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Domestication selected for deceleration of the circadian

clock in cultivated tomato

Niels A Miiller!, Cris L Wijnen!7, Arunkumar Srinivasan!, Malgorzata Ryngajllo!, Itai Ofner?, Tao Lin34,
Aashish Ranjan>7, Donnelly West>, Julin N Maloof>, Neelima R Sinha®, Sanwen Huang>#, Dani Zamir? &

José M Jiménez-Gdémez!-°

The circadian clock is a critical regulator of plant physiology
and development, controlling key agricultural traits in crop
plants'. In addition, natural variation in circadian rhythms
is important for local adaptation?-4. However, quantitative
modulation of circadian rhythms due to artificial selection
has not yet been reported. Here we show that the circadian
clock of cultivated tomato (Solanum lycopersicum) has
slowed during domestication. Allelic variation of the tomato
homolog of the Arabidopsis gene EID1 is responsible for a
phase delay. Notably, the genomic region harboring EID1
shows signatures of a selective sweep. We find that the EID1
allele in cultivated tomatoes enhances plant performance
specifically under long day photoperiods, suggesting that
humans selected slower circadian rhythms to adapt the
cultivated species to the long summer days it encountered
as it was moved away from the equator.

The circadian clock is an endogenous timekeeper that allows antici-
pation of daily and annual seasonal changes, which is key to syn-
chronizing internal processes with the external environment. The
occurrence of circadian timekeeping in all domains of life and the
pervasiveness of its control indicate that it is of central impor-
tance for all living beings>°. A functional circadian clock enhances
fitness in animals, bacteria and plants7‘10; fitness is further enhanced
if the clock is tuned according to the specific environment. Such
local adaptation is inferred from latitudinal clines of circadian
variables>~4. Because crop plants are often spread over a broader
geographical range than their ancestors were, it seems plausible
that clock optimization could similarly enhance agricultural pro-
ductivity!!. Mutations in homologs of Arabidopsis clock genes in
diverse crop plants have been found to change the two clock outputs
flowering time and photoperiod sensitivity!>-18. However, these
mutations either do not change circadian rhythms!2-141% or almost

completely abolish them!®!7. To our knowledge, quantitative
modulation of circadian rhythms due to domestication or breeding
has not yet been reported.

We chose to study the circadian clock in the day-neutral crop plant
tomato and its wild relatives to assess potential variation in circadian
rhythms independently from photoperiodic flowering. To this end,
we monitored circadian leaf movements of 102 diverse tomato acces-
sions, including 34 varieties of the cultivated species S. lycopersicum,
44 accessions of its wild ancestor Solanum pimpinellifolium and 24
accessions for the more distantly related green-fruited wild tomato
species. We observed marked differences in circadian period and
phase among the three groups (Fig. 1a,b, Supplementary Table 1
and Supplementary Note). The period (time for one complete cycle)
of the cultivated tomato varieties was 2 h longer, and their phase
(time of the highest peak) was delayed by more than 3 h, compared
to the ancestral S. pimpinellifolium accessions. The distant tomato
relatives showed a similar phase to that of S. pimpinellifolium but an
even shorter period (Fig. 1¢). Gene expression profiles of two puta-
tive core clock genes showed similar differences, suggesting that leaf
movements reflect the molecular circadian clock (Supplementary
Figs. 1 and 2). An RNA sequencing (RNA-seq) time course con-
firmed a deceleration of the molecular clock of cultivated tomato
(Supplementary Fig. 3a—c). Additionally, lower gene expression
amplitudes suggest that the clock is weaker in cultivated tomato than
in the wild species (Supplementary Figs. 3d and 4-6). The fact that
period and phase together separate the cultivated tomato varieties
from their wild ancestors in a dichotomous way demonstrates
that the circadian clock of cultivated tomato has changed during
domestication (Fig. 1b).

Tomato domestication probably began in the Andean region of
Ecuador and Peru and was completed in Mesoamerica2’. To assess
when during domestication the circadian clock was changed, we
compared tomatoes representing three sequential domestication
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Figure 1 The circadian clock of cultivated tomato has been decelerated +$ 5 18
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and accessions of the distantly related green-fruited tomato species (blue, n= 24).
Lines and shading show mean and s.e.m.; shaded areas indicate subjective nights. Data are from eight independent experiments. (b) Circadian period

and phase estimates (mean + s.e.m., n = 2-5) of the 102 genotypes shown in a.

Different letters indicate significant differences (P < 0.05, one-way ANOVA and

(c) Circadian period and phase estimates for the same three groups in a.
Tukey's post hoc HSD test).

steps with S. pimpinellifolium and with ‘modern’ cultivars. The ear-
liest domesticated types, the Ecuadorian cherry tomatoes, showed
a delayed phase; however, their period was similar to that of their
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wild ancestor (Supplementary Fig. 7a). Plants with long periods
arose during the next step of domestication and can be found among
Mesoamerican cherry tomatoes and cultivars (Supplementary
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Figure 2 Two loci are responsible for variation in circadian rhythms between wild and cultivated tomato. (a,b) Logarithm of odds (LOD) scores for phase
(a) and period (b) along the genetic map. Dashed line indicates the 5% significance threshold. (c—f) LOD scores and significance threshold for phase
and period along the physical map at the QTL regions (c,e) and phase and period estimates (mean + s.e.m.) (d,f) of all RILs grouped by their genotype at
the QTL. Data are from five independent experiments. (g-j) Genotypes (g,i) and phase and period estimates (h,j) of selected ILs and BlLs. Gray indicates
S. lycopersicum; black, S. pennellii; and vertical lines outline the QTL in g and i; lines are colored according to genotype at the QTL in h and j.
n=10-22, mean = s.e.m. (h,j). Each line was analyzed in at least two independent experiments. (k,I) Mean relative position of cotyledon tip of the
lines shown in g—j. Shaded areas indicate subjective nights. (m) Period and phase estimates of independent transgenic T2 populations transformed

with different E/D1 promoter—-cDNA combinations (n = 4-12) or empty vector (n = 31; mean +s.e.m.). M, S. lycopersicum cv. M82; p, S. pennellii.
Data are from three independent experiments. (n) Phase estimates of four homozygous transgenic lines and two recombinants (mean + s.e.m.,
n=7-12). Different letters indicate significant differences (P < 0.05, one-way ANOVA and Tukey’s post hoc HSD test).
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Figure 3 The E/D1 region shows evidence of a selective sweep.

(a) Genetic diversity (m) of 166 S. lycopersicum varieties (cultivated)
and 53 S. pimpinellifolium accessions (wild). Blue lines (bottom)
indicate putative selective sweeps as determined by the = ratio.

(b) m ratio for a region on chromosome 9 in the wild tomato ancestor
S. pimpinellifolium (m,;4) and the cultivated species S. lycopersicum
(Tteuitivateq)- Horizontal dashed lines indicate genome-wide top 5% ratio
cutoff; horizontal arrows (bottom) indicate locations of genes; vertical
red lines (bottom) delimit E/D1I.

Fig. 7b,c). Notably, the changes in phase and period became fixed
in ‘modern’ cultivars that originated after the tomato was brought
to Europe, about 500 years ago. These results show that the decelera-
tion of the circadian clock was a stepwise process that started very
early in domestication.

Although variation in circadian rhythms is observable only under
artificial constant conditions, it has been shown in various organisms
to affect fitness under natural diurnal conditions®!9 and has been
proposed to be of adaptive significance>3. This fitness effect can be
explained by subtle changes in the timing of rhythmic processes under
diurnal conditions caused by variation in circadian variables such as
period and phase. To evaluate whether the differences in circadian
rhythms have an effect on tomato under natural conditions, we ana-
lyzed the diurnal transcriptomes of the cultivated tomato variety M82
and the distant wild relative Solanum pennellii. The phase distribution
of the 2,368 genes cycling in both species was bimodal, as described
for other species®!. Notably, the peaks of this distribution occurred
1-2 h earlier in the wild species (Supplementary Fig. 8), indicating
that differences in circadian rhythms have a profound effect on the
tomato transcriptome under natural light-dark cycles, potentially
affecting many downstream processes.

To dissect the genetic architecture of the circadian rhythm
differences and identify the underlying genes, we performed quanti-
tative trait locus (QTL) analysis in two populations generated from
crosses of the wild species S. pimpinellifolium and S. pennellii with
the cultivated varieties Moneymaker and M82, respectively?>23.
These analyses revealed a simple genetic architecture, with two QTLs
shared among populations—one involved in phase and one in period
(Fig. 2a,b). We fine-mapped the phase QTL to a region of ~0.3 Mb
and the period QTL to a region of ~2 Mb using S. pennellii backcross
inbred lines (BILs) (Fig. 2c-1 and Supplementary Table 2).

We confirmed the phase QTL, which slightly affects period as well
(Supplementary Fig. 9), and narrowed it further to a region contain-
ing 13 annotated genes with two recombinant lines (Supplementary
Fig. 10 and Supplementary Table 3). One of the genes is anno-
tated as encoding a phytochrome A-associated F-box protein
(Solyc09g075080) and is homologous to EIDI in Arabidopsis. The
Arabidopsis gene is a negatively acting component of the phytochrome
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signaling cascade?*, which has an important role in circadian clock
control?. To test whether EIDI was the causative gene underlying
the phase QTL, we cloned the S. pennellii and the S. lycopersicum
alleles under the control of each native promoter and transformed the
four constructs into the tomato cultivar M82. Transgenic plants car-
rying the wild species coding sequence (cds) had a significantly more
advanced phase with both promoter sequences (P = 1.68 x 10714, two-
way analysis of variance (ANOVA)), demonstrating that variation in
the coding region of EID1 is responsible for the phase QTL (Fig. 2m,n
and Supplementary Fig. 11). We used published genome sequences
to compare EIDI across 214 cultivated varieties and 77 wild acces-
sions?®?” (Supplementary Table 4). This comparison revealed a single
polymorphism that was present in the coding sequence in all of the
cultivated varieties but none of the wild species accessions. This poly-
morphism (a 3-bp deletion) is located in a region highly conserved
among several Solanaceae species and probably represents the causal
mutation underlying the phase QTL (Supplementary Fig. 12).

To assess whether the altered circadian clock of cultivated tomato
confers an adaptive advantage and has been selected during tomato
breeding or is merely the result of a founder effect and genetic drift,
we scanned the genomic region surrounding the EIDI locus for
signatures of selection. We used genome sequences of 166 big-fruited
S. lycopersicum varieties and 53 S. pimpinellifolium accessions?’.
Notably, we found that EID1 is located in a region that shows evidence
of a selective sweep, exhibiting very low genetic diversity in cultivated
tomato (Fig. 3). These findings indicate that the cultivated allele of
EIDI has been under positive selection during tomato domestication
or improvement, suggesting that an altered circadian phase confers
an adaptive advantage.

Figure 4 Differences in circadian phase affect overt phenotypes under
diurnal conditions. (a,b) Height 4 weeks after germination (a), days to
flowering (b) and relative chlorophyll content 4 weeks after germination
in recombinant lines differing only in the E/D1 locus and thus also in
circadian phase (Supplementary Fig. 10) grown under long days

(18 h light/6 h dark (18:6)) and neutral days (12:12). n=16-18 (a,c) or
11-15 (b), mean £ s.e.m.; *P < 0.05, **P < 0.01, ***P < 0.001, t-test;
n.s., not significant.
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Why would there be an advantage in having a decelerated circadian
clock? For Arabidopsis it has been suggested that a circadian clock
with a longer period is advantageous at higher latitudes?. Tomato
originates from the equatorial region. During domestication, however,
it was moved to Mesoamerica and later to Europe, where it faced long
summer days?0. To test whether the slower clock of cultivated tomato
leads to better synchronization with longer external light phases,
we grew two lines, differing only in their genotype at the EIDI
locus, under 12- and 18-h days. Temporal gene expression waveforms
generated with qRT-PCR on different clock genes showed that allelic
variation in EIDI causes a slight phase shift also under diurnal
conditions (Supplementary Fig. 13). Additionally, plants carrying the
cultivated allele of EIDI were shorter, flowered later and had higher
chlorophyll content than those bearing the wild allele (P < 0.05, ¢-test;
Fig. 4). Whereas differences in height and flowering time were inde-
pendent of day length, differences in chlorophyll content occurred
specifically under long days (Fig. 4). We hypothesize that the slower
clock represents an adaptation to long photoperiods that manifests
as higher chlorophyll content, which may in turn enhance overall
crop performance. Tomato is damaged when light is present a time
when the plant expects darkness?8. The lower chlorophyll content
we observed in plants carrying the wild EID]I allele under long days
could represent the first signs of light-induced injury. Notably, CAB13,
which encodes light-harvesting chlorophyll a/b-binding protein 13
and has been reported to confer tolerance to light-induced injury?’,
was more than fourfold upregulated at the end of a long day in plants
carrying the cultivated EID1 allele (Supplementary Fig. 13), provid-
ing a possible mechanistic link between changes in temporal gene
expression and plant performance. Additionally, the most significantly
enriched Gene Ontology (GO) term among genes presenting a delayed
diurnal phase in cultivated tomato is ‘chlorophyll binding} again indi-
cating that an altered circadian clock may be important for shifting
the expression of light-harvesting proteins (Supplementary Table 5).
In the wild species S. pimpinellifolium, chlorophyll content was lower
under long days than under short days (Supplementary Fig. 14c),
suggesting that circadian asynchrony may be even more pronounced
when an early phase is combined with a short period. In conclusion,
a decelerated clock appears to delay subjective night, which in turn
may prevent circadian asynchrony and its associated side effects under
long summer days.

Here we provide an example of enhancement of crop perform-
ance through modulation of the circadian clock. It will be exciting
to see studies of how domestication and breeding have affected the
circadian system in other crop plants. Such studies will help to
evaluate the potential benefits of manipulating the circadian clock
for crop improvement. More comparisons of crop plants with their
wild ancestors may also reveal promising target genes for such
manipulation and may thereby help to satisfy increasing demand for
agricultural production.

URLs. BRASS software, http://millar.bio.ed.ac.uk/Downloads.html;
Picard software, http://broadinstitute.github.io/picard/; Sol Genomics
network, http://solgenomics.net; NCBI Short Read Archive, ftp://ftp.
sra.ebi.ac.uk.

METHODS
Methods and any associated references are available in the online
version of the paper.

Accession codes. BioProject: RNA sequencing data have been
deposited under accession code PRINA295848.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS

Plant material. Wild and cultivated tomato accessions used for this study
are listed in Supplementary Table 1 and were obtained from the University
of California Davis C.M. Rick tomato genetics resource center (TGRC), the
Institute for Conservation and Improvement of Valentian Agrodiversity
(COMAV) at the Polytechnic University of Valencia, Spain, or kindly donated
by R. Finkers (Wageningen University).

The S. pennellii introgression line population was obtained from the
University of California Davis C.M. Rick tomato genetics resource center
(TGRC) and has been described in detail?>30. The S. pimpinellifolium recom-
binant inbred line (RIL) population and respective genotype data were kindly
provided by S. van Heusden?2. The S. pennellii BILs used for the fine-mapping
of the phase QTL were generated by crossing the wild species S. pennellii
LA0716 with the cultivar M82 and backcrossing the resulting hybrid to M82
2-3 times. Six or seven rounds of consecutive selfing gave rise to the final BIL
population consisting of approximately 700 lines. To genotype these lines,
DNA was isolated from leaf tissue using the DNeasy Plant Mini Kit (QIAGEN)
and digested with the restriction enzyme NlalIL Subsequently, reduced repre-
sentation genomic libraries were prepared using the RESCAN method?!. These
libraries were sequenced at the University of California Berkeley Genomics
Sequencing Laboratory on the Illumina HiSeq2000 platform (Illumina,
Inc., San Diego, CA) to generate 100-bp single-end reads. Reads were pre-
processed, quality filtered and barcode sorted using the Fastx_toolkit and
custom perl scripts. The filtered reads were mapped to the tomato refer-
ence genome (v2.40) using the BWA parameters: -e 15-i 10 -k 1 -125 -n 0.05
(ref. 32). Samtools (with the ‘-bq 1’ option) was used to retain the reads that
mapped uniquely to the reference genome. SNPs were called for parents and
individual BILs using VarScan (v2.3.1) (ref. 33). For this, the pileup2snp com-
mand was used (parameters: -min-coverage 4 -min-reads 2 -min-avg-qual
20 -minvar- freq 0.9 -p-value 0.05). Finally, SNPs of individual BILs were
compared to parental SNPs to identify the S. pennellii introgression region and
to define the introgression boundaries (Supplementary Table 2).

Growth conditions. All tomato seeds were treated with saturated tri-sodium
phosphate (NazPO,) for 15 min to kill viruses on the seed coat and to enhance
germination efficiency. After three washes with distilled water, seeds were kept
in water for 3 d in the dark. On the third day they were sown on standard soil.
We positioned genotypes on the basis of a completely randomized design.

For all circadian experiments we used 7 cm x 7 cm pots. For leaf move-
ment analyses seedlings were entrained in an controlled environment chamber
(Elbanton) for 2-4 d under cool white fluorescent tubes (~100 umol m=2s!)
in 12 h light/12 h dark (12:12) and 20:18 °C temperature cycles. On the last
day of entrainment a polystyrene ball was attached to the tip of one cotyle-
don of each seedling using petroleum jelly34. At the dark-light transition, we
transferred the seedlings to an identical chamber set to constant light and
temperature (~100 tmol m~2 s~! and 25 °C) and started the image capture. For
the quantitative reverse transcription PCR (qQRT-PCR) and RNA sequencing
experiments, seedlings were entrained for 6-7 d under cool white fluorescent
tubes and incandescent bulbs (~100 tmol m~2s71) in 12:12 or 18:6 (light/dark)
and 25:18 °C temperature cycles. For the diurnal RNA-seq time course, we col-
lected leaf tissue every 4 h during 1 day and 1 night. This setting was repeated
for the diurnal qRT-PCR experiment, but we collected leaf tissue every 2 h.
For the circadian time course, we set the controlled environment chamber to
constant conditions (~100 tmol m~2 s~! and 25 °C) and collected leaf samples
every 4 h for 3 d for the qRT-PCR experiment, and for 2 d for the RNA-seq
experiment.

For the phenotyping of the two recombinants (rec38 and rec47), the
cultivar Moneymaker and the wild species S. pimpinellifolium under different
photoperiods we used 9 cm x 9 cm square pots. We grew 18 individuals of
each genotype under cool white fluorescent tubes (~100 (tmol m~2 s~!) with
12:12 or 18:6 light/dark and 24:18 °C temperature cycles. Trays were shuffled
within and between chambers at least three times a week to eliminate potential
positional and chamber effects.

Image capture and analysis. Leaf movements were studied by analyzing pictures
of seedlings taken at an interval of 20 min for 4-5 d using Pentax Optio WG-1
digital cameras triggered by their internal intervalometers. We determined

the vertical position of the cotyledon tip over time by measuring the centroid
of the polystyrene balls using the software Image] (ref. 35). Estimates for the
circadian period, phase and relative amplitude error (RAE) per plant were
obtained via fast Fourier transform nonlinear least-squares analysis®¢ using
the biological rhythms analysis software system BRASS. Following common
practice, we excluded the first 24 h from the analysis to remove potential
noise caused by the transfer from the entrainment chamber to the imaging
chamber. The RAE, estimated by BRASS, is a measure of the robustness of a
rhythm and can theoretically have values between 0 and 1, where a value of 0
indicates a perfect rhythm and a value of 1 indicates a rhythm that is not sta-
tistically significant3®. Only seedlings with RAE <0.25 were further analyzed,
which corresponds to the 95% quantile as determined for the S. pennellii IL
population (385 individual measurements). Additionally, extreme period or
phase outliers were removed.

Quantitative trait locus (QTL) analysis. For QTL mapping we used the R-
package ‘qtl’ (ref. 37). We analyzed 90 S. pimpinellifolium RILs that have been
genotyped for 1,969 markers. We estimated the genetic map on the basis of
recombination frequencies using the Kosambi map function. LOD scores
were calculated with a single-QTL model using standard interval mapping
with a 1-cM grid. The 5% significance threshold was determined by 10,000
permutations.

Markers for fine-mapping. To fine-map the QTL, cleaved amplified polymor-
phic sequence (CAPS) markers and insertions and deletions (indel) markers
were obtained from published sets®® or designed manually on the basis of the
S. lycopersicum and S. pennellii reference genome sequences’. All primers are
listed in Supplementary Table 6.

qRT-PCR time course. We used qRT-PCR to quantify the expression of
Solyc10g005080, Solyc12g05660, Solyc03g115770 and Solyc07g063600, the
tomato homologs of the Arabidopsis clock genes LHY, GI, TOCI and CABI13,
respectively. We used the standard curve method and the gene encoding AP-2
complex subunit mu (Solyc08¢006960, CAC) as an internal control to normal-
ize transcript abundance®’. Primers were designed to span exon-exon junc-
tions to avoid amplification of genomic DNA and are listed in Supplementary
Table 7. We set up 20-pl reactions in triplicates in Eppendorf twin.tec PCR
plates (Eppendorf AG) using IQTM SYBR Green Master Mix (Bio-Rad
Laboratories) and 500 ng cDNA, which was synthesized from 1 ug of total
RNA with the SuperScriptTM II Reverse Transcriptase (Life Technologies)
following the manufacturer’s instructions using Oligo(dT)18 primers. PCR
was performed in an Eppendorf Realplex cycler (Eppendorf AG) or Bio-Rad
CFX384 cycler (Bio-Rad Laboratories GmbH) using a three-step PCR-
program consisting of 50 cycles. The threshold cycle (Cy) values were calculated
with the Eppendorf realplex2.2 software with the default method (Noiseband),
which specifies a threshold of 10 s.d. above the noise of the baseline.

RNA-seq time course. Total RNA from leaf samples was extracted with the
RNeasy Plant Mini Kit (QIAGEN). Libraries were prepared according to the
Illumina TruSeq RNA protocol and sequenced on the Illumina HiSeq2000
platform (Illumina, Inc., San Diego, CA) at the Genome Center of the Max
Planck Institute for Plant Breeding Research. We obtained an average of 29
million single end reads per sample with an average length of 96 bp per read
(Supplementary Table 8).

Reads were aligned to the S. Iycopersicum reference sequence version
2.50 using Tophat v2.0.6 (ref. 41) with the following parameters: —-max-
insertion-length 12-max-deletion-length 12 -g 1-read-gap-length 12-read-
edit-dist 20-read-mismatches 12-no-coverage-search-read-realign-edit-dist
0-segment-mismatches 3-splice-mismatches 1-max-intron-length 8100.
An average of 92.8% of all reads were uniquely aligned to the reference genome
(Supplementary Table 8).

The number of reads per transcript was quantified on the basis of the
S. lycopersicum ITAG annotation v2.4 using a custom R script that employs
Bioconductor’s Rsamtools, GenomicFeatures and GenomicAlignments
packages and the function summarizeOverlaps with parameters mode =
“IntersectionNotEmpty”, singleEnd = T and ignore.strand = F (refs. 42-44). We
divided the samplesinto a diurnal and a circadian data set (Supplementary Table 8).
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In each experiment we calculated RPKM values for every transcript and dis-
carded transcripts whose values were below 1 in at least one sample. This left
us with 14,506 transcripts in the diurnal experiment and 14,668 transcripts in
the circadian experiment (41.77% and 42.24% of the 34,725 total transcripts
in ITAG2 4, respectively). Raw read counts per transcript were then normal-
ized for each species and experiment separately with the rlog() function in
Bioconductor’s DESeq2 package®’.

Cycling transcripts were identified by running ARSER v2.0 for each experi-
ment and species separately*®. ARSER uses three statistical methods to estimate
cycling parameters for each gene (yule-walker, mle and burg) and outputs the
estimates for the best method on the basis of its Akaike information criterion
(AIC) value. In order to obtain the necessary homogeneity to compare cycling
parameters between species we modified the ARSER script to return results
from the mle method only. Transcripts for which ARSER outputs more than
one period or for which the mle method did not converge (marked as ‘default’
in the output) were discarded. Cycling genes were determined on the basis of
the q values output by ARSER (fdr_BH < 0.01).

For the analysis of the circadian experiment, we averaged the two replicates
per time-point and species as required by ARSER. ARSER uses a harmonic
regression over a range of user-defined periods to find the best possible fit to
the expression time course. Because of the large differences in period expected
between S. lycopersicum and S. pennellii in circadian conditions, we used dif-
ferent period ranges for each species. These ranges were defined by running
ARSER with sliding windows consisting of 8-h ranges starting at 4 and end-
ing at 44 (step = 1, Supplementary Fig. 15a). We chose as final ranges for
each species periods that included 99% of the transcripts that were called
rhythmic in the window-analysis (fdr_BH < 0.05, Supplementary Fig. 15b).
For S. lycopersicum we used a period window from 22 to 43 and for S. pennellii
awindow of 13 to 26.

In contrast to expression cycles obtained under circadian conditions, diur-
nal experiments are expected to produce expression cycles with periods of
exactly 24 h owing to entrainment of the circadian clock by light and temper-
ature. Therefore, ARSER was run with default parameters (a range of periods
between 20 and 28). As the power of ARSER to estimate cycling parameters is
increased when analyzing more cycles, we generated an extra day of data by
randomly choosing one replicate from every time point and adding 24 h to
their collection time (Supplementary Table 8). Cycling genes were defined
using the modified ARSER script and a threshold of fdr_BH < 0.01.

Gene ontology (GO) enrichment analysis. To test the association of GO terms
to genes exhibiting a delayed phase under diurnal conditions in cultivated
tomato we used the Bioconductor’s GSEABase and GOstats packages?”. We
first prepared a custom GO to gene mapping based on the annotation available
on the sol genomics network website. We then performed the Hypergeometric
test for the ontology “molecular function” with all genes that exhibited a phase
delay of 1-3 h in cultivated tomato compared to its wild relative (n = 755)
taking as a universe all transcripts for which a single period was reported by
ARSER (n = 7,341).

Cloning of EID1.We cloned the EIDI cDNA of S. pennellii and S. lycopersicum
cv. M82 downstream of both native promoters (2.5 kb upstream sequence
from the EIDI start codon) using the MultiSite Gateway Pro 2.0 Kit (Life
Technologies) and the destination vector pPGWBI (ref. 48). For the amplification
of the four sequences we used Phusion High-Fidelity DNA polymerase (New
England BioLabs GmbH). The primers used are listed in Supplementary
Table 9. The four resulting constructs were transformed into the tomato
cultivar M82 using the Agrobacterium tumefaciens—mediated leaf disc trans-
formation method described previously*’. We validated the presence of the
transgene via PCR in the T2 plants that were also used for leaf movement
analysis. All T2 plants carrying at least one copy of the transgene (positive in
the PCR reaction) were used for determining the effect of the EID1 promoter
and cDNA on circadian rhythms. Progeny of the first two T2 populations per
construct exhibiting segregation rates expected for a single insertion event
(1:3) were grown in glass jars containing MS medium complemented with
kanamycin (50 mg/ml) in an light room set to 16 h light/8 h dark and 25 °C to
isolate homozygous lines that were used to validate complementation by the
wild-type allele of the EIDI coding sequence.

Genotyping of EIDI in 299 re-sequenced tomato accessions. We genotyped
EIDI and the surrounding region using published re-sequencing data of 220
cultivated and 79 wild tomato accessions?®27.

Short reads?” were downloaded from SRA and aligned to the S. lycopersicum
reference genome v2.50 using Bowtie2 version 2-2.0.0-b5 with default param-
eters®0. Duplicated reads were removed using Picard version 1.65, and indels
were realigned using GATK v2.2-8 (ref. 51). The putatively causal indel is
located at position 66,893,249 on chromosome 9. Variants were called for
all accessions simultaneously for chromosome 9 from 64 Mb to 69 Mb using
GATK v2.2-8 using default settings. The alignment information of the indel
position for each accession is presented in Supplementary Table 4. Three
heterozygous accessions were removed (TS-124, TS-137 and TS-319). Out
of the remaining 218 accessions analyzed, two S. lycopersicum accessions and
two S. pimpinellifolium accessions did not exhibit the expected genotype. To
clarify the origin of these accessions we constructed phylogenetic trees using
2,000 SNPs upstream and downstream of the position of the putatively causal
indel (Supplementary Fig. 16a). For this analysis we used only biallelic SNPs
that were genotyped in more than 80% of the accessions, and only those acces-
sions for which more than 40% of the 4,000 SNPs could be genotyped by
GATK. Neighbor-joining trees were calculated using the R packages ape and
adegenet>2. The trees obtained showed that the S. lycopersicum accessions that
do not have the characteristic indel in EID1 (TS-226 and TS-224) cluster in the
S. pimpinellifolium group, suggesting that, in these accessions, the region was
introgressed from the wild species or that the accessions were misclassified
(Supplementary Fig. 16a). Similarly, S. pimpinellifolium accessions TS-222
and TS-432, that contain the indel characteristic of cultivated tomato clustered
with the cultivated varieties, pointing to misclassification of these accessions
(Supplementary Fig. 16a).

Alignment files?” were downloaded from the Short Read Archive. These
alignments are based on the S. lycopersicum reference genome v2.40, in which
the putatively causal indel in EID1 is located at position 62,390,868 on chromo-
some 9. Variants were called in all alignments simultaneously for chromosome
9 from 60 Mb to 65 Mb using GATK v2.2-8 with default parameters. The
alignment information for the indel position is presented in Supplementary
Table 4. We removed from this data set two accessions for which the indel was
heterozygous (RF_037 and RF_039) and one S. lycopersicum x S. cheesmaniae
hybrid (RF_054). Of the 52 cultivated varieties remaining, four lacked the
deletion characteristic of the cultivated types. Using the methods described
above, we constructed neighbor-joining trees with the genotypes for 2,000
SNPs on each side of the indel (Supplementary Fig. 16b). For this analysis
we used only biallelic SNPs that were genotyped in all 81 accessions. The tree
shows that all S. lycopersicum accessions lacking the characteristic deletion in
EIDI do not cluster within the S. lycopersicum group, suggesting that these
accessions belong to the ancestral types or were misclassified.

Detection of selective sweeps. To identify regions of positive selection close
to EID1 we measured the level of genetic diversity (r) at the bottom of chro-
mosome 9 employing genome sequences of 53 S. pimpinellifolium and 166
big-fruited S. lycopersicum accessions. We used a 100-kb window with a step
size of 10 kb to define putative selective sweeps based on the top 5% ratio
cutoff, which was 16.47 for this analysis. Further details about selective sweep
detection and generation of the genome sequences used for this analysis have
been described previously?’.

Phenotyping of the recombinants under different photoperiods. We
measured the relative chlorophyll content of the two recombinants using the
chlorophyll meter SPAD-502 (ref. 53) according to the manufacturer’s instruc-
tions (Konica Minolta, Inc., Tokyo). We determined plant height from soil
level to apical meristem with a ruler, rounding to the nearest half-centimeter.
Chlorophyll content and plant height were measured 28 d after germina-
tion. Days to flowering are defined as days from germination until the first
open flower.

Phylogenetic analyses of EID1. EID1 protein sequences for the different
Solanaceae species were obtained by taking the best BLAST hit from blast-
ing the S. lycopersicum EID1 protein against the according protein databases.
BLAST was performed online using the BLAST tool on the sol genomics
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network website. The sequence alignment was produced with MegAlign,
which is part of the DNASTAR Lasergene package (DNASATR, Inc.), using
the Clustal W method.
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