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Abstract

The B-chromosome of maize contains an A-chromosome centromere-specific satellite CentC repeat in its centromere region
(CENB) and at multiple locations in its distal heterochromatic regions (BDHSs). Because CentC is highly repetitive, it is a
challenge to study CentC sequences within individual centromeres or chromosome regions. The combined structure of
CentC and a BDH-specific CL-repeat has allowed us to isolate CentC sequences from BDHs. In the study described herein,
we have used a PCR method to amplify 13 CL-CentC variant products that were specifically mapped to A-centromeres
(CENAS), the CENB, and BDHs via the tertiary trisomes and hypoploids of five B-10L translocations. Cloning and
sequence analyses of these CL-CentC products have revealed a local CentC homogenization within the three CentC-
containing regions. Phylogenetic analysis has indicated that the CentC sequences of BDHs are more closely related to those
of CENAs in comparison to that of the CENB. Furthermore, the CentC monomers that are within the CENB are more
diverse than those within BDHs and CENAs. These results shed light on the evolution of CentC repeats on the B-

chromosome and provide a better understanding of B-chromosome evolution.



Introduction

Extra, supernumerary, or accessory chromosomes, which are called B-chromosomes, have been identified in a wide variety
of plant and animal species. Their universal features include a failure of synapsis with any of the normal chromosomes (A-
chromosomes) during meiosis, unusual cytological mechanisms that cause their accumulation in cells, and genetic inertness
for plant development (reviewed in Jones et al. 2008). The B-chromosome was identified in maize nearly a century ago
(Kuwada 1915); however, its detailed molecular organization and evolution remain largely unknown. The major reason for
this gap in understanding is that its DNA defies isolation by conventional protocols, due to the repetitive nature of its
sequences and its high homology to A-chromosomes (Chilton and McCarthy 1973; Stark et al. 1996; Cheng and Lin 2003,

2004; Lamb et al. 2005; Peng et al. 2005; Lo et al. 2009).

Several sequences of the maize B-chromosome have been identified in the past decade. A 1.4-kb repeat, ZmBs, was
isolated from a B-chromosome-containing genomic library and was mapped to the B-centromere (CENB) (Alfentio and
Birchler 1993). This sequence was subsequently found to be homologous with the centromere of chromosome 4, suggesting
an evolutionary relationship between the two centromeres (Page et al. 2001). Using a B-specific random amplified
polymorphic DNA (RAPD) marker, Stark et al. (1996) obtained the second B sequence, pBGBM18.2, which is located in
the third and fourth distal heterochromatic (DH) regions of the B-chromosome (BDHs) (Lamb et al. 2007). Peng et al. (2005)
have succeeded in cloning 14 B-specific amplified fragment length polymorphic (AFLP) fragments, which were mapped to
13 different B-regions defined by 12 B-10L translocations. More recently, Cheng and Lin (2003) and Lo et al. (2009) have
isolated 78 B sequences from the microdissection libraries of the B-chromosome. One of these sequences is B-exclusive,
and it has been revealed to be part of a tandem-arranged satellite DNA, the CL-repeat, which is specifically located in the

first three BDHs (Cheng and Lin 2004; Cheng 2010).

To extend the analysis of the composition of the maize B-chromosome, Lamb et al. (2005) have used a collection of
repetitive elements as probes for the fluorescence in-situ hybridization (FISH) analysis of chromosome spreads that contain
B-chromosomes. They found that the various elements that are associated with A-centromeres (CENAS), including a
centromere-specific tandem repeat (CentC), a retrotransposon-like repeated element (CentA), and a centromere-specific
retrotransposon (CRM), are present not only in the CENB but also throughout BDHSs. Using antibodies against centromeric
histone H3 (CENH3), Lamb et al. (2005) observed that CENH3 is only associated with CentC in the CENB but not in

BDHs, suggesting that there is no holocentromeric activity on the B long arm. The presence of CentC in BDHSs had

4



previously been observed in sequences of a BDH-specific clone, pB51-15, which contains a CL-repeat array in conjunction

with approximately seven copies of CentC (Cheng and Lin 2004).

Despite the clear observation of CentC in BDHs and the CENB, the evolution of CentC in the B-chromosome is unclear,
because only a few CentC sequences are available from the two B-regions. In this study, we have used a primer pair that
was designed using the CL-repeat and CentC to isolate a substantial number of CentC sequences from the CENB, BDHs,
and CENAs of plants that were tertiary trisomes (TTs) or hypoploids (HOs), respectively, for maize B-10L translocations.
Sequence and phylogenetic analyses of the resulting CentC monomers revealed evolutionary relationships among copies of

CentC on the B- and A-chromosomes.



Materials and methods

Maize lines

The inbred maize L289 lines with and without B-chromosomes, respectively, were used to prepare mitotic and pachytene
chromosome spreads for the FISH analyses. The genomic DNA of L289+2B and L289+0B was used as a template for
polymerase chain reaction (PCR) amplification. Five B-10L translocations (TB-10L7, TB-10L18, TB-10L20, TB-10L26,
and TB-10L38) in the W23 background (Lin 1972) were used to generate translocation heterozygous, tertiary trisomic, and
hypoploid plants. The procedure for producing the three plants of each B-10L translocation has been previously described
(Cheng 2010). Each translocation has a distinct breakpoint along the length of both arms of the B-chromosome and a second
breakpoint in the long arm of chromosome 10 (Lin 1974, 1978; Cheng and Lin 2003). These breakpoints result in two
translocation chromosomes, 10-B and B-10. The 10-B chromosome carries the centromere of chromosome 10, which is
attached to the distal portion of the B long arm, whereas the B-10 chromosome contains the B centromere, which is
connected to the terminal portion of the long arm of chromosome 10. A translocation heterozygote contains 10, 10-B, and
B-10; a tertiary trisome has 10, 10, and B-10; and a hypoploid has 10 and 10-B. As shown in Fig. 1, the breakpoint of TB-
10L18 is located in the B short arm (BS); in TB-10L7, the breakpoint is in the proximal euchromatic (PE) region; in TB-
10L38, the breakpoint is between DH1 and DH2; in TB-10L26, the breakpoint is close to the junction of DH2 and DH3; and

in TB-10L20, the breakpoint is near the junction between DH3 and DH4.

The amplification and cloning of CL-CentC variants

The following primers were designed from the B-clone sequences, pB51-15 (AY426743; Cheng and Lin 2004), and were
used to amplify the portion between the CL-repeat and the CentC arrays: CL-1, ggtaacatgactaaacaag and BCentC-1,
tgtttggagtggtttcacge (Supplementary Figure 1). The PCR was carried out using DNA from L289+2B, L289+0B, and the B-
10L translocation derivatives as templates (30 cycles of 94°C, 30 s; 50°C, 30 s; and 72°C, 90 s). The products were ligated

into the pGEM-T easy vector (Promega) and transformed into competent cells of Escherichia coli (DH5a).
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Chromosome preparation and FISH analysis

Metaphase chromosome spreads and pachytene chromosomes were prepared according to published protocols (Cheng and
Lin 2003, 2004). Probe preparation and FISH procedures were performed as previously described (Cheng 2010). FISH
images were captured using an Olympus DP72 CCD camera on an Olympus BX51 fluorescence microscope and processed

using Photoshop (Adobe, San Jose, CA).

Sequence analysis

The sequences that were obtained in this study were deposited into GenBank with the accession numbers of HN174141 to
HN174150. The CentC monomers in each CL-CentC clone were identified using Tandem Repeats Finder (version 3.21)
(Benson 1999). The sequence logo analysis was created using the online WebLogo application (Crooks et al. 2004). CentC
sequence alignments were performed using Alignment Explorer/ClustalW, and the phylogenetic tree was constructed via the

neighbor-joining method using Mega4 (Tamura et al. 2007) with 100 bootstrap replicates.


http://scialert.net/fulltext/?doi=jbs.2010.190.199&org=11#42491_ja#42491_ja

Results

Chromosome localization of CL-CentC PCR products

It was previously demonstrated that the maize B-chromosome contains centromere-specific satellite repeat CentC (Ananiev
et al. 1998) in the CENB and BDHSs (Lamb et al. 2005). In addition, a CentC tract was observed to adjoin the BDH-specific
CL-repeat in the B-clone, pB51-15 (Cheng and Lin 2004). To isolate CentC from BDHSs, we designed a primer pair (CL-1
and BCentC-1; Supplementary Figure 1) to amplify CL-CentC region-specific sequences. The chromosomal locations of the
resulting CL-CentC products were determined by FISH analyses of root-tip spreads and pachytene B-chromosomes from
L289+2B, using labeled CL-CentC products as probes. As shown in Fig. 2a, FISH signals were concentrated on the mitotic
CENB and CENAs, indicating that the products contain sequences located in those centromere regions. In addition, there
were dispersed signals on the long arm of B-chromosome. In the pachytene B-chromosomes (Fig. 2b—2¢), FISH signals
were observed on the CENB and all four BDHSs, which is consistent with the distributions of CentC that have been observed

by Lamb et al. (2005).

The mapping of CL-CentC variant products in B-10L translocations

Using the CL-1 and BCentC-1 primers, 11 CL-CentC variant products (variants ¢ to m) and smeared backgrounds were
observed in the L289+2B preparations (Fig. 3). Only two major products (variants a and b), with several minor products,
were observed in the L289+0B. These CL-CentC variant products were physically mapped via the amplification of each
variant from the TTs and HOs of five TB-10L translocations (TB-10L7, TB-10L18, TB-10L20, TB-10L26, and TB-10L38;
Lin 1978; Cheng and Lin 2003). As shown in Fig. 1, TB-10L18 breaks in the BS and the remaining four translocations in
the long arm of B-chromosome, as follows: TB-10L7 at the PE; TB-10L38 between DH1 and DH2; TB-10L26 close to the
junction of DH2 and DH3; and TB-10L20 near the junction of DH3 and DH4. The rationale of the mapping is as follows: a

PCR product that could be amplified from a TT of a B-10L translocation would come from the B portion that is carried on



the B-10 chromosome, and a product that could be amplified from an HO of a B-10L translocation would come from the B

part on the 10-B chromosome.

As shown in Fig. 3 and Table 1, in terms of the product distribution, the TTs of TB-10L26 (referred to as 26TT) and TB-
10L20 (referred to as 20TT) were indistinguishable, as were the HOs of TB-10L7 (referred to as 7HO) and TB-10L38
(referred to as 38HO). Variants d and f were present in all TTs but absent in all HOs, suggesting that their locations were in
the CK (including the CENB) that was not involved in any of the HOs. The variant e, appearing in the TT of TB-10L38
(referred to as 38TT) and 38HO but not in the HO of TB-10L 26 (referred to as 26HO), was located in DH1 and DH2. The
map position of variant | could be assigned to DH2 and DH3, because it was visible in 26HO and 26TT but not in 38TT and
the HO of TB-10L20 (referred to as 20HO). Variant j was present in 38TT and 26HO but absent in 7TT and 20HO,
suggesting that its position was in DH1 and DH3. Finally, the presence of variants ¢, g, h, i, k, and m in 38HO and 26TT but

not in 38T and 26HO indicates that the position of these products was specific to DH2.

The cloning and sequence analysis of CL-CentC variants

To understand the sequence structure of the CL-CentC variants in the CENB, BDHs, and CENAs, we cloned and sequenced
10 variants (accession numbers are reported at the end of this paragraph) from the PCR products of 7TT, 7HO, and
L289+0B. As shown in Fig. 4, two clones (CC7TT-1 and CC7TT-2) were obtained from 7TT, five (CC7THO-1-CC7HO-5)
from 7HO, and three (CCOB-1-CCOB-3) from L289+0B. Both CC7TT-1 and CC7TT-2 contained sequences with high
identity levels to CentC and the CENB-specific repeat ZmBs, but low identity levels to the CL-repeat, suggesting that the
two sequences were amplified from the CENB. All of the five 7HO clones carried the CL-repeat and three carried CentC,
supporting their locations in BDHs. Because L289+0B contains no B-chromosome, the CentC that was obtained from the

three CCOB clones should be amplified from CENAs.

Using the Tandem Repeats Finder software, 30 complete CentC monomers (~157 bp; Fig. 4, red boxes) and eight partial
CentC monomers (Fig. 4, green boxes) were identified. The complete CentC monomers had an overall A+T content of
56.2% in the CC7TT clones, 54.7% in the CC7HO clones, and 53.3% in the CCOB clones. In addition, the pairwise
similarity of CentC monomers ranged from 71.1 to 99.0% within the CC7TT clones, from 86.8 to 96.0% within the CC7HO

clones, and from 86.0 to 98.0% within the CCOB clones. Sequence logo analysis of these complete CentC monomers
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showed that the majority of the CentC monomers from the CC7TT, CC7HO, and CCOB clones could be distinguished by
nucleotide number 42, 49, 64, 65, 77, 79, 83, 95, 96, 99, 126, 127, 129, 137, 141, and 150 (Supplementary Figure 2). These

results suggest a greater level of homogeneity within a localized B-chromosome region than between different regions.

(Accession numbers of the CL-CentC clones: CC7TT-1, HN174141; CC7TT-2, HN174142; CC7HO-1, HN174143;
CC7HO-2, HN174144; CC7THO-3, HN174145; CC7HO-4, HN174146; CC7THO-5, N174147; CCOB-1, HN174148; CCOB-2,

HN174149; and CCOB-3, HN174150)

The evolutionary relationships of CentC on B- and A-chromosomes

To investigate the evolutionary relationships between CentC copies that are located in the CENB, BDHSs, and CENAs, 30
complete CentC monomers from CC7TT, CC7HO, and CCOB clones (Fig. 4, red boxes), in addition to six CentC monomers
from the pB51-15 (Cheng and Lin 2004) and five CentC monomers from the centromeric BAC clone ZM16H10 (Nagaki et
al. 2003), were used to construct a phylogenetic tree using the neighbor-joining method (Fig. 5). These CentC monomers
were sorted into the following three distinct clades: the first clade contained 11 CentC monomers (seven from CC7TT-1 and
four from CC7TT-2), the second clade had 13 CentC monomers (four from CC7HO-1, two from CC7HO-2, one from
CC7HO-5, and six from pB51-15), and the third clade consisted of 17 CentC monomers (five from CCOB-1, four from
CCO0B-2, three from CCOB-3, and five from ZM16H10). Each of the three clades could be assigned to a specific region, as
follows: the first clade to the CENB, the second clade to BDHs, and the third clade to CENAs (Fig. 5). According to the
phylogenetic tree, CentC monomers from BDHs were more closely related to those from CENASs in comparison to those
from the CENB. Furthermore, CentC monomers from the CENB showed greater sequence heterogeneity than those from

CENAs and BDHs.
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Discussion

Using a primer pair that is specific to the sequences of the CL-repeat and CentC, 13 CL-CentC variant products were
identified and mapped to the CENB, BDHSs, and CENA:s in tertiary trisomic and hypoploid plants that contained one of five
B-10L translocations, respectively. Subsequent cloning and sequence analysis of complete CentC monomers, which were
embedded in these products, indicated that a local homogenization process occurred in the CentC sequences of the B-
chromosome. Phylogenetic analyses of 41 CentC monomers from the CENB, BDHs, and CENAs revealed that CentC
repeats from CENAs were more closely related to those that were derived from BDHSs than to those from the CENB.
Furthermore, CentC monomers in the CENB showed more sequence heterogeneity in comparison to those in BDHs and

CENAs.

Maize is an important model system for research concerning plant centromeres. Its CENAs contain CentC and a
centromere-specific retrotransposon, CRM (Ananiev et al. 1998), both of which are located within the functional
centromere domain that is marked by CENH3 (Zhong et al. 2002). To understand the large-scale DNA organization of
CENAs, Jin et al. (2004) have used a DNA fiber-based FISH approach to analyze individual maize CENAs from oat (Avena
sativa)-maize chromosome addition lines and have found that the cores of maize CENAs primarily contain CentC arrays
that are intermingled with CRM clusters. Following the same approach, a similar CentC/CRM organization was observed in
the CENB, wherein the functional domain consists of several CentC/CRM regions that are embedded within multimegabase
arrays of ZmBs; however, only a small number of the ZmBs associate with CENH3 (Jin et al. 2005). Meanwhile, Theuri et
al. (2005) have extracted 23 retrotransposons from BAC clones that are specific to the CENB and CENAs. A comparison of
these retrotransposons indicates that 11 retroelements are common to the CENB and CENAs, five are specific to CENAS,
and seven are unique to the CENB. These results reveal that CENAs and the CENB are similar in organization but differ in

composition; however, the sequence divergence between the two centromeres is still poorly understood.

The local homogenization of centromere satellite repeats has been well demonstrated in several plant species. Lee et al.
(2006) have analyzed CentO monomers from the centromeres of rice chromosomes 1 and 8 via dot plot and phylogenetic
analyses, and they have found that CentO monomers from the same centromere are more similar to one another than to
those from different centromeres. Similarly, Hall et al. (2005) examined centromere satellite monomers from the BAC
clones of Arabidopsis arenosa, Capsella rubella, and Olimarabidopsis pumila and observed that satellite monomers from

each BAC are formed a distinct clade, which indicates the occurrence of local homogenization. Similarly, our observations
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that the CentC monomers from CENAs and the CENB fall into different clades and exhibit a specific number of nucleotides
(Fig. 5 and Supplementary Figure 2) support the model of local CentC homogenization in the centromeres of maize B- and
A-chromosomes. Furthermore, due to the homogeneity of CentC monomers within BDHSs, the homogenization mechanism
seems not only to affect centromere satellite repeats within the functional centromeres but also to influence CentC repeats

on the long arm of maize B-chromosome.

The evolution of centromere satellite repeats may be constrained by centromere function. Interactions with centromere-
binding proteins could be expected to provide a selective pressure that restricts changes in centromere satellite repeats
(Malik and Henikoff 2002). In maize B-chromosome, both the CENB and BDHs contain centromere-specific CentC,
whereas only the CENB exhibits interactions with CENH3 (Lamb et al. 2005). This observation suggests that the evolution
of CENB CentC may be under greater selective pressure than the CentC of BDHs; hence, the level of CentC
homogenization in the CENB would be expected to be higher than that in BDHs. Notably, our result conflicts with this
expectation. The divergence of CentC monomers within the CENB is higher than that observed within BDHs (Fig. 5). In
general, neither all CentC sequences of CENAs are associated with CENH3 (Jin et al. 2004), nor are all of those of the
CENB (Jin et al. 2005). Therefore, it is possible that the CentC repeats of the CENB that were isolated in this study are not
located in the CENH3-associated domain of the CENB. There is also a potential for sampling bias that might skew the
results with only a few CentC monomers from each CentC-containing region. However, considering the unusual
accumulation mechanism of B-chromosome, including nondisjunction at the second pollen mitosis (Longley 1927; Roman
1947) and preferential fertilization (Roman 1948; Carlson 1969), an alternative possibility is that the evolution of CentC
repeats in the B-chromosome might be caused by a mechanism that is different from that responsible for the evolution of

CentC repeats in A-chromosomes.

Although substantial sequences are available from the maize B-chromosome (see “Introduction” for details), its origin
and evolution are still unclear. The observation of CENA-specific CentC on the CENB and BDHs supports the idea of an
intraspecific origin of the B-chromosome from a dicentric chromosome (Lamb et al. 2005), from which one centromere was
inactivated by a series of deletions, insertions, mutations, amplifications, and rearrangements to generate the current BDHs
during the formation of the B-chromosome (Cheng 2010). This idea leads to the question of whether the two centromeres of
the dicentric chromosome were duplicated from a single centromere or derived from two different centromeres. In the
former case, CentC repeats in the CENB and BDHSs on the current B-chromosome should be similar if there was no
selective pressure from centromere-binding proteins. On the contrary, if the centromere of the B-chromosome arose from
two different centromeres, the divergence of CentC repeats of the CENB and BDHSs should be observed. Thus, the
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clustering of CentC monomers from the CENB and BDHs into two distinct clades (Fig. 5) indicates that the centromeres of

the hypothetical dicentric chromosome would have been derived from different chromosomes.

Acknowledgements This work was supported by the National Sciences Council grant of Taiwan (NSC99-2311-B-005-

003-MY3).

13



References

Alfentio MR, Birchler JA (1993) Molecular characterization of a maize B chromosome centric sequence. Genetics

135:589-597

Ananiev EV, Phillips RL, Rines HW (1998) Chromosome-specific molecular organization of maize (Zea mays L.)

centromeric regions. Proc Natl Acad Sci USA 95:13073-13078

Benson G (1999) Tandem repeats finder: a program to analyze DNA sequences. Nucleic Acids Res 27: 573-580

Carlson WR (1969) Factors affecting preferential fertilization in maize. Genetics 62:543-554

Cheng YM (2010) Evolution of the heterochromatic regions on maize B long arm based on the sequence structure of CL-

repeat variants. Chromosome Res 18:605-619

Cheng YM, Lin BY (2003) Cloning and characterization of maize B chromosome sequences derived from microdissection.

Genetics 164:299-310

Cheng YM, Lin BY (2004) Molecular organization of large fragments of maize B chromosome: indication of a novel repeat.

Genetics 166:1947-1961

Chilton MD, McCarthy BJ (1973) DNA from maize with and without B chromosomes: a comparative study. Genetics

74:605-614

Crooks GE, Hon G, Chandonia JM, Brenner SE (2004) WebLogo: A sequence logo generator. Genome Res 14:1188-1190

Hall SE, Luo S, Hall AE, Preuss D (2005) Differential rates of local and global homogenization in centromere satellites

from Arabidopsis relatives. Genetics 170:1913-1927

Jin W, Lamb JC, Vega JM, Dawe RK, Birchler JA, Jiang J (2005) Molecular and functional dissection of the maize B

centromere. Plant Cell 17:1412-1423

Jin W, Melo JR, Nagali K, Talbert PB, Henikoff S, Dawe RK, Jiang J (2004) Maize centromeres: organization and

functional adaptation in the genetic background of oat. Plant Cell 16: 571-581

Jones RN, Viegas W, Houben A (2008) A century of B chromosomes in plants: so what? Ann Bot 101:767-775

14


http://threeplusone.com/
http://compbio.berkeley.edu/
http://compbio.berkeley.edu/
http://compbio.berkeley.edu/people/brenner/

Kuwada Y (1915) Ueber die Chromosomenzahl von Zea Mays L. Bot Mag Tokyo 29:83-89

Lamb JC, Kato A, Birchler JA (2005) Sequences associated with A chromosome centromeres are present throughout the

maize B chromosome. Chromosoma 113:337-349

Lamb JC, Riddle NC, Cheng YM, Theuri J, Birchler JA (2007) Localization and transcription of a retrotransposon-derived

element on the maize B chromosome. Chromosome Res 15:383-398

Lee HR, Neumann P, Macas J, Jiang J (2006) Transcription and evolutionary dynamics of the centromeric satellite repeat

CentO in rice. Mol Biol Evol 23:2505-2520

Lin BY (1972) Synthesis of a set of B-A translocations involving a given segment of chromosome 10. Maize Genet Coop

News Lett 46:193-194

Lin BY (1974) TB-10 breakpoints and marker genes on the long arm of chromosome 10. Maize Genet Coop News Lett

48:182-184

Lin BY (1978) Regional control of nondisjunction of the B-chromosome in maize. Genetics 90:613-627

Lo KL, Lin YP, Chen LJ, Lin BY (2009) Isolation and characterization of new maize B sequences from a microdissected

library. Plant Mol Biol Rep 27:350-354

Longley AE (1927) Supernumerary chromosomes in Zea mays. J Agric Res 35:769-784

Malik HS, Henikoff S (2002) Conflict begets complexity: the evolution of centromeres. Curr Opin Genet Dev 12:711-718

Nagaki K, Song J, Stupar RM, Parokonny AS, Yuan Q, Ouyang S, Liu J, Hsiao J, Jones KM, Dawe RK, Buell CR, Jiang J
(2003) Molecular and cytological analyses of large tracks of centromeric DNA reveal the structure and evolutionary

dynamics of maize centromeres. Genetics 163:759-770

Page BT, Wanous MK, Birchler JA (2001) Characterization of a maize chromosome 4 centromeric sequence: evidence for

an evolutionary relationship with the B chromosome centromere. Genetics 159:291-302

Peng SF, Lin YP, Lin BY (2005) Characterization of AFLP sequences from regions of maize B chromosome defined by 12

B-10L translocations. Genetics 169:375-388

15



Roman H (1947) Mitotic nondisjunction in the case of interchanges involving the B-type chromosome in maize. Genetics

32:391-409

Roman H (1948) Directed fertilization in maize. Proc Natl Acad Sci USA 34:36-42

Stark EA, Connerton |, Bennet ST, Barnes SR, Parker JS, Forster JW (1996) Molecular analysis of the structure of the

maize B-chromosome. Chromosome Res 4:15-23

Tamura K, Dudley J, Nei M, Kumar S (2007) MEGA4: Molecular evolutionary genetics analysis (MEGA) software version

4.0. Mol Biol Evol 24:1596-1599

Theuri J, Phelps-Durr T, Mathews S, Birchler JA (2005) A comparative study of retrotransposons in the centromeric

regions of A and B chromosomes of maize. Cytogenet Genome Res 110:203-208

Zhong CX, Marshall JB, Topp C, Mroczek R, Kato A, Nagaki K, Birchler JA, Jiang JM, Dawe RK (2002) Centromeric

retroelements and satellites interact with maize kinetochore protein CENH3. Plant Cell 14:2825-36

16



Table 1 The distribution of CL-CentC variant products by five B-10L translocations

TB-10L

Variant Size (kb) 2B 0B 18TT 18HO 7TT 7HO 38TT 38HO 26TT 26HO 20TT 20HO Position®

a 3.8 - + - + + - + - - + - + CENAs
b 28 - + - + + - + - - + - + CENAs
c 1.3 + - + - - + - + + - + - DH2

d 1.2 + - + - + - + - + - + - CK

e 1.1 + - + - - + + + + - + - DH1, 2
f 08 + - + - + - + - + - + - CK

g 078 + - + - - + - + + - + - DH2,

h 0.72 + - + - - + - + + - + - DH2

i 0.62 + - + - - + - + + - + - DH2

j 0.52 + - + - - + + + - + - - DH1, 3
k 0.48 + - + - - + - + + - + - DH2

| 03 + - + - - + - + + + + - DH2, 3
m 0.15 + - + - - + - + + - + - DH2

2B L289+2B, 0B L289+0B, TT tertiary trisome, HO hypoploid, CENAs A centromeres, CK centromeric knob, DH distal

heterochromatic region, + presence of CL-CentC variant, - absence of CL-CentC variant

® The position where the variant is located from analyses of tertiary trisomes and hypoploids of the five B-10L

translocations
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Figure legends

Fig. 1

Break positions of five B-10L translocations. The maize B-chromosome in pachytene stage consists of the short arm (BS),
centromeric knob (CK), proximal euchromatic region (PE), distal heterochromatic regions (DH1-DH4), and distal

euchromatic tip (DE). Arrows indicate breakpoints of the five B-10L translocations on the B-chromosome

Fig. 2

FISH analysis of CL-CentC PCR products. The CL-CentC PCR products from L289+2B (green) and the CENB- specific
repeat, B1.1a (red) were used as FISH probes to hybridize the mitotic chromosomes (&) and the pachytene B-chromosome
(b—c) of L289+2B. The inverted DAPI image of the pachytene B-chromosome is provided in e, and the short arm (BS),
centromeric knob (CK), proximal euchromatic region (PE), distal heterochromatic regions (DH1-DH4), and distal

euchromatic tip (DE) are indicated. Bars represent 10 um

Fig. 3

Isolation and mapping of the CL-CentC variant products by five B-10L translocations. The CL-CentC products were
amplified from the genomic DNA of L289+2B (2B), L289+0B (0B), translocation heterozygous (H), tertiary trisomic (TT),
and hypoploid (HO) plants of the five B-10L translocations (TB-10L18, TB-10L7, TB-10L38, TB-10L26, and TB-10L20). -

, no template DNA, a—m CL-CentC variants. The molecular weights are marked on left

Fig. 4

Schematic sequence organization of CL-CentC clones. The locations of identified elements are indicated with colored
boxes. Black boxes ZmBs, gray boxes the CL-repeat, green boxes partial CentC monomer, red boxes complete CentC
monomer, and white box unidentified element. The binding sites of primer CL-1 and BCentC-1 are indicated by black and

red arrows, respectively
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Fig. 5

Phylogenetic analysis of CentC monomers from the CENB, BDHSs, and CENAs. The neighbor-joining method (ClustalW)
was used to construct the phylogenetic tree of 41 CentC monomers extracted from CC7TT, CC7HO, and CCOB clones as
well as the pB51-15 (Cheng and Lin 2004) and the centromeric BAC clone ZM16H10 (Nagaki et al. 2003). Bar length

represents estimated substitutions per site

Supplementary Figure 1

Diagram of the pB51-15 sequences showing the PCR primers landing sites. The CL-repeat primer (CL-1) and CentC primer
(BCentC-1) were designed from sequences of the B-clone (pB51-15, AY426743; Cheng and Lin 2004). Gray box CL-repeat

monomer, red box CentC monomer, arrow primers binding site

Supplementary Figure 2

Sequence logo analysis of CentC monomers. Logos display the consensus sequences of complete CentC monomers from
CC7TT, CC7HO, and CCOB clones (upper panel), and the selected nucleotides significantly different among CentC

sequences of the three origins (lower panel)
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