two loci were originally identified 

from a genetic screen for recessive, loss-of-function suppressors of mec-8 unc-52 

synthetic lethality (Lundquist and Herman, 1994). In the nematode, smu-1 and smu-2 

double mutants were phenotypically indistinguishable from the single mutants (Spartz et 
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al., 2004). Genetic interaction between AtSMU1 and AtSMU2 is consistent with the 

observation that atsmu2-1, atsmu2-2 and atsmu1-2 showed similar alterations in AtTRA2 

and AtSRp30 splicing patterns (Figure 2 and Figure 7C). It is probable that most of the 

molecular targets of AtSMU2 overlap with those of AtSMU1. In contrast to atsmu1 

atsmu2 double mutants, atsmu2 sta1 double mutants showed very severe developmental 

defects (Figure 1F), suggesting that the targets of STA1, which presumably encodes a 

core spliceosomal protein, may not overlap with those of the AtSMU2 gene in main.  

No ZmSMU2-interacting proteins, except ZmSMU1, have human homologues 

that were previously identified as spliceosomal proteins or are known to function in pre-

mRNA splicing (Table 2). However, this does not mean that the observed protein 

interactions conflict with the proposed function of ZmSMU2 in pre-mRNA splicing. 

Rather, these interactions suggest that ZmSMU2 could also serve as a link to related 

processes in mRNA metabolism, such as transcription initiation and chromatin 

modification. Splicing factors, especially SR proteins, were shown to interact with the 

preinitiation complex, transcription elongation factors, 5’ and 3’ processing factors and 

the mRNA export complex (Maniatis and Reed, 2002). Some SR proteins shuttle between 

the nucleus and cytoplasm and help to regulate the stability and translation of mRNAs in 

the cytoplasm (Huang and Steitz, 2005). Thus, SR proteins do not function exclusively in 

pre-mRNA splicing, and this could be the case with ZmSMU2 and AtSMU2, as well. 

In this regard, it is not surprising that ZmSMU2-interacting proteins include 

proteins that are found in preinitiation complexes. For instance, a yeast two-hybrid screen 

for ZmSMU2-interacting proteins identified a partial HAF01 clone (Bertrand et al., 2005) 
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showing a high degree of sequence identity to human TAFII250, the largest polypeptide 

in TFIID complex. Notably, animal homologues of TAFII250 can acetylate histone H4, 

another ZmSMU2-interacting protein (Mizzen et al., 1996), although it is still unclear 

whether histone H4 is a genuine in vivo substrate for the histone acetyltransferase activity 

of TAFII250. In addition, ZmSMU2 may also interact with sequence-specific 

transcription factors in vivo. One of the ZmSMU2-intercating proteins identified in our 

Y2H screen encodes a protein containing a zinc-coordinating motif and a conserved basic 

region with high sequence similarity to the Arabidopsis sequence-specific transcription 

factors AtVOZ1 and AtVOZ2 (Mitsuda et al., 2004). Taken together, protein interactions 

identified from the yeast two-hybrid screen suggest a role for ZmSMU2 in connecting 

pre-mRNA splicing and transcription initiation. 

 

Comparison of the C. elegans smu-1 and smu-2 mutants, the Arabidopsis atsmu1 

and atsmu2 mutants, and the maize zmsmu2 mutant indicates that SMU orthologues vary 

in terms of their dispensability. In the nematode, smu-1 and smu-2 null mutants are viable 

and do not show a highly-penetrant phenotype (Spike et al., 2001; Spartz et al., 2004), 

indicating both loci are dispensable. In Arabidopsis, atsmu2 null mutants are viable, 

while a strong atsmu1-1 allele is lethal, and a weak atsmu1-2 allele has several 

developmental defects. In contrast, the maize zmsmu2 mutants show severe 

developmental defects and are sterile (Chung et al., 2006), indicating that Zmsmu2 is an 

essential gene. Three models could explain the variation among the three species. First, 

although AtSMU2 and SMU-2 are encoded by single-copy genes, Arabidopsis and C. 
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elegans genomes may encode genes that function partially redundantly to the SMU-2 

homologues. Second, although the amino acid sequences of SMU-1 and SMU-2 

homologues are highly conserved, these proteins may have diverged to gain additional 

functions in various eukaryotic organisms. Third, the SMU-1 and SMU-2 homologues 

may have a similar biochemical role, but their target pre-mRNAs may differ among 

various species. 

In the last model, ZmSMU2-dependent pre-mRNA targets would be critical for 

viability, while AtSMU2- and SMU-2-dependent targets may not be as critical for 

cellular functions to cause early developmental defects. Alternatively, ZmSMU2 may be 

required for processing of a larger set of pre-mRNA targets than AtSMU2 and SMU-2, 

and this could result from differences in the respective genomes. For example, the 

average size of Arabidopsis, rice and maize introns is estimated to be 167 bp, 413 bp, and 

607 bp, respectively (Haberer et al., 2005). This variation in average intron size is 

probably due to the frequency of transposon insertions in each genome (Haberer et al., 

2005). The higher frequency of transposon-related sequences in maize introns could be 

responsible for the indispensability of ZmSMU2. Consistent with this, transcript profiling 

of zmsmu2-1 endosperm revealed several transposon-like sequences that were 

differentially expressed in wild-type and zmsmu2-1 mutant endosperm (Chung et al., 

2006, Supplementary data). In this regard, it would be interesting to know if Zmsmu2 is 

the endosperm splicing regulator that was proposed to be responsible for differential 

splicing of waxy pre-mRNA for the wxG allele, which contains a retrotransposon in an 

intron (Marillonnet and Wessler, 1997). There have been several reports in maize 
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describing similar alternative splicing events that were triggered by insertion of different 

transposon types, and at least some of the alternative splicing events were found to be 

tissue-specific (Ortiz and Strommer, 1990; Marillonnet and Wessler, 1997; Lal and 

Hannah, 1999). 

 

IV. Method 

Arabidopsis mutants 

 The T-DNA insertional Arabidopsis mutants, atsmu2-1 (stock ID 

SALK_039202), atsmu2-2 (stock ID WiscDsLox320H09), atsmu1-1 (stock ID 

SALK_123852), atsmu1-2 (stock ID SALK_051163), and atsmu1-3 (stock ID 

SAIL_95_E04) were obtained from the Arabidopsis Biological Resource Center 

(Columbus, OH). The EMS mutant, sta1-1 (Lee et al., 2006), was obtained from Dr. Jian-

Kang Zhu (University of California, Riverside, CA). atsmu2-1 and atsmu2-2 were 

crossed to the Col-0 ecotype twice and atsmu1-2 once before any phenotypic analyses 

were carried out. Homozygous mutant plants were identified using PCR analysis of 

genomic DNA isolated from individual plants (Edwards et al., 1991) with a combination 

of the following primers: for the ATSMU2-1 allele, 2646Ex7_F_In7 (5’-

ccggtgcccgaggtatgtatactt-3’) and AtMTO_R2 (5’-cttggctccaaactgtaagaccag-3’); for 

atsmu2-1, 2646Ex7_F_In7 and T-DNA_LB_b1 (5’-gcgtggaccgcttgctgcaact-3’); for 

ATSMU2-2, AtMTO_F3 (5’-ccagtggattgttaagcctcagac-3’) and 2646In7_R_Ex7 (5’-

aagtatacatacctcgggcaccgggcag-3’); for atsmu2-2, AtMTO_F3 and pDS-Lox_LB (5’-

aacgtccgcaatgtgttattaagttgtc-3’); for ATSMU1-2, AtSMU-1_F3 (5’-
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agagtttctcatccggtaatagggaag-3’) and AtSMU-1_R1 (5’-tcagggcttccataacttcatagtg-3’); for 

atsmu1-2, AtSMU-1_F3 and T-DNA_LB_b1; for STA1-1, primers AtPRP6_R2 (5’-

ccaactctctcacatgcctcagcc-3’) and AtPRP6_F2 (5’-aggggctgcgaagagtgcccg-3’); and for 

sta1-1, AtPRP6_R2 and AtPRP6_F2hc (5’-agaggggctgcgaagagaaaaat-3’).  

  

Characterizations of mutant phenotypes 

 To measure seed weights, four to six plants of F3 or F4 generation were self-

pollinated. All of the F4 plants analyzed were obtained from one of the F3 plants. The F4 

or F5 seeds harvested from each self-pollinated plant were weighed and counted to 

calculate average seed weights. Seeds were surface-sterilized, placed on solid media (0.5 

X MS salt and 1% (w/v) sucrose), and stored at 4ºC for three days. Germination 

frequency and the numbers of cotyledons were analyzed at 7 DAG. The F4 or F5 

seedlings were transferred to soil and the resulting plants were checked for normal 

spacing of the flower/silique nodes on the inflorescence mersitems. Up to ten siliques on 

each primary inflorescence were analyzed after the plants were dried. Siliques separated 

by less than 1-mm internodes were considered irregular. The percentage of irregular 

siliques was calculated by dividing the number of irregular siliques by the total number of 

siliques. 

 

Subcellular localization of GFP-AtSMU2 

 The cDNA for GFP was amplified by PCR using primers NcoI_gfpF (5’-

ctcaccatggtgagcaagggcga-3’) and BamHI_gfpR (5’-taggatccttacttgtacagctcgtc-3’), and 
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the DNA product was digested with NcoI and BamHI and introduced into pRTL2 

(Carrington et al., 1990). pRTL2 contains two tandem repeats of the cauliflower mosaic 

virus 35S promoter and the tobacco etch virus leader sequence upstream of multiple 

cloning sites. The recombinant expression cassette was transferred into the HindIII site of 

the binary vector pBIN19 (Bevan, 1984), and the resulting plasmid, pBIN19-35Sp-GFP, 

was used to transform Arabidopsis Col-0 gl2 using the floral dip method (Clough and 

Bent, 1998). To create a transgenic Arabidopsis plant over-expressing GUS-GFP, a GUS 

cDNA was amplified with primers NcoI_gusF (5’-tctaccatggtagatctgactag-3’) and 

gusRgfp (5’-ttgctcaccatgctagcttgtttgcctc-3’) and the cDNA for GFP was amplified with 

primers gusFgfp (5’-aacaagctagcatggtgagcaagggcga-3’) and BamHI_gfpR. A second 

PCR was performed using NcoI_gusF and BamHI_gfpR to create the fusion product, 

GUS-GFP. For a transgenic plant over-expressing AtSMU2-GFP, the AtSMU2 cDNA 

was amplified with primers F+60BspHI (5’-tttcatgaaaccttcaaaatcgcatc-3’) and 2646Rgfp 

(5’-ttgctcaccatatgcttggatctcttag-3’) and the cDNA for GFP was amplified with primers 

2646Fgfp (5’-gatccaagcatatggtgagcaagggcga-3’) and BamHI_gfpR. A second PCR was 

performed using F+60BspHI and BamHI_gfpR to make the fusion product, AtSMU2-

GFP. The fusion PCR products, GUS-GFP and AtSMU2-GFP, were cloned into the NcoI 

and BamHI sites of pRTL2, and the expression cassettes were transferred into the HindIII 

site of a binary vector, pBIN19. The resulting plasmids, pBIN19-35Sp-GUS-GFP and 

pBIN19-35Sp-AtSMU2-GFP, were used to transform Arabidopsis gl1. Kanamycin-

resistant seedlings were rescued, and images of GFP expressed in roots of the T2 plants at 

5 DAG were collected on a BioRad MRC 1024 confocal laser scanning microscope and 
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processed with NIH Image software (http://rsb.info.nih.gov/nih-image/) and Adobe 

Photoshop 6.0 (San Jose, CA). 

 

Analysis of RNA and protein 

 Arabidopsis plants were grown under 16/8 hour light/dark cycle condition at 

20ºC. RNA samples were prepared from whole Arabidopsis seedlings grown on solid 

media 14 days after germination (DAG), and roots, leaves and flowers of Arabidopsis 

plants grown on soil at 30 DAG.  

 RNA was isolated using Trizol according to the manufacturer’s instructions 

(Invitrogen, Carlsbad, CA). Total RNA was used in a reverse transcription reaction with 

Superscript II (Invitrogen, Carlsbad, CA) and oligo-dT primers to generate first-strand 

cDNA which was subsequently used to amplify specific cDNAs using standard 

techniques. Primers for PCR were as follows: AtACT8, AtACT8_F (5’-

taaactaaagagacatcgtttcca-3’) and AtACT8_R (5’-tttttatccgagtttgaagaggct-3’); the 5’ 

coding sequence of AtSMU2, AtSMU2_1 (5’-atgaaaccttcaaaatcgcatcacaag-3’) and 

AtSMU2_2 (5’-agtcttcccaccatcaccatc-3’); the middle region of AtSMU2 coding sequence, 

AtSMU2_3 (5’-ccagtggattgttaagcctcagac-3’) and AtSMU2_4 (5’-cacagaagatccattctcaat-

3’); the 3’ coding sequence of AtSMU2, AtSMU2_5 (5’-gagaaagataggggtttggga-3’) and 

AtSMU2_6 (5’-tcaatgcttggatctcttaggagtt-3’); AtSRp30, AtSRp30_F1 (5’-

atgagtagccgatggaatcgtac-3’) and AtSRp30_R1 (5’-cagttttcattttcaaccagatatcac-3’); AtTRA2, 

AtTRA2_F2 (5’-atgtcttactcaagaaggtcaaga-3’) and AtTRA2_R3 (5’-

cggggagagtagctaggagactta-3’); and AtSMU1, either AtSMU1_1 (5’-
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agagtttctcatccggtaatagggaag-3’) and AtSMU1_2 (5’-tcagggcttccataacttcatagtg-3’) or 

AtSMU1_3 (5’-actgagtacctcctttgaccaaactgc-3’) and AtSMU1_4 (5’-

acggaggtggcggcttgaatgtttgta-3’). 

 For protein extraction, tissues were homogenized in a 2X Laemmli buffer. The 

extract was centrifuged and the supernatant was analyzed by SDS-PAGE. Western blot 

analysis was conducted as described in Chung et al. (2006). 

 

Detection of ZmSMU2-interacting proteins with the yeast two-hybrid system 

 A full-length Zmsmu2 cDNA bait sequence for the yeast two-hybrid screen was 

prepared by PCR using primers E1 (5’-ggaattcatgtcatcgaagaagaactactataag-3’) and S1 

(5’-tcccccgggggatcagccacgctgtttcttcgagct-3’) for insertion between the EcoRI and SmaI 

sites of the pBD-GAL4 Cam phagemid vector (Stratagene, La Jolla, CA). Because this 

construct self-activated in the yeast two-hybrid system, a series of deletion clones 

encoding portions of the ZmSMU2 protein were made as follows: the ZmSMU2(I) 

construct (nucleotides 148 to 1698 from the ATG) was created by PCR with primers 

38YCONST-I (5’-ggaattcatgtcgtttcatgcagtggca-3’) and S1, and the amplified DNA 

fragment was cloned into pBD-GAL4 between the EcoRI and SmaI sites; the 

ZmSMU2(II) construct was created by PCR using primers 38YCONST-II (5’-

ggaattcatgaaagaagatcaggcagtc-3’) and S1, and the amplified DNA was cloned into pBD-

GAL4, as with ZmSMU2(I); the ZmSMU2(III) construct was created by PCR with 

primers 38YCONST-III (5’-ggaattcatgccaccaccaccggctcca-3’) and S1, and the amplified 

DNA was cloned into pBD-GAL4, as with ZmSMU2(I); the ZmSMU2(IV) construct was 
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created by PCR with primers 38YCONST-IV (5’-ggaattcatgggttatccagaacagtat-3’) and S1, 

and the amplified DNA was cloned into pBD-GAL4, as with ZmSMU2(I); the 

ZmSMU2(V) construct was created by PCR with primers E1 and R4 (5’-

cctgagtcatgaacctcggatc-3’) and the amplified DNA was digested with EcoRI and EcoRV 

and inserted into pBD-GAL4, as with ZmSMU2(I). Each construct was verified using 

DNA sequencing. The pBD-GAL4-ZmSMU2(IV) construct produced a detectable X-gal 

product in two and a half hours, and we monitored the yeast colonies for a color reaction 

that developed within 30 minutes. On the other hand, deletion of the COOH-terminal 207 

amino acids of the ZmSMU2 protein dramatically reduced self-activation in the yeast 

two-hybrid system. Consequently, we used the ZmSMU2(V) bait clone to screen maize 

and Arabidopsis target libraries. Developing maize endosperm (10-14 DAP) and 

immature ear libraries (HybriZAP®-2.1 Two-Hybrid Predigested Vector Kit, Stratagene, 

La Jolla, CA) were obtained from Dr. Bob Schmidt (Dept. of Biology, UC San Diego). 

The Arabidopsis library was from the Arabidopsis Biological Resource Center 

(http://www.Arabidopsis.org/abrc/libraries.jsp, Stock # CD4-22). Yeast transformation 

and screening procedures were performed according to manufacturer’s instructions. To 

identify the interacting proteins encoded by Arabidopsis target DNAs, colony PCR 

reactions were carried out with primers pACTForward (5’-ctatctattcgatgatgaag-3’) and 

pACTReverse (5’-acagttgaagtgaacttgcg-3’); for maize target genes, the pACTForward 

and PADT7 (5’-taatacgactcactataggg-3’) primers were used. The amplified PCR product 

was inserted into the pCR4-TOPO vector (Invitrogen, Carlsbad, CA) for DNA 

sequencing.  
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Expression of recombinant proteins in E. coli and in vitro pull-down assays 

 The following PCR primers were used to produce target proteins fused with a 

6XHis tag: for histone H4, AtHIS4_F1 (5’-atgtcaggaagaggaaagggaggaa-3’) and 

AtHIS4_R1 (5’-ttaacctccgaaaccgtagagagt-3’); for AtSMU1, AtSMU-1_F1 (5’-

atggcgctcgaaatcgaagctc-3’) and AtSMU-1_R1 (5’-tcagggcttccataacttcatagtg-3’); and for 

Arabidopsis MEC8, AtMEC-8_F1 (5’-atggcgtatcaccaaccgtacga-3’) and AtMEC-8_R1 

(5’-ttactctatatgcatgccgcctcg-3’). The RT-PCR products were cloned into pGEMT-easy 

(Promega, Madison, WI) and subsequently transferred into the EcoRI site of pRSET 

(Invitrogen, Carlsbad, CA) and used to transform the BL21(DE3) strain of E. coli. For 

pull-down experiments where GST fusion proteins were used as a bait protein, cell 

lysates containing the fused target proteins with a 6XHis tag were prepared in lysis buffer 

(50 mM Tris, pH 8.5, 150 mM NaCl, 1 mM DTT, 1 mM EDTA, 0.2 mM PMSF) 

containing 1% Triton X-100. Purification of GST and GST-ZmSMU2 was performed as 

described by Chung et al. (2006). Cell lysates containing 0.1-0.5 μg of target proteins 

were pre-incubated with 0.5 μg of GST and 50 μL of a 50% glutathione-agarose slurry 

(Sigma, St. Louis, MO) at 4 ºC for an hour. The cleared cell lysates were added to 50 μL 

of a 50% glutathione-agarose slurry and 10 μg of GST, GST-AtSMU2, or GST-

ZmSMU2 proteins. The mixtures were adjusted to 1 mL with lysis buffer and incubated 

at 4 ºC for two hours. The beads were then washed four times with lysis buffer containing 

0.1% Triton X-100. Proteins were eluted in 1X Laemmli sample buffer containing 10 

mM glutathione, separated by SDS-PAGE, and transferred onto nitrocellulose membrane. 
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Immunoblot analysis was performed with mouse HisG antibodies (Sigma, St. Louis, MO) 

at 1:3,000 dilution, and then with goat anti-mouse IgG antibodies conjugated with 

horseradish peroxidase (Sigma, St. Louis, MO) at 1:80,000 dilution. 
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VI. Tables 

Table 1. Mutant phenotypes in germination and flower position 

Genotypes a Generation a Germination failure a Abnormal flower positions 

Col-0 F4 2/601 (0.3%) 6/250 (2%) 

 F5 1/845 (0.1%) 2/90 (2%) 

atsmu2-1  F3 74/304 (17%) ND 

 F4 6/750 (0.8%) 6/270 (2%) 

 F5 1/837 (0.1%) ND 

atsmu2-2  F3 3/176 (1.7%) 0/110 (0%) 

 F4 5/803 (0.6%) 0/180 (0%) 

atsmu1-2  F3 53/360 (14%) 27/70 (39%) 

 F4 73/529 (14%) 37/110 (34%) 

 F5 80/822 (11%) ND 

atsmu1-2 atsmu2-

1  
F3 1/68 (1.5%) 32/338 (9%) 

 F4 1/708 (0.1%) 2/130 (2%) 

 F5 2/896 (0.2%) ND 

sta1-1 F4 5/989 (0.5%) 15/140 (11%) 

 

ND, not determined.  

a Phenotypes scored as described in Methods.  
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Table 2. Summary of yeast two-hybrid screen for proteins interacting with ZmSMU2 

clone ID a TopBlastn b % id c Predicted protein 

Zm6-1 DV495718.1 100 rasputin-like protein 

Zm8-1 BU051217.1 98 Histone H4 

Zm17-3 DN226990.1 97 SMU-1-like protein 

Zm31-7 DN218694.1 96 VOZ-like protein 

Zm33-8 CA404370.1 97 EF-1beta 

Zm59-20 DT654009.1 96 Glycerol kinase-like protein 

At1-1 NM_103009.3 97 TAFII250-like HAF01, partial 

At2-3 NM_118947.2 98 TPR protein, partial 

At3-3 NM_117736.2 99 DUF751-containing protein 

 

a GenBank accessions with the highest nucleotide sequence similarity to the Y2H clone 

shown in the left column. 

b The percentage of nucleotide sequence identity based on BLASTN analysis. 

c Based on the BLASTX result for the TopBlastn sequences. 
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VIII. Figures 

 

Figure 1. (A) Structure of the AtSMU2 gene. Dark gray boxes and light gray bars 

between the boxes represent exons and introns, respectively. Solid triangles indicate T-

DNA insertion sites in the atsmu2-1 and atsmu2-2 mutants. (B) RT-PCR analysis of 

AtSMU2 transcripts. Three pairs of primers were used for amplifying different regions of 

the AtSMU2 mRNA sequence prepared from 14-DAG Col-0 seedlings (lane 1), atsmu2-1 

(lane 2) and atsmu2-2 (lane 3). Numbers in parenthesis indicate the primers used for RT-

PCR, and their positions are shown as arrows in (A). (C) Immunoblot analysis of 

AtSMU2 using protein extracts from four 7-DAG Col-0 seedlings (lane 1), atsmu2-1 

(lane 2) and atsmu2-2 (lane 3). The arrowhead indicates the AtSMU2 protein. (D and E) 

Phenotypic analyses of various mutants. Single homozygous mutant plants (atsmu2-1, 
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atsmu2-2, atsmu1-2 and sta1-1) and a double-mutant plant (atsmu1-2 atsmu2-1) were 

identified among segregating populations, and were subsequently self-pollinated two or 

three times. Phenotypic analysis was conducted as described in Methods. The solid 

triangles indicate average seed weight (D) or the frequency of seedlings with abnormal 

cotyledons (E) of a single F4 parental plant (self-pollinated three times) for each mutant 

used to produce the corresponding F5 plants (black bars). Asterisks indicate unavailable 

data. (F) Dry sta1-1 (left), atsmu2-1 sta1-1 double-mutant (dwarf plant in the middle) 

and atsmu2-1 (right) plants.  
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Figure 2. RT-PCR detection of RNA splice variants (SVs) in atsmu2-1 and atsmu2-2. 

RT-PCR was performed using total RNA from 14-DAG Col-0 seedlings (1anes 1), 

atsmu2-1 (lane 2) and atsmu2-2 (lane 3). Arrowheads indicate the positions of known 

SVs of At1g09140 (AtSRp30) and At1g07350 (AtTRA2), while asterisks correspond to 

SVs first observed here. Pre-mRNA splicing patterns are shown on the right side, with 

dark gray boxes and light gray bars between the boxes representing exons and introns, 

respectively. Arrows depict primers used in each reaction.  
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Figure 3. Subcellular localization of AtSMU2 fusion protein. (A) Arabidopsis root cells 

overexpressing GFP showed a diffused localization pattern in the cytosol and the nuclei. 

(B) GUS-GFP in Arabidopsis root cells was exclusively localized in the cytosol. (C) 

Arabidopsis root cells overexpressing AtSMU2-GFP exhibited nuclear-specific 

localization. 



 163

 

Figure 4. Immunoblot analysis of AtSMU2 showing accumulation of AtSMU2 protein in 

various organs and structures of Arabidopsis. Each lane contained approximately 10 μg 

of proteins from reproductive and vegetative organs of Col-0 plants. Lane 1, 7-DAG 

seedlings; lane 2, roots of 30-DAG plants; lane 3, senescing rosette leaves; lane 4, young 

cauline leaves; lane 5, inflorescence; lane 6, immature flowers; lane 7, open flowers; lane 

8, developing siliques (less than 5 mm in length); lane 9, dry seeds.  
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Figure 5. Interactions of ZmSMU2 and AtSMU2 with other proteins. (A) Yeast two-

hybrid (Y2H) bait constructs tested for self-activation and the corresponding beta-GAL 

assays. A construct containing the full-length ZmSMU2 protein (pBD-GAL4-ZmSMU2, 

top) exhibited strong self-activation of the beta-GAL reporter gene when introduced into 

Y190 cells. N-terminal deletions of ZmSMU2 (bait constructs I-IV) also showed self-

activation albeit at lower levels than for the full-length protein. Only a C-terminal 

deletion (bait construct V) and a negative control (pBD-GAL4, bottom) did not activate 

the reporter gene. Black bars represent the ZmSMU2 polypeptides. Numbers above the 

bars indicate amino acid residues corresponding to the full-length ZmSMU2 polypeptide. 

Image courtesy of CS Kim. (B) Confirmation of yeast two-hybrid screen by in vitro pull-

down assay using GST or GST fusion proteins as a bait. GST (lane 2), GST-AtSMU2 

(lane 3) or GST-ZmSMU2 (lane 4) bound to glutathione-agarose beads were used to pull 

down 6XHis-histone H4, 6XHis-AtSMU1 or 6XHis-AtMEC8. Lane 1, 10% input; lanes 

2, 3 and 4, 30% pull-down by GST, GST-AtSMU2 and GST-ZmSMU2, respectively. 
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Figure 6. Deduced amino acid sequences of SMU-1 and its homologues in eukaryotes. 

Multiple sequence alignment obtained from CLUSTALX revealed identical (in black) 

and conservative (in gray) amino acid residues among SMU-1 homologues. ZmSMU1 

(translated from TIGR EST contig TC294204), OsSMU1 (NP_908676.1), LeSMU1 

(AAK52092.1), AtSMU1 (NP_177513.2), HsSMU1 (NP_060695.1), DmSMU1 

(NP_650766.1) and SMU-1 (NP_493279.1) correspond to maize, rice, tomato, 
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Arabidopsis, human, fruit fly and nematode proteins, respectively. Solid lines indicate 

three conserved regions identified by Pfam (http://www.sanger.ac.uk/Software/Pfam/). 

LisH, Lissencephaly type-1-like homology motif; CTLH, C-terminal to LisH motif; and 

WD40 domain.
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Figure 7. Analysis of the atsmu1 mutant alleles. (A) Structure of the AtSMU1 gene and 

the T-DNA insertions in the atsmu1-1 and atsmu1-2 mutants (solid reverse triangles). (B) 

Phenotypes of atsmu2-1 (F4), atsmu1-2 (F3) and the atsmu1-2 atsmu2-1 double-mutant 

(F4) plants. Seedlings of atsmu1-2 at 7 DAG often showed an abnormal number of 

cotyledons (left panels; see Table 1) and arrangement of flowers/siliques in the primary 

inflorescence (right panels). (C) RT-PCR comparison of AtSMU2, AtSMU1, AtSRp30 and 

AtTRA2 transcripts in Col-0 and atsmu1-2. Two pairs of primers were used to amplify 

different regions of the AtSMU1 cDNA prepared from 14-DAG seedlings of Col-0 (lane 

1) and atsmu1-2 (lane 2) plants. Numbers in parenthesis indicate the primers used for the 

RT-PCR; the positions of the primers are shown as arrows in (A). Arrowheads indicate 

the positions of known SVs of AtSRp30 and AtTRA2, while asterisks correspond to the 

newly identified SVs.  


