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Identification of a functional transposon insertion in the

maize domestication gene tb1

Anthony Studer!, Qiong Zhao!, Jeffrey Ross-Ibarra®3 & John Doebley!

Genetic diversity created by transposable elements is an
important source of functional variation upon which selection
acts during evolution'-%. Transposable elements are associated
with adaptation to temperate climates in Drosophila’,

a SINE element is associated with the domestication of small
dog breeds from the gray wolf® and there is evidence that
transposable elements were targets of selection during human
evolution®. Although the list of examples of transposable
elements associated with host gene function continues to
grow, proof that transposable elements are causative and not
just correlated with functional variation is limited. Here we
show that a transposable element (Hopscotch) inserted in a
regulatory region of the maize domestication gene, teosinte
branched1 (tb1), acts as an enhancer of gene expression

and partially explains the increased apical dominance

in maize compared to its progenitor, teosinte. Molecular
dating indicates that the Hopscotch insertion predates

maize domestication by at least 10,000 years, indicating

that selection acted on standing variation rather than

new mutation.

During domestication, maize underwent a dramatic transformation
in both plant and inflorescence architecture as compared to its wild
progenitor, teosinte!?. Like many wild grasses, teosinte has a highly
branched architecture (Fig. 1). The main stalk of a teosinte plant has
multiple long branches, each tipped by a tassel and bearing many
small ears of grain at its nodes. By comparison, the stalk of a mod-
ern maize plant has only one or two short branches, each of these
tipped by a large, grain-bearing ear. The difference in size of the
teosinte and maize ears is substantial. The small ears of teosinte have
only 10 or 12 kernels, whereas a single ear of maize can have 300 or
more. Overall, maize shows much greater apical dominance, with the
development of the branches repressed relative to the development
of the main stalk.

The teosinte branchedl (tb1) gene corresponds to a quantitative
trait locus (QTL)!! that was a major contributor to the increase in
apical dominance during maize domestication. tbI encodes a member
of the TCP family of transcriptional regulators'2. The TBI protein
acts as a repressor of organ growth and thereby contributes to apical
dominance by repressing branch outgrowth. Prior research has shown

that the maize allele of tb1 is expressed more highly than the teosinte
allele, thereby conditioning greater repression of branching!3. The
regulatory element or ‘control region’ modulating this difference in
expression is located between 58.7 kb and 69.5 kb upstream of the tb1
ORF!. Although the region containing the causative factor distin-
guishing maize and teosinte was narrowed to this ~11-kb interval, the
nature of this factor, whether simple or multipartite, and the identity
of the exact causative polymorphism(s) have not been elucidated.

We used genetic fine-mapping to locate the factors influencing phe-
notype in the control region. We isolated 18 maize-teosinte recombinant
chromosomes, each containing a unique teosinte portion of the tb1
genomic region, and we made these 18 recombinant chromosomes iso-
genic in acommon maize inbred background (Supplementary Fig. 1 and
Supplementary Tables 1 and 2a). This collection of recombinant
chromosomes enabled us to divide the tb1 genomic region into
seven intervals based on recombination breakpoints (Supplementary
Table 3). The isogenic lines for these recombinant chromosomes were
evaluated over four growing seasons, and the phenotypes of more than
5,500 plants were recorded. The resulting data were analyzed using a
mixed linear statistical model, enabling us to test each interval for an
effect on phenotype. This analysis confirmed that the control region
previously described by Clark and colleagues'* is responsible for dif-
ferences in both plant and ear architecture between maize and teosinte
(Fig. 2). Moreover, our data show that the control region is complex,
having two independent components affecting phenotype. These two
components, which we call the proximal and distal components, are
separated by recombination breakpoints located ~63.9 kb upstream of
the tb1 ORF. The independent phenotypic effects of the proximal and
distal components are readily seen in lines that segregate for only one
or the other of these components (Supplementary Fig. 2).

Previous analyses indicated that the tbI genomic region shows evi-
dence of a selective sweep during domestication that extends from
the ORF to —58.6 kb but ends before —93.4 kb'>. To better define the
extent of the sweep, we performed population-genetic analyses for the
region between —57.4 and —67.6 kb using a diverse set of maize and
teosinte lines. Nucleotide diversity (1) at —58 kb is high in teosinte but
low in maize (Fig. 3a). Between —58 and —65 kb, nucleotide diversity
is low in both maize and teosinte but lower in maize. The low diversity
for both maize and teosinte in this region suggests that the region is
evolving under functional constraint. Beyond 65 kb upstream of the
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Figure 1 Teosinte and maize plants. (a) Highly branched teosinte plant.
(b) Teosinte lateral branch with terminal tassel. (c) Unbranched maize
plant. (d) Maize ear shoot (that is, lateral branch).

ORE, diversity rises in both maize and teosinte. The rise in nucleotide
diversity in maize beyond —65 kb suggests that the selective sweep
ends near this point.

We applied the HKA test!® to address whether individual segments
of the control region show evidence of past selection (Supplementary
Table 4). Our results confirm previous findings'” that the region from
—-65.6 to —67.6 kb (segments A and B in Fig. 3a) does not depart
significantly from neutral expectations, but the neutral model can be
rejected for the region from —58.8 to —57.4 kb (segment D). We also
tested, for the first time, an additional segment (segment C, from
—65.6 to —63.7 kb) in the middle of the control region, which our data
show departs significantly the neutral model. Prior results'> demon-
strated that the sweep extends from —58 kb to the tb1 ORF; thus,
overall, the sweep includes approximately 65.6 kb from the control
region to the ORE

Phenotypic fine-mapping with recombinant chromosomes indicated
that the factors controlling phenotype lie between 58.7 and 69.5 kb
upstream of the ORF. Population genetic analysis indicates that
the selective sweep extends only to —65.6 kb. Together, these two
sources of information suggest that the causative polymorphism(s)
lies between —58.7 and —65.6 kb of the ORF. We looked in greater
detail at sequence diversity for maize and teosinte in the ~7-kb seg-
ment that these two methods define. A minimum spanning tree for
a sample of 16 diverse maize and 17 diverse teosintes in this region
revealed two distinct clusters of haplotypes, one composed mostly of
maize sequences and the other composed mostly of teosinte sequences
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is a Hopscotch retrotransposon and the other is a Tourist miniature
inverted-repeat transposable element (MITE). Of the four fixed dif-
ferences, Hopscotch and one SNP are in the proximal component,
whereas Tourist and the other SNP are in the distal component, as
delineated by phenotypic fine-mapping.

To estimate the frequency of the two haplotype groups in maize and
teosinte, we assayed 139 additional diverse maize chromosomes and 148
additional diverse teosinte chromosomes (Supplementary Table 5). For
this purpose, we used the Hopscotch and Tourist insertions as markers for
the haplotype groups (Supplementary Table 2b). The MCH is present in
>95% of the maize chromosomes assayed but in <5% of teosinte chromo-
somes. The fact that the MCH is not fixed in maize suggests either that
the initial selective sweep was not complete or that post-domestication
gene flow from teosinte to maize has reintroduced the TCH into the
maize gene pool. Correspondingly, the presence of the MCH in teosinte
may represent either a haplotype variant that existed in teosinte before
domestication or post-domestication gene flow from maize into teosinte,
which is known to occur!®,

Inspection of the sequence alignment of the Hopscotch-Tourist
region suggests that the two insertions differ in relative age. The
Tourist insertion has accumulated greater nucleotide diversity
(7 = 0.0054) since insertion, including a pair of sites that fail the
four-gamete test, which is indicative of recombination among Tourist
sequences. Nucleotide diversity in the Hopscotch insertion is much
lower (7 = 0.0016) and shows no evidence of past recombination.
These observations point to the Hopscotch insertion being more recent
than the Tourist. Our sequences do show evidence of recombination
between Hopscotch and a SNP in the flanking sequence between the
two insertions, likely explaining how the Hopscotch insertion has
come to be associated with multiple alleles of the Tourist element.

These nucleotide diversity data allow us to ask whether the
Hopscotch insertion arose before or during domestication. Following
Thomson et al.!® and Hudson??, we estimate a most recent common
ancestor for the Hopscotch alleles at ~28,000 years before present
(BP), with a 95% lower bound of ~15,000 BP. A more conservative
approach, which counts only singletons and assumes a star phylogeny,
yields a slightly lower estimate of ~23,000 BP, with a 95% lower bound
of ~13,000 BP. Both estimates conservatively use a relatively high
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(Fig. 3b). We designated these clusters as the maize cluster haplotype g': | o
(MCH) and the teosinte cluster haplotype (TCH), respectively. There '0 i = 1182
are four fixed differences between the sequences in the maize and o2 L] “
teosinte clusters (Fig. 3a). Two of these fixed differences are single- 04
nucleotide polymorphisms (SNPs), and two are large insertions in 0.2 E-:. - _5
the maize cluster haplotype relative to the teosinte cluster haplo- 0- 1] % %
type. BLAST searches of the insertion sequences revealed that one g -02 2 LIJ— s
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Figure 2 The phenotypic additive effects for seven intervals across the § o4 T
tb1 genomic region. The horizontal axis represents the tb1 genomic region < -
to scale. Base-pair positions are relative to AGPv2 position 265,745,977 02 I
of the maize reference genome sequence. The tb1 ORF and the nearest 0 T 37
upstream predicted gene (pg3) are shown. The previously defined control -0.2 53
region (CR)14 is shown in red and is divided into its proximal and distal -0.4 o
components. Vertical columns represent the additive effects shown -0.6 —
with standard error bars for each of the three traits in each of the seven -0.8 T
intervals that were tested for an effect on phenotype. Black columns 1.0
are statistically significant (P (Bonferroni) < 0.05); white bars are not 0O P=0.05 W P<0.05
statistically significant (P (Bonferroni) > 0.05). Bonferroni corrected
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mutation rate?!, strongly suggesting that the Hopscotch insertion (and
thus, the older Tourist as well) existed as standing genetic variation in
the teosinte ancestor of maize. Thus, we conclude that the Hopscotch
insertion likely predated domestication by more than 10,000 years and
the Tourist insertion by an even greater amount of time.

We identified four fixed differences in the portion of the proximal
and distal components of the control region that show evidence of
selection. We used transient assays in maize leaf protoplasts to test
all four differences for effects on gene expression. Maize and teosinte
chromosomal segments for the portions of the proximal and distal
components with these four differences were cloned into reporter
constructs upstream of the minimal promoter of the cauliflower
mosaic virus (mpCaMYV), the firefly luciferase ORF and the nopaline
synthase (NOS) terminator (Fig. 4). Each construct was assayed for
luminescence after transformation by electroporation into maize pro-
toplast. The constructs for the distal component contrast the effects
of the Tourist insertion plus the single fixed nucleotide substitution
that distinguish maize and teosinte. Both the maize and teosinte
constructs for the distal component repressed luciferase expression

Figure 4 Constructs and corresponding normalized luciferase expression
levels. Transient assays were performed in maize leaf protoplast. Each
construct is drawn to scale. The construct backbone consists of the
minimal promoter from the cauliflower mosaic virus (mpCaMV, gray box),
luciferase ORF (/uc, white box) and the nopaline synthase terminator
(black box). Portions of the proximal and distal components of the
control region (hatched boxes) from maize and teosinte were cloned

into restriction sites upstream of the minimal promoter. “A” denotes
the excision of either the Tourist or Hopscotch element from the maize
construct. Horizontal green bars show the normalized mean with s.e.m.
for each construct.

Figure 3 Sequence diversity in maize and teosinte across the control
region. (a) Nucleotide diversity across the tb1 upstream control region.
Base-pair positions are relative to AGPv2 position 265,745,977 of the
maize reference genome sequence. P values correspond to HKA neutrality
tests for regions A-D, as defined by the dotted lines. Green shading
signifies evidence of neutrality, and pink shading signifies regions of
non-neutral evolution. Nucleotide diversity (x) for maize (yellow line)

and teosinte (green line) were calculated using a 500-bp sliding window
with a 25-bp step. The distal and proximal components of the control
region with four fixed sequence differences between the most common
maize haplotype and teosinte haplotype are shown below. (b) A minimum
spanning tree for the control region with 16 diverse maize and 17 diverse
teosinte sequences. Size of the circles for each haplotype group (yellow,
maize; green, teosinte) is proportional to the number of individuals within
that haplotype.

relative to the minimal promoter alone. The maize construct with
Tourist excised gave luciferase expression equivalent to the native
maize and teosinte constructs and less expression than the minimal
promoter alone. These results indicate that this segment is function-
ally important, acting as a repressor of luciferase expression and, by
inference, of tb1 expression in vivo. However, we did not observe any
difference between the maize and teosinte constructs as anticipated.
One possible cause for the lack of differences in expression between
the maize and teosinte constructs might be that additional proteins
required to cause these differences are not present in maize leaf pro-
toplast. Another possibility is that the factor affecting phenotype in
the distal component lies in the unselected region between —64.8 and
—69.5 kb, which is not included in the construct. Nevertheless, the
results do indicate that the distal component has a functional element
that acts as a repressor. The functional importance of this segment is
supported by its low level of nucleotide diversity (Fig. 3a), suggesting
a history of purifying selection.

The constructs for the proximal component of the control region
contrast the effects of the Hopscotch insertion plus a single fixed nucleo-
tide substitution that distinguish maize and teosinte. The construct
with the maize sequence including Hopscotch increased expression of
the luciferase reporter twofold relative to the teosinte construct for
the proximal control region and the minimal promoter alone (Fig. 4).
Luciferase expression was returned to the level of the teosinte con-
struct and the minimal promoter construct by deleting the Hopscotch
element from the full maize construct. These results indicate
that the Hopscotch element enhances luciferase expression and, by
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inference, tb1 expression in vivo. They also indicate that Hopscotch
rather than the fixed SNP difference between maize and teosinte is the
causative polymorphism. The observed enhancement of gene expres-
sion by the Hopscotch element is consistent with the known higher
level of tb1 expression in maize as compared to teosinte.

Our observation of a transposable element providing an enhancer
element in tb1 is similar to observations made with globin genes in
primates, in which an EVR-9 element was shown to function as a
long-distance enhancer of gene expression?2. Similarly, in Drosophila,
the long terminal repeat of an Accord element acts like an enhancer
of Cyp6gl, which metabolizes the pesticide DDT, thereby confer-
ring pesticide resistance?>24. Over 25 years ago, Barbara McClintock
proposed that transposable elements represent a key source of vari-
ation for evolution?®. Remarkably, a transposable element insertion
appears to represent the causal variant for one of the key steps in the
domestication of maize, the organism in which McClintock discov-
ered transposable elements.

URL. Panzea, http://www.panzea.org/; Sheen laboratory protocols
(including transient expression assay using maize mesophyll proto-
plasts), http://genetics.mgh.harvard.edu/sheenweb/protocols_reg.
html.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/naturegenetics/.

Accession numbers. Sequence data has been deposited in GenBank
with the accession numbers JN205126-JN205158.

Note: Supplementary information is available on the Nature Genetics website.
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ONLINE METHODS

Phenotypic and genotypic data collection. Nine introgression lines gener-
ated by Clark and colleagues!* were used for fine-mapping the control region
(Supplementary Fig. 1, Supplementary Table 1). Nine additional introgression
lines were recovered using the same strategy used by Clark and colleagues'.
This entailed backcrossing homozygous introgression lines to W22 and screen-
ing individual F, progeny for crossovers in the introgressed chromosomal
segment. Genotyping was accomplished using a set of eight PCR-based indel
markers (GS1-GS8, Supplementary Table 2a) tagged with a 5 HEX or FAM
label and then assayed using an ABI 3700 fragment analyzer.

Plants were grown at the University of Wisconsin West Madison Agricultural
Research Station (Madison, Wisconsin, USA) during the summers of 2006
2009. F, seed derived from the cross of each of the homozygous introgression
lines to W22 were planted in a completely randomized design using grids with
0.9-m spacing between plants in both dimensions. This spacing minimized
the degree to which plants shaded their neighbors. The following three traits
were phenotyped: cupules per rank (CUPR, number of cupules in a single
rank from base to the tip of the ear), lateral branch length (LBLH, length in
centimeters of uppermost lateral branch) and tillering (TILL, the ratio of the
sum of tiller heights to plant height). All plants were genotyped individually
using a combination of the eight PCR-based markers described above.

Phenotypic data analysis. The tb1 genomic region was divided into 16 inter-
vals based on the recombination breakpoints of the 18 introgression lines.
To examine the near-collinearity of these intervals with one another, the CORR
procedure of the SAS statistics package (SAS Inc.) was used to calculate the
correlation coefficient between intervals. If the correlation between two inter-
vals was high, then the model did not adequately fit the phenotypic effects of the
two correlated intervals. Thus, not all intervals can be simultaneously tested in a
single model. Only if two intervals showed a correlation coefficient of <0.8 were
they included as separate factors in the model. Our final analysis included seven
intervals (Supplementary Table 3), which represented the entire tb1 genomic
region (Fig. 2). The number of plants included for each trait model were as
follows: 5,491 (TILL), 4,591 (LBIL) and 3,499 (CUPR). The MIXED procedure
of SAS was used to test each interval for an effect on phenotype. Intervals (1-7)
were considered fixed effects, whereas year (2006-2009), the introgression line
by ear interaction term and the introgression line by interval interaction terms
were treated as random effects. The linear model used was

Yy =1+ ap, + b; + cj*dk +ojtay + ey

where Y}, is the trait value for the I plant with At intervals from the kth ear
of the jM introgression line in the i year, t is the overall mean of the experi-
ment, ay, is the interval effect, b; is the year effect, ¢;*dy is the introgression
line by ear interaction, ¢;*ay is the introgression line by interval interaction
and ey is the sampling error. The random effects of this full model were
subjected to the likelihood ratio test for significance for each trait. Effects
that were not significant were dropped from the model on a trait-by-trait
basis. All genotype and phenotype data are available at the Panzea website
(see URLs).

Nucleotide diversity. A sample of 16 maize landraces made haploid for DNA
extraction® and 17 inbred teosinte lines were used to assay nucleotide diversity
in the control region (Supplementary Table 5). Sequencing of PCR fragments
for the 33 individuals was performed using standard PCR conditions and
Applied Biosystems BigDye kit at the University of Wisconsin Biotechnology
Center using Sanger sequencing methods. Initial alignment of nucleotide
sequences was performed using ClustalW?’ and then finished by hand.
Nucleotide diversity (1) was calculated using a 500-bp sliding window with a
25-bp step with a correction for small sample size. Nucleotide sites in the align-
ment were only used for calculating 7 if at least ten individuals had ungapped
and unambiguous calls from the maize and from the teosinte groups.

Tests for neutrality. The HKA tests!® for neutrality were performed using
DnaSP?8. Zea diploperennis was used as an outgroup, and its sequence was
aligned with that of the 33 individuals used in the nucleotide diversity sur-
vey. A set of six previously described neutral loci?® were used as control
genes (Supplementary Table 4). For each HKA test, an overall y? value

was calculated by taking the sum of the individual x? values calculated for
the six individual neutral loci. These overall y? values were then used to
obtain overall P values, as shown in Figure 3a.

Minimum spanning tree. The minimum spanning tree was constructed
using the same 33 individuals as used in the nucleotide diversity survey
(Supplementary Table 5). The alignment of the sequences was trimmed of
gaps and missing data and then imported into Arlequin version 3.5 (ref. 30),
which was used to define the haplotypes and calculate the minimum span-
ning tree among haplotypes. Arlequin’s distance matrix output was used in
Hapstar3! to draw the minimum spanning tree.

Insertion frequencies. The frequency of Tourist and Hopscotch insertions
was calculated using a diverse set of 139 maize chromosomes and 148 teosinte
chromosomes (Supplementary Table 5). The frequency of each insertion was
assayed using a three-primer PCR reaction (Supplementary Table 2b), which
allowed both homozygous and heterozygous individuals to be scored on a 2%
agarose gel using standard PCR conditions.

Insertion dating. Initial alignment of nucleotide sequences of the Tourist
and Hopscotch elements was performed using ClustalW?” and then finished
by hand. Diversity analyses were performed using the “compute” program
of the analysis package of libsequence®?. Of the 16 maize alleles sequenced,
15 have the Hopscotch insertion. These 15 alleles had 2 insertion or deletions
and 16 segregating sites, of which 13 were singleton mutations and 3 were
found in 2 sequences. Following equation (3) of Thomson et al.!® and using
the mutation rate estimate of Clark et al.?!, this gives an age of ~28,000 years
BP. If we assume a star phylogeny, we can estimate the time since insertion of
Hopscotch as T = S(15 ul)~!, where T'is time in generations, S is the number
of segregating sites, L is the length of the sequence in base pairs and y is the
per generation mutation rate per base pair. Given 1,524 bp of sequence, 16
segregating sites, a generation time of 1 year and a mutation rate of 3 x 1078
(ref. 21), this gives an estimate of approximately 23,300 years. Although these
assumptions (star phylogeny, mutation rate and ignoring doubletons) are
clearly unrealistic, changing any of them leads to an increase in the estimated
time of insertion. To estimate confidence intervals around these estimates, we
used equation (5) of ref. 20.

Protoplast transient assays. Two reporter constructs were developed for the
transient assays. A reporter construct containing the cauliflower mosaic virus
(CaMV) 35S minimal promoter3® driving expression of the firefly luciferase
gene was used to test control region segments. The second reporter contain-
ing the rice actinl promoter driving expression of the Renilla luciferase gene
was used as an internal transformation control. Transient expression assays
using maize mesophyll protoplasts were performed following a detailed pro-
tocol from the Sheen laboratory (see URLs), with transformation conditions
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