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Abstract

The time has come: of GIGANTEA paralogs and grass circadian clocks
by
Claire Leah Bendix
Doctor of Philosophy in Plant Biology
University of California, Berkeley

Professor Frank Harmon, Chair

This work addresses the function of two circadian clock genes in maize, namely
gigantea (gi1) and gi2, as well as the larger question of the role that circadian clock
genes play in grass species. Previous work on the plant circadian clock has primarily
focused on the model genetic system, Arabidopsis thaliana, and the current conception
of the clock has been constructed on the basis of this work. Arabidopsis is, however,
evolutionary distant from monocot species, such as the grass Zea mays (maize), that
are grown as crops. Furthermore, many crop plants have convoluted domestication
histories that have resulted in complex genomes containing remnants of entire
duplicated genomes. Circadian clock genes are proposed to be preferentially retained
after whole genome duplications, and to evolve altered roles when duplicate gene
copies persist in genomes.

GIGANTEA (Gl) is a plant-specific gene that is conserved across vascular plants
and plays a central role within plant circadian and developmental processes. Most
plants only have one copy, but maize has two, which are both expressed. One
approach taken to investigate the roles of the gi genes was to generate gi mutants in
maize and evaluate their impacts on clock gene expression, developmental phenotypes,
and disease resistance. This analysis showed that gi7 and gi2 have differential effects
on clock gene expression, gi2 may play a role in disease resistance, and that
phenotypic effects of either mutant are minor compared to the Arabidopsis gi mutants.

A second approach was to heterologously express maize Gl proteins in yeast to
identify protein interaction partners. First, a set of predicted protein interaction partners
were computationally identified on the basis of known Arabidopsis Gl interactors. Both
maize Gl proteins were found to interact with homologs of known Arabidopsis
interactors in maize, and in some cases, Gl1 and GI2 had different interaction strengths.
Second, GI1 and GI2 were used as baits in yeast two-hybrid screens against a library
generated from maize cDNA to identify putative novel interacting partners. The screen
identified a number of novel interaction partners, and found that each Gl preferentially
interacts with a different set of protein types.

Finally, evolutionary trees were elucidated in order to computationally identify
orthologs of known circadian clock genes in all three species. In conjunction with this, a
comprehensive RNA-Seq timecourse of reference inbred lines for maize, sorghum, and



Setaria was performed. This allowed the identification of a number of genes likely
involved in the maize circadian clock. Preliminary computational analysis of this
extensive dataset indicates that circadian orthologs between the species retain similar
phases. For individual genes, altered expression patterns have been found between the
species, which could indicate functional innovation.

These lines of evidence suggest that genes within the circadian clock have
evolved novel properties across plant species. The work presented here shows that
even conserved clock genes have altered functionality in monocots. The catalog of
maize circadian genes will provide a starting point for further research of the maize
circadian clock. Through evolution and domestication, important monocot crop species
contain multiple copies of core circadian genes, meaning that crop clocks have diverged
from the model based on the Arabidopsis circadian clock. The circadian clock plays
important roles in growth, stress responses, and defense against pathogens, and so
continued research directly focused on crop circadian clocks will aid agricultural efforts
to breed resilient high-yield crops.
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For my grandmothers, Jane Bendix and Gertrud Fluckiger
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Chapter One: Circadian clock genes universally control key
agricultural traits

The following chapter is a modified version of an article published in Molecular Plant
(Bendix et al., 2015).

Abstract

Circadian clocks are endogenous timers that enable plants to synchronize
biological processes with daily and seasonal environmental conditions in order to
allocate resources during the most beneficial times of day and year. The circadian clock
regulates a number of central plant activities, including growth, development, and
reproduction, primarily through controlling a substantial proportion of transcriptional
activity and protein function. This review examines the roles that alleles of circadian
clock genes have played in domestication and improvement of crop plants. The focus
here is on three groups of circadian clock genes essential to clock function in
Arabidopsis thaliana: PSEUDO-RESPONSE REGULATORs, GIGANTEA, and the
evening complex genes EARLY FLOWERING 3, EARLY FLOWERING 4, and LUX
ARRHYTHMO. Homologous genes from each group underlie quantitative trait loci that
have beneficial influences on key agricultural traits, especially flowering time but also
yield, biomass, and biennial growth habit. Emerging insights into circadian clock
regulation of other fundamental plant processes, including responses to abiotic and
biotic stresses, are discussed to highlight promising avenues for further crop
improvement.

Introduction

The circadian clock

The endogenous circadian clock generates approximately 24-hour rhythms and
confers this rhythmic behavior on a wide range of key plant processes (for reviews, see
(Baldwin and Meldau, 2013; Golembeski et al., 2014; Harmer, 2009; Nagel and Kay,
2012). A fundamental role of clock-generated rhythms is to anticipate daily and
seasonal environmental cycles, which allows the plant to optimize internal processes
with respect to external conditions. In this way, the circadian clock provides a fitness
advantage (Dodd et al., 2005; Green et al., 2002; Michael et al., 2003). Up to this point,
the majority of the work on the plant circadian clock has been done with the model plant
Arabidopsis thaliana. The information below outlines the current understanding of the
Arabidopsis circadian system.

As a master controller of plant gene expression, the circadian clock regulates
more than 30% of the Arabidopsis transcriptome (Covington et al., 2008; Harmer et al.,
2000; Michael et al., 2008). The clock controls a similar proportion of the transcriptome
in rice, papaya, maize, soybean, and poplar (Filichkin et al., 2011; Hayes et al., 2010;
Hoffman et al., 2010; Khan et al., 2010; Marcolino-Gomes et al., 2014; Zdepski et al.,
2008). Genes subject to circadian clock regulation are central to many important
physiological processes (Figure 1.1), including flowering time (Park et al., 1999; Yu et
al., 2008), phytohormone synthesis and signaling (Covington and Harmer, 2007,



Covington et al., 2008; Goodspeed et al., 2012), growth control (Nozue et al., 2007),
metabolic activities (Blasing et al., 2005; Graf et al., 2010; Gutiérrez et al., 2008; Hong
et al., 2013; Ni et al., 2009), abiotic stress responses (Legnaioli et al., 2009; Liu et al.,
2013), and plant-pathogen interactions (Wang et al., 2011b; Yang et al., 2015a; Zhang
et al., 2013).

At the molecular level, the core circadian clock is made up of genes that interact
through a series of transcriptional and post-transcriptional feedback loops to create
rhythmic gene expression (Fogelmark and Troein, 2014; Hsu and Harmer, 2014).
Although core circadian clock genes are expressed throughout the day, distinct
morning, day, and evening transcriptional phases exist, and each phase represents the
activity of multiple core circadian clock proteins (Figure 1.1).

CIRCADIAN CLOCK ASSOCIATED1 (CCA1) and LATE ELONGATED
HYPOCOTYL (LHY) are two key transcription factors that are expressed and active at
dawn (Green and Tobin, 1999; Schaffer et al., 1998; Wang and Tobin, 1998). These
partially redundant MYB transcription factors are members of the larger REVEILLE
(RVE) gene family, which also contains the principal clock activators RVES8, RVEG, and
RVE4 (Chaudhury et al., 1999; Kuno et al., 2003; Rawat et al., 2009, 2011; Zhang et al.,
2007). Within the promoters of target genes, CCA1 and LHY recognize two related cis-
regulatory sequences known as the evening element (EE) and the CCA1-binding site
(CBS) (Carre and Kay, 1995; Harmer et al., 2000; Wang et al., 1997). During the
morning, CCA1 and LHY repress expression of evening expressed genes, including
TIMING OF CAB EXPRESSION1 (TOCT1), LUX ARRHYTHMO (LUX), EARLY
FLOWERING 3 (ELF3), and EARLY FLOWERING 4 (ELF4) (Alabadi et al., 2001;
Hazen et al., 2005; Kikis et al., 2005), and at the same time promote the expression of
PSEUDO-RESPONSE REGULATOR (PRR) gene family members PRR9 and PRR7
(Farré et al., 2005).

Sequential expression of PRR genes over the course of the day imposes
transcriptional repression on other PRR family members and additional core clock
genes (for review, see (Farré and Liu, 2013)). CCA1- and LHY 1-stimulated peak
expression of PRR9 occurs in the morning and is soon followed by PRR7 at midday
(Matsushika et al., 2000). PRR9 and PRR7 act together in a feedback loop to suppress
expression of CCA7 and LHY in the late morning (Farré and Kay, 2007; Nakamichi et
al., 2010). Afternoon accumulation of PRR5 represses PRR9, PRR7, and RVES8
expression (Matsushika et al., 2000; Nakamichi et al., 2012; Rawat et al., 2011).
Evening accumulation of TOC1 maintains repression of CCA1, LHY, and earlier-
expressed PRRs; in addition, TOC1 activity feeds back to repress its own expression
(Gendron et al., 2012; Huang et al., 2012). PRR3 binds to and stabilizes TOC1 protein
in the vasculature (Para et al., 2007), but its role within the clock is not yet completely
established.

The evening complex (EC) is a trimeric protein assembly composed of LUX,
ELF3, and ELF4 (Nusinow et al., 2011). LUX is a MYB-like transcription factor (Hazen
et al., 2005; Onai and Ishiura, 2005), while ELF3 and ELF4 are each unique plant-
specific proteins without conserved functional domains (Doyle et al., 2002; Hicks et al.,
2001). The EC represses expression of PRR9, PRR7, GIGANTEA (Gl), and NIGHT
LIGHT-INDUCIBLE AND CLOCK-REGULATED1 (LNK1) in the late evening (Chow et
al., 2012; Dixon et al., 2011; Helfer et al., 2011; Herrero et al., 2012; Kolmos et al.,



2009; McWatters et al., 2007). The EC represses itself near dawn through inhibition of
LUX, which allows the clock regulatory cycle to repeat the next day (Helfer et al., 2011).
RVES activates evening expressed genes in opposition to CCA1 and LHY

(Rawat et al., 2011). RVES protein peaks in the afternoon, although its transcript has
dawn-phased expression. Binding of RVES8 to EE sequences activates expression of
TOC1, PRR5, PRR9, GI, LUX, and ELF4 (Farinas and Mas, 2011; Hsu et al., 2013;
Rawat et al., 2011). RVES activity is partially redundant with RVE4 and RVEG (Hsu et
al., 2013). LNK1 and LNKZ2 are also expressed at dawn, and have slightly delayed
protein expression. Both LNK1 and LNK2 proteins physically interact with RVE
transcription factors and act as co-activators for RVE8 and RVE4 in the upregulation of
PRRS5 and TOCT transcription (Xie et al., 2014).

An important post-transcriptional event is control of TOC1 and PRRS protein
accumulation by the combined activities of ZEITLUPE (ZTL) and Gl (Demarsy and
Fankhauser, 2009; Ito et al., 2012). ZTL is an F-box protein that serves as a clock-
specific blue light photoreceptor (Kim et al., 2007b; Somers et al., 2000). Gl is a large
plant-specific protein that is a scaffold for multiple protein complexes (Fowler et al.,
1999; Hugq et al., 2000; Park et al., 1999). Activation of ZTL by light promotes interaction
with Gl and this protects both from degradation by the 26S proteasome (Kim et al.,
2007b). Once the ZTL-GI complex associates with TOC1 or PRR5, the PRR protein is
degraded by the 26S proteasome (Fujiwara et al., 2008; Kiba et al., 2007; Kim et al.,
2007b; Mas et al., 2003). Similarly, GI protein accumulation is controlled by complex
formation with ELF3, which induces Gl degradation by the 26S proteasome (Yu et al.,
2008).

The timing of gene expression and the regulatory relationships within the core
oscillator are essential for maintaining circadian rhythms. Together, circadian clock
genes form a highly interconnected regulatory network (Fogelmark and Troein, 2014;
Hsu et al., 2013; Pokhilko et al., 2012) that influences a wide range of plant signaling
and metabolic pathways (Figure 1.1).

Overview of flowering time control

Flowering time is regulated by both internal and external cues, which are
integrated to ensure correct timing of this critical developmental decision. In
Arabidopsis, the vernalization, autonomous, and photoperiodic pathways together
determine flowering time, with the contribution of each dependent on the genetic
background of the plant (for review, see (Shim and Imaizumi, 2015)). These signaling
networks converge on three main floral integrators: LEAFY (LFY), SUPPRESSOR OF
OVEREXPRESSION OF CO 1 (SOCT1), and FLOWERING LOCUS T (FT) (Koornneef et
al., 1998; Pajoro et al., 2014). Because of the well-defined regulatory association
between the circadian clock and the photoperiodic flowering pathway (Johansson and
Staiger, 2015; Song et al., 2013), the discussion here is limited to the signaling
networks involved in this pathway.

Arabidopsis assesses day length, or photoperiod, through circadian clock
regulation of key flowering time genes. The two primary genes involved are
CONSTANS (CO), a zinc-finger transcription factor (Putterill et al., 1995), and FT
(Kobayashi et al., 1999; Turck et al., 2008). CO is a transcriptional activator stabilized
by light that is expressed in the leaf and induces the expression of FT in long day (LD)
conditions (Kobayashi et al., 1999). FT protein is a small transcriptional co-factor, which
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acts as a mobile florigen that is expressed in leaves, moves into the phloem, and travels
to the shoot apical meristem to induce the transition from vegetative to reproductive
development (Corbesier et al., 2007; Jaeger and Wigge, 2007; Turck et al., 2008). Many
and varied genes are involved in photoperiodic flowering across different species, yet
FT homolog floral promotion activity appears to be conserved (for reviews, see: (Andrés
and Coupland, 2012; Ballerini and Kramer, 2011; Greenup et al., 2009)). In some
species, other cues are required before photoperiodic cues can be perceived: for
example, temperate cereals require vernalization (Shrestha et al., 2014). While
perception of and response to these cues are important, a full discussion of these
pathways is beyond the scope of this review.

A brief introduction to featured crops

The crops featured here include representatives of both eudicots and monocots
(Table 1.1), two major vascular plant clades that have evolved independently for over
100 million years (Chaw et al., 2004). The primary eudicots discussed are Brassica rapa
L., sugar beet (Beta vulgaris ssp. vulgaris), soybean (Glycine max), pea (Pisum
sativum), and lentil (Lens culinaris). B. rapa is a diploid relative of Arabidopsis.
Subspecies of B. rapa are widely cultivated, have diverse growth habits, and
encompass considerable natural variation (Lou et al., 2011). Cultivated sugar beet likely
descends from the European wild beet (Beta vulgaris ssp. maritime) (Jung et al., 1993),
which has a wide latitudinal distribution and correspondingly varied vernalization
requirements (Dijk et al., 1997). Sugar beet is a biennial crop that requires vernalization
and subsequent long day (LD) photoperiods to flower (Bell and Bauer, 1942). Soybean
is a diploid legume species originally from East Asia that is now widely grown across the
Americas. Soybean flowers in short day (SD) photoperiods and seminal work on
photoperiodism utilized soybean (Garner and Allard, 1920, 1922). Pea and lentil are
also diploid members of the legume family, and were domesticated early in human
history. The wild forms of both species require LD conditions for flowering, but selection
of alleles that allow SD flowering produced varieties now used as spring crops (Weller
and Ortega, 2015; Weller et al., 2012).

The monocot crops discussed are rice (Oryza sativa), barley (Hordeum vulgare),
wheat (Triticum sp.), sorghum (Sorghum bicolor), and maize (Zea mays ssp. maize).
Rice was domesticated in Asia and today is a staple crop grown around the world.
There are two main varieties: short-grained japonica and long-grained indica (Callaway,
2014). Flowering of rice is stimulated by SD conditions (Chandraratna, 1953). Barley
occurs in two main forms: the winter type requires vernalization, and is cold-tolerant, but
sensitive to SD, while the spring type does not require vernalization, cannot tolerate
cold, and is insensitive to SD conditions (von Zitzewitz et al., 2005). Wheat has a
complex domestication history, and multiple wheat varieties are still used in agriculture
today: diploid einkorn wheat (Triticum monococcum), hexaploid bread wheat (Triticum
aestivum), and tetraploid emmer wheat ( Triticum turgidum ssp. dicoccum). Wheat is
generally classified as a LD plant and it was the major Green Revolution crop, providing
one of the first examples of improved yields with modern breeding technology (Borlaug,
1983; Pingali, 2012; Zhang et al., 2014). Sorghum is a drought-tolerant diploid grass,
and ancestrally a SD plant (Garner and Allard, 1923; Quinby and Karper, 1945). Maize
is also a diploid grass that is both an important crop plant as well as a model organism
for biological research (Strable and Scanlon, 2009). Maize was domesticated in Mexico
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from the wild progenitor teosinte (Zea mays ssp. parviglumis) (Beadle, 1939; Benz,
2001; Galinat, 1983; lltis, 1983), which is a SD plant (Emerson, 1924), and tropical
maize inbreds commonly exhibit accelerated flowering in SD (Galinat and Naylor, 1951;
Kuleshov, 1933). Recent advances in sequencing technologies are providing genetic
insights into modern crop species, facilitating efforts to improve crop traits (Olsen and
Wendel, 2013; Renny-Byfield and Wendel, 2014).

This review describes alleles of circadian clock genes that have been shown to
directly influence key crop traits (Table 1.1). It is organized by gene group beginning
with the PRR gene family, then the G/ genes, and ending with the EC genes.
Throughout, eudicot crop plants are discussed first, as these closer relatives of
Arabidopsis are expected to have circadian clocks similar to this model, followed by
monocot crop plants, which form the bulk of the crop species grown worldwide. Finally,
we introduce promising avenues for future research on circadian clock genes in crop
species based on recent work in Arabidopsis and Brassica oleracea.

PRR genes

The PRR gene family is a major contributor to the clock system in Arabidopsis,
with five genes (TOC1, PRR3, PRR5, PRR7, and PRR9) serving as clock components
(Farré and Liu, 2013). The Arabidopsis PRRs contribute to many clock-associated
functions, including flowering time regulation (Nakamichi et al., 2007, 2012), clock
temperature compensation and entrainment (James et al., 2012; Salomé and McClung,
2005; Salomé et al., 2010), response to photosynthetic sugar (Haydon et al., 2013),
maintenance of mitochondrial homeostasis (Fukushima et al., 2009; Nakamichi et al.,
2009a), heat shock response (Karayekov et al., 2013), cold stress response (Nakamichi
et al., 2009b, 2012), oxidative stress response (Liu et al., 2013), and the regulation of
stomatal conductance (Liu et al., 2013).

All PRR proteins contain a pseudo-response regulator domain and a CCT (CO,
COL, and TOC1) motif (Makino et al., 2000; Mizuno and Nakamichi, 2005; Putterill et
al., 1995; Strayer et al., 2000). The pseudo-response regulator domain shares
homology with the receiver domain of response regulators from two-component signal
transduction systems, but key residues normally involved in signaling are substituted in
the PRR proteins (Makino et al., 2000; Mizuno and Nakamichi, 2005; Putterill et al.,
1995; Strayer et al., 2000). The CCT maotif is shared with CONSTANS-LIKE (COL)
family transcription factors, which includes the flowering time protein CONSTANS (CO)
(Makino et al., 2000; Mizuno and Nakamichi, 2005; Putterill et al., 1995; Strayer et al.,
2000).

PRRs likely evolved from true response regulators with evolutionary analysis
indicating that the TOC1 clade diverged first, followed by the clade containing PRR5
and PRR9, and most recently the clade containing PRR3 and PRR7 (Satbhai et al.,
2011). In monocots, gene duplication events produced PRR37 and PRR73, which are
phylogenetically and syntenically similar to Arabidopsis PRR7, as well as PRR59 and
PRR95, which are similar to Arabidopsis PRRS (Takata et al., 2010).



Eudicots

B. rapa has eight PRR genes, of which five are orthologs of the A{PRRs and
three are retained duplicates (Kim et al., 2007a, 2012). BrPRRs are under circadian
control and are expressed in a sequential wave similar to the Arabidopsis PRR genes
(Kim et al., 2012). When mapped to chromosomes, BrPRRs were found to be close to
loci that affect flowering-time (Kim et al., 2012). A pioneering genomic study in B. rapa,
which investigated the consequences of genome fractionation (i.e., gene loss or
retention during diploidization of the triplicated genome following whole-genome
duplication) for circadian clock genes, showed that BrPRR genes, as well as BrREV and
other circadian-clock-associated genes, have been preferentially retained in comparison
with neighboring genes, core eukaryotic genes, and a set of genes chosen at random
(Lou et al., 2012).

In sugar beet, bolting locus B is a major genetic factor responsible for the switch
from an annual to a biennial growth habit in modern cultivars (Abegg, 1936; Boudry et
al., 1994). The gene underlying this locus is a PRR gene named BOLTING TIME
CONTROL 1 (BvBTC1). BvBTC1 is a member of the clade containing AfPRR3 and
AtPRRY7, but appears to correspond to a third copy of an ancestral PRR. BvBTC1 RNA
interference (RNAI) lines have unaltered circadian gene expression (Pin et al., 2012),
supporting the idea that BvBTC1 may not be involved in the sugar beet circadian clock.
Instead, BvBTC1 may fulfill CO function together with the zinc-finger transcription factor
BvBBX19, recently identified as the basis of bolting locus B2 (Dally et al., 2014). Sugar
beet has two FT genes: BvFT1, which functions as a floral repressor, and BvFT2, which
functions as a canonical floral activator (Pin et al., 2010). In annuals, BvFT1 expression
is constitutively low, while in biennials, BvFT1 is initially expressed at a high level that is
then gradually reduced by vernalization. On the other hand, BvFT2 is induced in LD
conditions in both annuals and biennials. BvBTC1 RNAI lines in an annual background
show BVFT expression profiles characteristic of biennial plants (Pin et al., 2012). When
vernalized, BvBTC1 RNAi plants are stunted and have a delayed flowering phenotype
similar to that of BvFT2 RNAI plants. Biennial cultivars carry Bvbtc1, a recessive allele
that appears to produce a functional gene product capable of regulating BvFT genes,
yet requires vernalization for activity (Pin et al., 2012).

PRR genes have been identified in other eudicot crops, but these remain
functionally uncharacterized. In the papaya (Carica papaya) genome, members of all
three PRR clades are present in an expanded gene family, while other light- and
circadian-related genes are proportionally underrepresented compared with the poplar
or Arabidopsis genomes (Ming et al., 2008). The CpPRR genes appear to be regulated
by the same time-of-day specific cis-regulatory elements found in promoters of circadian
clock-regulated genes in Arabidopsis (Zdepski et al., 2008). These findings provide
tantalizing evidence that circadian clock genetics of less tractable crop plants have
diverged from the Arabidopsis model.

Monocots

Rice has five PRR genes, all of which are under circadian control. OsPRRs are
expressed in a sequential wave that differs from the Arabidopsis PRRs in that
OsPRR73 and OsPRR37 peak together first, followed by a shared peak of
OsPRR95 and OsPRR59 (Murakami et al., 2003). Expression of OsPRR1 peaks in the
evening in a pattern analogous to Arabidopsis TOC7 (Murakami et al., 2003).



Recent work showed that OsPRR37 is the gene underlying the Heading date 2
(Hd2) QTL present in rice cultivars grown across northern regions of Asia and Europe
(Koo et al., 2013). The strong Hd2 alleles present in photoperiod-insensitive indica and
Japonica rice cultivars correspond to mutant alleles of OsPRR37. In addition to Hd2,
Japonica cultivars grown at the northern limit of rice cultivation (40-53° N) also have
early flowering alleles of Ghd7/Hd4 (Koo et al., 2013). Naturally occurring Ghd7/Hd4
alleles have pleiotropic effects on yield, growth, and flowering time, and non-functional
alleles are present in rice planted for short growing seasons (Xue et al., 2008). Thus,
worldwide expansion of rice cultivation to high latitude areas selected for mutation of
both OsPRR37 and Ghd7, likely due to the very early flowering conferred by this
combination of alleles (Koo et al., 2013).

Crosses between winter and spring barley identified the Photoperiod-H1 (Ppd-
H1) QTL that governs LD photoperiod sensitivity (Laurie et al., 1995). The gene
underlying Ppd-H1 is a PRR37 gene (HVPRR37) (Turner et al., 2005). A mutation in the
HvPRR37 CCT domain (ppd-H1) causes late flowering and alters expression of
flowering time genes in ways consistent with the late flowering phenotype, including
reduced expression of HvCO and HvFT (Campoli et al., 2012; Turner et al., 2005).
HvPRR37 has rhythmic expression patterns similar to A{PRR7, but may have a limited
role in the circadian oscillator as the hypomorphic ppd-H1 allele minimally affects the
expression patterns and levels of putative core circadian clock genes (Campoli et al.,
2012).

A characteristic of Green Revolution wheat varieties is earlier flowering (Borlaug,
1983; Pingali, 2012). The photoperiod-insensitive Ppd-D1a allele is the major source of
early flowering for hexaploid wheat (Triticum aestivum) (Worland et al., 1998). A
comparative genomic study found the Ppd-D1a allele affects a TaPRR37 gene that is in
a genomic location syntenic with HvPRR37 (Beales et al., 2007). Sequencing of the
Ppd-D1a allele revealed a 2-kilobase pair (kb) deletion upstream of the Ppd-D1 gene.
This polymorphism has two effects on Ppd-D1 expression: 1) a delay in timing of
expression that results in peak transcript levels coinciding with the dark period of a long
day instead of the light period, and 2) the use of an altered transcriptional start site
(Beales et al., 2007). Early flowering in plants carrying the Ppd-D1a allele is associated
with increased TaFT1 expression. This may be the result of reduced peak TaCO1
expression in Ppd-D1a plants, or a direct effect of the shift in Ppd-D1 peak expression
(Beales et al., 2007). Therefore, Ppd-D1 represses flowering and its activity appears be
light dependent.

Two other TaPRR37 homeologs are present in the hexaploid wheat genome,
Ppd-A1 and Ppd-B1. Polymorphisms that cause altered transcriptional regulation of
each gene are associated with photoperiod-insensitive alleles (Seki et al., 2011; Shaw
et al., 2013). The Ppd-A1a allele is a deletion of 1 kb upstream from the gene (Shaw et
al., 2013), and the Ppd-B1a allele has an upstream insertion of 300 base pairs (Seki et
al., 2011). Together, the photoperiod-insensitive alleles Ppd-D1a, Ppd-A1a, and Ppd-
B1a account for quantitative differences in flowering times and yields. Lines carrying
multiple photoperiod-insensitive alleles flower earlier than lines carrying single alleles.
Moreover, these alleles act additively to increase levels of TaFT1 expression (Shaw et
al., 2012). This indicates that the three TaPRR37 genes act together to inhibit flowering
via direct or indirect repression of TaFT1 expression



Sorghum has six historically identified maturity loci, Mas.s (Quinby, 1966, 1967,
1975; Quinby and Karper, 1945; Rooney and Aydin, 1999). Recessive early flowering
ma; alleles were crucial in sorghum domestication (Quinby, 1966, 1967, 1975) and its
adaptation to temperate regions (Quinby, 1974; Smith and Frederiksen, 2000); on the
other hand, dominant late flowering Ma; alleles have been important in more recent
breeding efforts to generate lines for biofuel production (Mullet et al., 2014). The gene
underlying Ma; is a PRR37 gene (SbPRR37) (Murphy et al., 2011). SbPRR37
expression is circadian clock regulated in a photoperiod-dependent waveform: in SD
conditions, SbPRR37 peaks during the morning, while in LD or constant light (L/L)
conditions, a morning and an evening peak are present. The morning-phased peak is a
conserved characteristic seen in PRR37 genes of other grasses (Beales et al., 2007,
Turner et al., 2005) and AtPRR7 (Mizuno and Nakamichi, 2005), but the evening-
phased peak appears to be unique to SbPRR37. This light-dependent evening
expression is associated with repression of flowering under LD conditions through
increased SbCO expression that, in turn, represses the florigen genes SbFT, SbZCNS,
and SbZCN12 (Murphy et al., 2011).

In the crop plant species highlighted here, the primary role of the PRR family
genes appears to be control of flowering time. The PRR genes appear to have diverse
roles in their contribution to flowering across species; however, the role of PRR genes in
regulation of florigen gene expression correlates well with ancestral photoperiod
behavior of that species (Shrestha et al., 2014). A question that has yet to be widely
addressed is whether PRR genes influence other responses of crop plants to their
environment, such as reactions to temperature cues.

Gl genes

The first mutant alleles of G/ were identified in screens for late flowering mutants
in Arabidopsis (Koornneef et al., 1991; Rédei, 1962). Subsequent work demonstrated
that AtGl is required for normal circadian rhythms, photoperiodic flowering time, and
blue light signaling (for review, see (Crepy et al., 2007)). The circadian clock regulates
expression of the AtG/ transcript and the protein levels oscillate accordingly (Fowler et
al., 1999; Hugq et al., 2000; Park et al., 1999). AtGI physically interacts with other
proteins to modify their stability or activity (Kim et al., 2007b; Park et al., 2013; Yu et al.,
2008), and likely associates with DNA to modify transcription (Sawa and Kay, 2011;
Song et al., 2014). In photoperiodic flowering pathways, AtGl acts directly and indirectly
to stimulate flowering primarily by promoting CO and FT expression (Park et al., 1999;
Sawa and Kay, 2011; Sawa et al., 2007; Song et al., 2014; Suarez-Lopez et al., 2001).
AtGl is also involved in regulation of carbohydrate metabolism (Dalchau et al., 2011),
phytohormone signaling (Penfield and Hall, 2009; Tseng et al., 2004), fruit set (Brock et
al., 2007), and stress responses to stimuli including cold (Cao et al., 2005), karrikin
(Nelson et al., 2010), herbicide (Qian et al., 2014), drought (Riboni et al., 2013), and salt
(Park et al., 2013).

Orthologs of AtGl are present in all characterized vascular plant genomes and
the proteins are highly conserved across the entire length of the protein. Beyond
vascular plants, a Gl protein acts to promote a LD-dependent growth phase transition in
a non-vascular plant, the liverwort Marchantia polymorpha (Kubota et al., 2014).



Eudicots

LATE BLOOMER 1 (LATET) is an ortholog of AtG/ from pea (Hecht et al., 2007).
late1 mutants flower later, for a longer time, and branch more when grown under
normally inductive LD conditions. A strong decrease in expression of FTL, a pea
homolog of FT (Hecht et al., 2007), is associated with the delayed flowering of late1
plants. This effect on FTL expression is similar to the lower FT expression observed in
Arabidopsis gi mutants (Suarez-Lopez et al., 2001). The CO ortholog, PsCOLa, does
not have altered expression, and likely does not have a role in flowering time regulation
in legumes (Hecht et al., 2011; Weller and Ortega, 2015; Wong et al., 2014). At the
genetic level, LATE1 is important for proper circadian clock function. Like Arabidopsis gi
mutants (Martin-Tryon et al., 2007), late1 plants display reduced amplitude and phase
advances in the rhythmic expression of the putative clock genes PsLHY, PsTOC1, and
PsELF4. In addition, LATE1 is required for normal amplitude circadian rhythms in both
L/L and constant dark (D/D) conditions (Liew et al., 2009). These findings indicate that
LATE1 has the same range of functions as AtGl.

The E series of maturity loci, E7-8, regulate flowering time and the length of the
reproductive phase in soybean (Bernard, 1971; Bonato and Vello, 1999; Buzzell, 2011;
Cober and Voldeng, 2001; Cober et al., 2010; McBlain and Bernard, 1987). Of these,
the E1-E4 and E7 loci are responsible for photoperiodic control of flowering time
(Watanabe et al., 2012; Weller and Ortega, 2015; Zhai et al., 2014). Mapping of the
E2/FT2 locus showed that the responsible gene is GmGla, a soybean homolog of AtG/
(Watanabe et al., 2011; Weller and Ortega, 2015). The E2 locus enhances the
photoperiod response, contributes to early flowering, and is involved in latitudinal
adaptation (Jiang et al., 2014; Weller and Ortega, 2015). Plants carrying an e2 allele
flower early and have increased expression levels of GmFTZ2a, a soybean FT homolog
(Watanabe et al., 2011). This indicates GmGla has a repressive role in flowering.
Including GmGla, soybean has three GmGI genes, but four expressed transcripts have
been described (Li et al., 2013). It remains unclear what contribution the other two
GmGI genes make to flowering time and whether any of the GmGI genes are important
for circadian clock function.

The role of G/ homologs has also been examined in other eudicot crops,
including tomato (Solanum lycopersicum), potato (Solanum tuberosum), and radish
(Raphanus sativus). A comparative analysis of Solanaceae transcriptomes indicated a
role for G/ in tomato seed germination and potato tuber formation (Rutitzky et al., 2009).
In tomato seeds, SIG/ is upregulated by red light, but not far red light (Rutitzky et al.,
2009), indicating SIG/ may contribute to germination as AtG/ does in Arabidopsis
(Penfield and Hall, 2009). Potato G/ (StG/) is more highly expressed in LD than SD in a
phyB-dependent manner and may be involved in tuber formation (Rodriguez-Falcon et
al., 2006; Rutitzky et al., 2009). Another example comes from radish, where reducing
expression of RsG/ results in late-flowering plants with short stature that produce more
radish biomass (Curtis et al., 2002).

Monocots

Rice Gl (OsGl/) function is well studied with regard to its contribution to flowering
time and the circadian clock (for review, see (lzawa, 2012)). Transgenic overexpression
of OsGl/ produces photoperiod-independent late flowering that is accompanied by
increased expression of Hd1, a rice CO homolog, and reduced expression of Hd3a, a



rice FT homolog (Hayama et al., 2003). Two independent OsG/ mutant alleles, osgi-1
and osgi-2, delay flowering under SD photoperiods but not in LD conditions (Izawa et
al., 2011). The photoperiod-specific flowering time phenotype of these mutants is due to
the primary role of OsGl in promoting Hd1 expression (Shrestha et al., 2014). Since
Hd1 upregulates Hd3a in SD but serves as its repressor in LD (Kojima et al., 2002;
Yano et al., 2000), the flowering time phenotype of the osgi alleles reflects the
photoperiod dependent activity of Hd1.

OsGl is also important for proper regulation of genes within and outside the rice
circadian clock. Both osgi-1 and osgi-2 cause downregulation of OsLHY (lzawa et al.,
2011), yet OsPRR1 is upregulated and its rhythms are dampened. OsPRR59 and
OsPRR95 also exhibit damped rhythms and higher expression, while OsPRR73 and
OsPRR37 are largely unaffected. Thus, OsGl appears to repress expression of evening
expressed OsPRR1, OsPRR59, and OsPRR95, but not day expressed OsPRR73 and
OsPRR37. In addition, loss of OsG/ activity causes transcriptome-wide changes in gene
expression: 75% of >27,000 expressed genes in field-grown plants have altered
expression in the osgi-1 background (Izawa et al., 2011). Furthermore, different
amplitude and phase are apparent for a set of over 6,000 rhythmically expressed genes.
Loss of OsGl in 0sgi-1 plants cause pleiotropic changes in metabolism and
development of field grown plants, including increased starch content, decreased
chlorophyll content, and reduced vegetative growth (Izawa et al., 2011). osgi-1 plants
also have longer panicles, increased panicle and spikelet numbers, and increased grain
number. However, osgi-1 does not positively affect overall grain yield because the
grains of mutant plants are lighter than those of wild type plants (Izawa et al., 2011).

Barley G/ (HvGl) appears to play a limited role in flowering time. Initial genetic
mapping did not show association between HvG/ and known flowering time QTLs or
photoperiod genes (Dunford et al., 2005). Later work with a wild barley backcross
population linked HvGlI to a flowering time QTL in that population (Wang et al., 2010). In
this case, the effect on flowering time was small and disappeared in wild barley
introgression lines. In addition, a genome-wide association study found 19 heading date
QTLs in a panel of 200 spring barley lines, one of which mapped to the HvGl/ locus
(Pasam et al., 2012).

The maize genome has two G/ genes, Zmgi1 and Zmgi2, and Zmgi1 is
consistently expressed more highly than Zmgi2 (Hayes et al., 2010; Mendoza et al.,
2012; Miller et al., 2008). Analysis of the expression of circadian clock genes in Zmgi1
and Zmgi2 mutants shows that Zmgi1 regulates the expression of core circadian clock
genes, while Zmgi2 regulates circadian output genes (Chapter Two). In the backcross
three generation, Zmgi1 mutant plants undergo vegetative phase change earlier, flower
earlier, and grow taller than non-mutant plants in LD conditions (Bendix et al., 2013).
These plants also have increased expression of constans of Zea mays1 (conz1), a
maize CO homolog (Meng et al., 2011; Miller et al., 2008), and Zea mays
CENTRORADIALIS 8 (ZCN8), a maize FT homolog (Danilevskaya et al., 2008; Lazakis
et al., 2011; Meng et al., 2011). The observed phenotypes are largely lost in later
backcross generations, and are not apparent in zmgi2 mutant plants (Chapter Two).
Both zmgi1 and zmgi2 appear to be functionally similar to AtG/, as transgenic
expression in a null atgi mutant restores normal flowering time and growth habit (Bendix
et al., 2013, Chapter Two).
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Studies across eudicot and monocot crop plants provide evidence of conserved
function for G/ genes in regulation of flowering time. As with the PRR genes, whether G/
genes promote or inhibit flowering varies by species, and is linked to the ancestral
growth habit of the plant in question. In general, Gl promotes flowering in long day
plants and inhibits flowering in short day plants. The pleiotropic effects on metabolism
and development caused by loss of OsGl/ indicate a broader contribution to multiple key
agronomic traits, possibly linked to a significant change in circadian clock function. This
possibility is supported by strong alterations in circadian gene expression of G/ mutants.
Gl genes are also linked to growth processes throughout the plant life cycle in other
crop plants, including maize, tomato, and radish.

EC genes: ELF3, ELF4, and LUX

In Arabidopsis, the LUX, ELF3, and ELF4 genes were first identified in separate
genetic screens as mutants affecting the circadian clock, photomorphogenesis, or the
photoperiodic flowering response (Doyle et al., 2002; Hazen et al., 2005; Khanna et al.,
2003; Onai and Ishiura, 2005; Zagotta et al., 1996). As expected for proteins that
function as a complex, single and double mutants of ELF3, ELF4, and LUX have
comparable circadian clock, growth, and flowering time phenotypes (Nusinow et al.,
2011). The EC is an integral part of the circadian clock (Dixon et al., 2011; Helfer et al.,
2011; Thines and Harmon, 2010) and a direct regulator of genes that control plant
growth processes (Nusinow et al., 2011). EC genes are also implicated in shade
avoidance processes (Coluccio et al., 2011; Jiménez-Gomez et al., 2010), water
transport in the root (Takase et al., 2011), osmotic stress response (Habte et al., 2014),
response to UV-B stress (Takeuchi et al., 2014), and senescence inhibition (Sakuraba
et al., 2014).

Eudicots

Four pea loci that affect flowering under SD conditions are HIGH RESPONSE
TO PHOTOPERIOD (HR/QTL3), DIE NEUTRALIS (DNE), STERILE NODES (SN), and
PHOTOPERIOD RESPONSE (PPD) (King and Murfet, 1985; Murfet, 1971, 1973; Taylor
and Murfet, 1996). Alleles at each locus shorten the length of the reproductive phase,
reduce basal branching, and cause early flowering in SD conditions.

A pea ortholog of ELF3 (PsELF3) underlies HR, as well as a major photoperiodic
flowering QTL identified in crosses between wild and cultivated pea accessions (Weller
et al., 2012). Spring cultivars harboring the mutant allele of HR (hr) display early
flowering, reduced branching, and insensitivity to red/far-red light ratios at the end of the
day. The hr allele harbors a frame-shift mutation near the end of the first exon of
PsELF3 that results in a severely truncated transcript. Heterologous expression of wild
type PsELF3 in a null atelf3 background complements the mutant phenotype, but
expression of the hr allele does not (Weller et al., 2012). The hr allele is present across
many domesticated pea germplasms, and likely played an important role in breeding
pea to have a spring-flowering habit (Weller and Ortega, 2015).

In closely related lentil, a QTL that controls flowering in SD conditions is tightly
linked with an ortholog of PSELF3 (Sarker, 1999; Weller et al., 2012). Sequencing of
LcELF3 in lines with an early flowering allele of this QTL revealed a synonymous
mutation at the splice acceptor site for exon 3 (Weller et al., 2012). This mutation results
in an exon-skipping event that produces a truncated transcript with a modified reading
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frame. Thus, photoperiodic flowering in lentil also depends on the activity of an EC
protein.

DNE is a pea ortholog of AtELF4 (Liew et al., 2009). In SD conditions, plants with
the dne loss of function allele have increased expression of FTL. In addition, loss of
DNE function modifies behavior of the pea circadian clock, primarily under diurnal
conditions. In SD, LD, L/L, and D/D conditions, expression of the clock genes PsTOC1,
LATE1, and PsPRR59 is perturbed (Liew et al., 2009), but none of the alterations
observed are major, and they are not consistent between genes. In contrast, atelf4
mutants have profoundly altered clocks with reduced accuracy in period and a
propensity for arrhythmicity (Doyle et al., 2002). Thus, DNE may be involved in the
circadian clock, but in a less central role than AtELF4.

Identification of SN revealed it to be the LUX ortholog of pea (Liew et al., 2014).
Similar to plants carrying dne alleles, plants with sn alleles are early flowering,
insensitive to photoperiod, and have increased expression of the pea FT genes FTa1,
FTa2, FTc, and PIM, but not FTL (Liew et al., 2014). Multiple naturally occurring sn
alleles exist in pea, and were likely used to expand the range of pea cultivation in the
United States (Liew et al., 2014). It should, however, be noted that sn alleles only exist
in the subset of pea lines that already carries the hr mutation (Weller and Ortega, 2015).

sn plants grown under SD and D/D conditions have altered expression of clock
genes, but as in dne plants the perturbations are neither major nor consistent across
genes (Liew et al., 2014). Under L/L conditions, a more consistent alteration of
expression is seen: most circadian genes exhibit advanced peak expression and altered
amplitude. Both amplitude and rhythmicity of SN are reduced in a hr mutant background
grown in L/L, whereas DNE expression appears unaltered. This may indicate a different
regulatory relationship exists between EC genes in pea than that seen in Arabidopsis.

Monocots

The rice genome has two ELF3 orthologs, OSELF3-1 and OsSELF3-2 (Murakami
et al., 2007). Multiple independent alleles that modify OsELF3-1 activity are known,
including two identified as QTLs, early flowering 7 (ef7) (Saito et al., 2012) and heading
date 17 (hd17) (Matsubara et al., 2012); two insertion mutants, the transposon insertion
allele oself3 (Yang et al., 2013) and the T-DNA insertion allele oself3-1 (Zhao et al.,
2012); and transgenic RNAi lines (Zhao et al., 2012). The strong knockout alleles ef7
and oself3 each cause late flowering regardless of photoperiod (Yang et al., 2013; Yuan
et al., 2009). Similarly, the oself3-1 line is late flowering under both natural LD (>14h
light) and SD (<10h light) conditions (Zhao et al., 2012). On the other hand, the Hd17
QTL in Japanese ‘Nipponbare’ rice cultivars is a weak loss of function allele that
produces a later flowering phenotype only in LD conditions (Matsubara et al., 2012).
Regardless of the allele, the strong OsELF3-1 mutants cause high expression of Ghd7
and Hd1 along with concomitant low expression of Hd3a (Saito et al., 2012; Zhao et al.,
2012). In addition to lower Hd3a expression, analysis of oself3-1 and RNAi lines found
reduced expression of Ehd1 (Zhao et al., 2012), a flowering time promoter (Doi et al.,
2004). These results demonstrate that loss of OsELF3-1 disrupts photoperiod-
dependent control of key flowering time genes, which produces a photoperiod-
insensitive flowering phenotype.

In addition to its role in flowering time, OsELF3-1 is involved in light-dependent
regulation of circadian clock genes (Zhao et al., 2012). The oself3-1 mutant causes
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higher amplitude expression of OsG/ and OsPRRs in diurnal conditions (Zhao et al.,
2012). In contrast, this mutant exhibits dampened rhythms for OsPRRs and OsGl/
expression in L/L conditions, as well as loss of OSLHY rhythmicity (Zhao et al., 2012).
Similar phenotypes are seen in oself3 plants grown in diurnal and L/L conditions,
indicating disrupted clock function when OsELF3-1 activity is absent (Yang et al., 2013).
Characterization of OsELF3-1 RNA. lines confirms that OsELF3-1 is required for
sustained rhythmic expression of OsLHY and OsPRR in L/L conditions (Zhao et al.,
2012).

The contribution of OsELF3-2 to flowering time or the circadian clock remains
unclear. The osef3 allele is a T-DNA insertion in OSELF3-2 (Fu et al., 2009). osef3
plants are late flowering in both SD and LD conditions. On the other hand, additional T-
DNA insertion alleles of OSELF3-2 do not have measurable defects in flowering time
(Zhao et al., 2012). The reason for this discrepancy is not yet known.

EAMS is a barley ortholog of ELF3 (HVELF3) (Faure et al., 2012). The barley
early maturity (eam) loci have been used to breed cultivars for short growing seasons
around the world because they confer reduced or nonexistent responses to photoperiod
(Laurie et al., 1995; Lundqvist, 2009; Zakhrabekova et al., 2012). Cultivars carrying
early flowering eam8/mat-a alleles are grown at high latitudes (Borner et al., 2002), and
plants with eam8 mutant alleles have high expression levels of Ppd-H1, HvCO, and
HvFT1. In addition, eam8 mutants have disordered circadian gene expression
analogous to atelf3 mutants (Hicks et al., 1996). Circadian genes, such as HvCCA1,
HvTOC1, and HvGl, display reduced expression levels and altered timing of expression
in eam8 mutants: these effects on expression become especially apparent under L/L
conditions (Faure et al., 2012). Dampened rhythmic expression for output genes is also
present in eam8, indicating significant clock disruption (Faure et al., 2012).

EAM10 is a barley ortholog of LUX, HvLUX1 (Campoli et al., 2013). Like eam8
alleles, eam10 alleles cause early flowering independent of photoperiod. This
phenotype is linked to increased expression of HvFT in SD conditions. eam10 alleles
also disrupt rhythmic expression of core clock and output genes. Stem elongation in
eam10 is more rapid than in wild type (Campoli et al., 2013), like in arrhythmic atelf3,
atelf4, and atlux mutants (Doyle et al., 2002; Hazen et al., 2005; Khanna et al., 2003;
Liu et al., 2001; Onai and Ishiura, 2005; Reed et al., 2000). HvLUX1 and HvELF3 may
act in the same pathway to regulate Ppd-H1, as AtLUX and AtELF3 regulate AtPRR7
and AtPRR9 (Chow et al., 2012; Dixon et al., 2011; Helfer et al., 2011). Thus, it seems
that adaptation of barley varieties to short growing seasons involved selection of EC
gene alleles that cause early flowering by rendering the circadian clock nonfunctional
(Faure et al., 2012).

In wheat, fine mapping of early flowering QTLs has been enabled by the
identification of syntenic regions among grasses (Mayer et al., 2011). KT3-5is a
photoperiod-insensitive early flowering accession of Triticum monococcum (einkorn or
diploid wheat) (Gawronski et al., 2014). earliness per se 3 (eps-3A™) is the early-
heading locus responsible for photoperiod insensitivity in KT3-5. eps-3A™ was mapped
to a gene called WPCL1, which is an ortholog of A{LUX (Gawronski et al., 2014). Early
flowering in KT3-5 plants is accompanied by elevated expression of TmFT, Ppd-1,
WCO1, and TmHd1 (Mizuno et al., 2012). In addition, KT3-5 plants with the eps-3A™
allele have a severely perturbed clock characterized by a long and irregular period
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under L/L conditions (Gawronski et al., 2014). Interestingly, the KT3-5 accession out-
performs the wild type accession in warmer temperatures, but KT3-5 is unable to
phenotypically adjust to different environmental conditions (Gawronski et al., 2014).

These findings demonstrate that EC genes are important for circadian clock
function across evolutionarily distant crop plants. Mutant alleles in EC genes are
sufficient to disrupt normal clock function in pea, rice, and wheat. In most cases, the
flowering time phenotypes observed in plants carrying these mutant alleles appear to
result from disrupted rhythms arising from impaired circadian clocks; however, a more
in-depth understanding of the regulatory connections between flowering time regulatory
pathways and circadian clocks in each species is needed to fully appreciate the
mechanisms underlying each flowering phenotype.

Conclusions and Future Perspectives

At present, Arabidopsis represents the best-studied plant circadian clock system.
Over the past decade, the seminal findings in this model plant have been used to link
circadian clock gene function to agronomic traits across many eudicot and monocot
crops (Table 1.1). Looking to the future, emerging areas of research show circadian
clock involvement in other key plant activities, especially plant-environment interactions.
Since the circadian clock coordinates the expression of large numbers of important
genes controlling agriculturally relevant traits, points of circadian clock control represent
hubs of important transcriptional networks. Modification of these hubs by mutation of
individual circadian clock genes has the potential for systemic effects that produce
beneficial agronomic traits. The areas highlighted below are where future work in crop
species is expected to be beneficial for agriculture.

Circadian clocks in abiotic stress responses

Research has repeatedly linked the circadian clock to abiotic stress responses
(for review, see (Grundy et al., 2015)). The clock is involved in regulating multiple stress
response pathways, and mutation or overexpression of circadian clock components
affects plant stress tolerance and acclimation ability. In turn, the clock is regulated by
the presence of abiotic stress, which causes alternative splicing of clock gene
transcripts and leads to clock protein degradation.

One promising future avenue of research is the link between the circadian clock
and drought response. The phytohormone abscisic acid (ABA) is essential for drought
stress response and acts through several physiological mechanisms, including
regulation of stomatal closure (for review, see (Yoshida et al., 2014). ABA treatment
induces TOC1 expression and, in a feedback loop, TOC1 attenuates ABA signaling and
directly regulates expression of ABA signaling genes (Legnaioli et al., 2009). toc1
mutant plants exhibit increased survival in water-limited conditions due to reduced water
loss that is accomplished by reduced stomatal opening. Other clock genes have also
been linked to drought tolerance, including the PRRs (Nakamichi et al., 2009b), G/
(Fornara et al., 2015; Park et al., 2013), and LKP2 (Miyazaki et al., 2015).

Reactive oxygen species (ROS) are toxic by-products of photosynthesis and
respiration that can lead to cellular damage at high levels. ROS stress occurs under
drought conditions, as plants often limit water loss by closing stomata, which reduces
gas exchange and increases photorespiration (Grundy et al., 2015; Miller et al., 2010).
ROS also serve as a cue to coordinate signal transduction networks associated with
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ROS homeostasis and stress (Mittler et al., 2004), and ROS-scavenging enzyme
production peaks at midday when oxidative stress is highest (Lai et al., 2012). CCA1
controls genes involved in production, response, and transcriptional regulation of ROS
in Arabidopsis (Lai et al., 2012). When grown in ROS stress-inducing conditions, CCA1
overexpressing (CCA7-ox) plants are better able to attenuate ROS stress and show
higher expression of ROS controlling genes (Lai et al., 2012). In addition, plants
carrying mutations in circadian clock genes are hypersensitive to ROS (Grundy et al.,
2015), indicating that a functional clock is necessary for the ROS stress response.

Circadian clocks in plant defense

The circadian clock aids plant defense by preparing defense responses in
anticipation of likely pathogen attack. There are two broad classes of defense
responses, which are primary or basal resistance and secondary or R-gene mediated
resistance. A mutant screen in Arabidopsis identified novel genes involved in R-gene-
mediated resistance elicited by Hyaloperonospora arabidopsidis (downy mildew) (Wang
et al., 2011b). These R-genes are regulated by circadian clock control through CCA17 to
increase in expression before dawn, the time at which downy mildew disperses its
spores. In cca? mutant plants, resistance to downy mildew is compromised, and R-gene
expression is greatly reduced. In contrast, CCA7-ox plants have enhanced resistance to
downy mildew (Wang et al., 2011b), thus demonstrating the importance of CCA1 in
stimulating the defense response.

The “defense at dawn” behavior is also evident in responses against a virulent
strain of the bacterial pathogen Pseudomonas syringae pv.tomato (Pst DC3000)
(Bhardwaj et al., 2011). In this case, basal defense in the form of callose deposition at
the cell wall is activated in the morning. The morning-specific resistance response is
abolished in arrhythmic CCA7-ox and elf3-1 mutants (Bhardwaj et al., 2011). Further
work showed that together CCA7 and LHY regulate both basal and R-gene-mediated
defense, and that activation of defense responses in turn feeds back to regulate the
clock (Zhang et al., 2013). A recent study in tomato showed that plants infected with Pst
DC3000 had high resistance in the morning, and increased susceptibility in the evening
(Yang et al., 2015b). Treatment with red light at night significantly increased resistance,
and resulted in increased accumulation of salicylic acid (SA), and the transcription of
defense-related genes, in part due to induced expression of circadian clock genes
(Yang et al., 2015b). Finally, sudden ROS overproduction, one of the first defense
responses, is not only under circadian control but stronger in the morning (Korneli et al.,
2014).

These studies indicate that the clock acts to coordinate defense responses by
accounting for both plant susceptibility and pathogen activity. Moreover, a single
alteration to a clock gene potentiates significant changes to defense responses. These
findings are already being used to detect infections that are otherwise difficult to study,
such as Paulownia witches’ broom disease (Fan et al., 2014), and could provide a
simple means to alter defense responses that would not require altering hormone
pathways or inserting suites of R-genes.

A functional circadian clock is also important for defense against insect
herbivores. Arabidopsis plants are more resistant to the generalist herbivore
Trichoplusia ni (cabbage looper) when both plants and insects are entrained to the
same L/D cycles than when the plants are entrained 12 hours out of phase with the
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herbivores (Goodspeed et al., 2012). Furthermore, arrhythmic CCA7-ox plants are less
resistant than wild type. Clock-mediated herbivore resistance is linked to rhythmic
accumulation of the major plant defense phytohormone jasmonic acid (JA), which
controls accumulation of anti-herbivore metabolites called glucosinolates. Circadian
clock-driven accumulation of JA and glucosinolates ensures maximum levels of these
compounds are produced just before the afternoon, which is the peak feeding time of
the cabbage looper (Goodspeed et al., 2012).

Circadian clock regulation of JA and glucosinolates also enables vegetables and
fruits to defend against insect herbivory after harvest. Cabbage heads (Brassica
oleracea) maintain circadian rhythms and rhythmic accumulation of glucosinolates after
harvest (Goodspeed et al., 2013). These rhythms are sufficiently robust for harvested
heads of cabbage to show greater resistance to cabbage looper herbivory when both
are entrained to the same L/D cycles. Other foods demonstrate this same phenomenon
after harvest, including spinach, sweet potatoes, and blueberries (Goodspeed et al.,
2013).

Circadian clocks in hybrid vigor

Hybrids grow larger and more vigorously than their inbred parents. This effect is
known as hybrid vigor or heterosis, and is associated with higher photosynthetic rates,
along with modification of carbohydrate and starch metabolism. Heterosis has also been
linked to improved disease resistance: hybrid Arabidopsis plants have increased
resistance to Pst DC3000 as a result of increased SA biosynthesis (Yang et al., 2015a).

To take advantage of the positive effects of heterosis, most crop plants are
grown as hybrids or are polyploids. Despite its widespread use in agriculture, the
mechanisms underlying heterosis are incompletely understood (Schnable and Springer,
2013). In Arabidopsis, circadian clock activity has been implicated in metabolic vigor,
both in stable allopolyploids and segregating F1 hybrids (Ni et al., 2009). In
allopolyploids, the expression of genes involved in photosynthesis, starch, and sugar
metabolism is increased from midday to evening. These genes are normally repressed
by CCA1, and their increase in expression is the result of midday-specific CCA1
repression that arises from chromatin modification at the CCA71 promoter. Arabidopsis
F1 hybrids show a similar regulatory connection between diminished CCA1 activity and
increased expression of metabolic genes that results in greater metabolic activity (Ni et
al., 2009). Moreover, manipulating CCA1 expression in non-hybrid Arabidopsis plants to
be similar to the hybrid pattern recapitulates hybrid expression behavior for chlorophyll
and starch synthesis genes, as well as analogous enhancement of metabolic activity (Ni
et al., 2009).

Furthermore, a distinct parent-of-origin effect in heterosis is correlated with CHH
methylation sites in CCA1 promoter regions. The effect appears to be established in
developing embryos, and increased metabolic vigor is seen when the maternal copy of
CCAT1 is repressed (Ng et al., 2014). This finding provides intriguing links to parental
conflict theories of imprinting (Ng et al., 2014). Although the effect on other circadian
genes has not yet been established, the epigenetic modulation of CCA7 in hybrids
provides a promising mechanism that could be implemented in crop plants that cannot
be easily hybridized.

Circadian clock genes represent powerful tools to alter single or multiple traits
simultaneously and their potential for application is just beginning to be understood.
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Exploiting clock-regulated activities, such as those highlighted above, and existing
circadian clock gene alleles holds the potential for breeding crops better adapted to
diverse environments and buffered against the fluctuations inherent to climate change.
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Figure 1.1. The plant circadian clock contributes to multiple agronomic traits. The
central area represents the regulatory interactions within the core circadian clock, and is
adapted from the F2014 model (Fogelmark and Troein, 2014). The yellow highlighted
area represents day, and the grey area night. Lines with blunt arrows indicate inhibition,
while lines with pointed arrows indicate activation. Solid circles next to TOC1, LUX, and
LHY stand for feedback inhibition. The green shaded region shows signaling and
physiological pathways that are directly controlled by circadian clock genes or the
rhythmic output of the circadian clock itself. The blue shaded area contains traits
influenced by clock-regulated pathways.
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Table 1.1. Circadian clock genes associated with key agronomic traits. A —in the
QTL/Locus column indicates there is no known QTL/Locus associated with the gene,
while a — in the Role/Trait column indicates the function of the gene is unknown.



Chapter Two: Genetic and phenotypic effects of gigantea1 and
gigantea?2 transposon insertion lines in maize

The following chapter includes a modified version of an article published in Plant, Cell &
Environment (Bendix et al., 2013) excerpts from an article published in Maydica
(Mendoza et al., 2012), and unpublished data.

Abstract

GIGANTEA (Gl) is a circadian clock-associated gene directly involved in the
control of growth, flowering time, and developmental transitions in the model dicot
species Arabidopsis thaliana. The role of the circadian clock in regulating growth in
monocots remains ambiguous, however, and the function of G/ in monocot development
remains uncharacterized. Maize has two paralogous G/ genes, of which gigantea1 (gi1)
is more highly expressed than gi2. To understand the role of gi1 and gi2 in the
regulatory networks of the maize circadian clock system, transposon insertion mutants
were evaluated for changes in circadian gene expression, flowering time, growth phase,
and growth control. Changes in core circadian gene expression were found in gi1
mutants, and small flowering time effects were observed in gi7 and gi2 mutant lines.
This indicates that maize gi1 plays a role within the maize circadian clock, that maize
gi2 does not, and that neither copy on its own has as wide-reaching a physiological
effect as AtGl.

Introduction

In Arabidopsis, GIGANTEA (AtGl) encodes a component of the core clock
oscillator (Rubio and Deng, 2007), and is required for normal circadian rhythms. The
circadian clock regulates expression of the AtG/ transcript, which peaks in the evening
(Fowler et al., 1999), and AtGl protein levels closely follow the oscillation of the
transcript (David et al., 2006; Huq et al., 2000; Park et al., 1999). Arabidopsis gi (atgi)
null mutants (Martin-Tryon et al., 2007) have altered expression of other core clock
components, which is characterized by reduced amplitude and phase advances. The
short period effect becomes more pronounced when the mutants are assayed after
transfer to constant conditions (Martin-Tryon et al., 2007). This indicates that AtGl
normally acts to maintain the phase of clock gene expression, and to a lesser extent the
amplitude.

AtGl was originally identified in a screen for supervital mutants which were all
found to be late-flowering (Koornneef et al., 1991; Rédei, 1962), and delayed flowering
under inductive photoconditions is the most striking phenotype of atgi mutants, and in
fact. Under inductive conditions, atgi null mutants regularly flower after producing over
35 leaves in comparison to 8 leaves produced by wild type (Martin-Tryon et al., 2007).
Under non-inductive conditions, wild type plants produce a similar amount of leaves to
atgi nulls, while atgi flowering behavior remains the same (Martin-Tryon et al., 2007).
AtGl acts to regulate photoperiodic flowering in ways that are biochemically distinct from
its function within the clock (Mizoguchi et al., 2005), but it is often thought of as a floral
integrator linking clock function to flowering time.

One way in which AtG/ induces flowering in long-day photoperiods (LD) is by
regulating miR172 accumulation (Jung et al., 2007). This microRNA promotes flowering
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by repressing APETALAZ (AP2)-type transcription factors that inhibit both floral activator
and flower development genes (Aukerman and Sakai, 2003; Yant et al., 2010). miR172
is abundant in Arabidopsis plants grown in LD, but much less abundant in plants grown
in short-day photoperiods (SD). Null atgi mutants exhibit low miR172 levels in LD that
are comparable with to the levels in of SD-grown wild-type (WT) plants, indicating that
AtGI contributes to miR172 accumulation in LD photoperiods. AtGl also has a number
of post-transcriptional roles in governing the core CO-FT flowering module, which will be
discussed in more detail in the next chapter.

As well as promoting the transition to flowering, miR172 participates in vegetative
phase change pathways that regulate the timing of the developmental transition from
the vegetative juvenile to vegetative adult phases (Huijser and Schmid, 2011; Li and
Zhang, 2016). It remains to be determined whether phase change is altered in atgi
mutants.

Null atgi mutants also have altered light responses and elongated growth habits
as seedlings (Araki and Komeda, 1993; Fowler et al., 1999; Huq et al., 2000; Rédei,
1962). Both of these phenotypes are linked to the role AtG/ plays in light signaling,
which is again distinct from its role within the circadian clock (Oliverio et al., 2007). Wild-
type Arabidopsis seedlings stop elongating their hypocotyls and become photosynthetic
(de-etiolate) in response to far-red, red, or blue light (Chen et al., 2004). In null atgi
mutants grown under continuous red or blue light, seedlings grow a long hypocotyl and
do not de-etiolate. Moreover, atgi mutants are hyposensitive to far red light pulses. It
has been shown that AtGl positively regulates the very low fluence response pathway of
phyA, and is necessary for the gating of this response by the clock (Oliverio et al.,
2007). This regulation is likely connected to the reduced dormancy seen in atgi mutants.

Other atgi mutant characteristics include abiotic stress tolerance, increased
starch levels, and increased chlorophyll. The latter two processes remain largely
uncharacterized, as do many other roles that AtG/ has been found to have (Mishra and
Panigrahi, 2015).

AtGl homologs appear to have comparable functions across the species in which
they have been studied, especially in eudicots. Brassica rapa Gl (BrGl) mutants exhibit
altered circadian rhythms, are late flowering, and have abiotic stress tolerance (Xie et
al., 2015). In Pisum sativum, LATE1 gene is an ortholog of Arabidopsis G/ (Hecht et al.,
2007), which when mutated causes photoperiod-insensitive late flowering, reduced
seedling de-etiolation responses, and altered expression of putative circadian clock
genes. In monocots, rice OSGIGANTEA (OsGl) is necessary for proper circadian clock
regulation of three-quarters of rhythmically expressed genes (Izawa et al., 2011). The
osgi mutant is late-flowering under inductive photoperiods, and has increased starch
levels. On the other hand, osgi mutants have decreased chlorophyll levels and reduced
vegetative growth, distinguishing the osgi mutants from the large, deep-green atgi
mutants. All of these G/ genes are able to complement atgi mutants when transgenically
expressed, perhaps indicating that varied phenotypes are due to variation in interaction
partners rather than alterations in the G/ genes themselves.

The maize genome contains two gigantea (gi) homeologs, originally named as
gigantea of zea mays 1a/b (Miller et al., 2008), now designated gi7 and gi2 for clarity.
These gi homeologs arose from the tetraploidy event in the maize ancestor that
occurred approximately 5—12 million years ago (Gaut and Doebley, 1997; Swigonova et
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al., 2004). During subsequent evolution, the maize genome has retained two distinct
subgenomes, maize 1 subgenome and maize 2 subgenome that have experienced
different levels of fractionation (gene loss) (Schnable et al., 2011). The maize 1
subgenome is less fractionated and generally more strongly expressed than the maize 2
subgenome. gi2 is present on the maize 1 subgenome, whereas gi7 is on the maize 2
subgenome (Schnable and Freeling, 2011). The expression of these gi homeologs is
circadian-regulated (Khan et al., 2010), and diurnal expression of each is greater in
leaves than immature ears (Hayes et al., 2010). Aside from this limited description,
these genes are largely uncharacterized.

To better understand the role of G/ in maize and its regulatory pathways, mutants
of the gi1 and gi2 genes were evaluated for their effect on circadian gene expression
and developmental processes, including flowering time and vegetative phase change.
Mutants in gi7 had a similar effect on circadian gene expression as atgi mutants,
demonstrating both phase advances and reduced amplitude. The gi2 mutants did not
show this effect. In the initial generations, gi1 mutants flowered earlier in LD
photoperiods, underwent earlier vegetative phase change, and grew taller than wild-
type plants. These phenotypes, however, disappeared with sufficient introgression: both
gi1 and gi2 mutants are not phenotypically different from their wild-type siblings in any
significant way. These findings indicate that maize gi7 plays a role within the maize
circadian clock, maize gi2 does not, and that neither has as wide-reaching a
physiological effect as AtGl.

gi1 and gi2 expression and gi insertion mutant characteristics

The expression of gi1 and gi2 is rhythmic, with peak transcript levels at 12 hours
after dawn (ZT12) in long day conditions. Of the two genes, gi7 is expressed more
highly than gi2, with transcript levels approximately 6-fold higher at ZT12 (Figure 2.1.A).

From the Trait Utility System for Corn (TUSC) collection of Mutator (Mu)
transposon lines, two independent Mu transposon insertion alleles were identified in gi1
and one Mu insertion allele in gi2 (Figure 2.1.B). All three alleles were introgressed into
the stiff-stalk temperate inbred A632, a maize line of high agronomic importance (Liu et
al., 2003). For initial experiments, A632 was used as a wild-type reference. After
crossing the lines to A632 for 5-6 generations to remove any background Mu
transposons from the original TUSC lines and to ensure genetic uniformity, non-mutant
sibling lines were used as references. The experimental results presented here include
assays of these mutants at two separate backcross stages, namely at backcross 3
(BC3) and at backcross 5 or 6 (BC5/BC6) (Supplemental Figure 2.1).

The first insertion allele in gi71 (gi1-m1) is located 2,495 base pairs (bp)
downstream from the transcription start site, in exon 7. The second insertion allele in gi1
(gi1-m2) is 1,453 bp downstream from the beginning of the gene and in exon 2, which is
part of the 5’UTR. In both insertion alleles, the transcripts produced have aberrant
transcriptional start sites and are interrupted by the Mu insertion. The gi7-m1 allele also
has a high level of splicing errors (Mendoza et al., 2012). Both gi1 alleles reduce gi1
expression level while maintaining rhythmicity, and due to the presence of Mu in their
transcripts are unlikely to produce many functional protein products.

The insertion allele in gi2 (gi2-m1) is close to the end of the transcript, in exon
15. It is at the tail end of the coding sequence rather than the 3’'UTR. This means that
transcript produced from this allele will contain Mu sequence at its end, and will likely
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have altered amino acids downstream of the insertion. Transcript characterization has
not been done gi2-m1 mutant plants.

Results

The expression of core and output circadian clock genes is altered in gi insertion
mutants

In order to fully test the effects of gi insertion mutants on circadian genes,
insertion lines were assayed under diurnal conditions as well as constant light
conditions. The diurnal assays were done with homozygous BC3 plants, while the
constant light assays were primarily done with homozygous BC5/BC6 plants
(Supplemental Figure 2.1).

When grown in long day (LD) conditions in the greenhouse, gi insertion mutants
show altered expression levels of circadian clock genes relative to A632 (Figure 2.2).
Rhythmicity of clock gene expression is maintained in all lines, although expression
shape is altered in some genes. The expression level of gi1 is reduced throughout the
timecourse in gi17-m1 (FH340) plants, and reduced in the trough in giT-m2 (FH342)
plants, while gi2-m1 (FH359) plants show expression levels comparable to wt.
Interestingly, a different pattern is seen in the expression level of gi2. Here, both gi7-m1
(FH340) and gi1-m2 (FH342) have increased peak expression levels, while gi2-m1
(FH359) levels are reduced throughout. This could indicate that a compensatory
mechanism is in place to increase gi2 expression in the absence of gi7, but that no such
mechanism exists for giT.

For Ihy1, peak expression is reduced in gi17-m2 (FH342) and gi2-m1 (FH359), but
not gi7-m1 (FH340), while for Ihy2, gi1-m1 (FH340) and gi2-m1 (FH359) show reduced
peak expression. Both gi1-m2 (FH342) and gi2-m1 (FH359) have broader peaks in both
Ihy expression peaks that begin already at ZT24 and continue to ZT27. The expression
of toc1a is comparable across all lines, although there is a slight increase in expression
seen in the insertion mutant lines at the peaks. cat3 expression is similar across all lines
except at the peaks, yet cab expression is increased throughout in gi7-m1 (FH340) and
gi1-m2 (FH342) (Figure 2.2). These results show that in some cases, gi insertion lines
result in reduced expression and phase advances. This expected effect, however, is not
seen for all genes or present in all lines.

When grown in short day (SD) conditions in the greenhouse, gi insertion mutants
again show altered expression levels of circadian clock genes and some altered
expression shapes relative to A632 (Figure 2.3). Overall, gene expression levels in SD
are substantially lower than in LD across all four lines. The expression level of gi1 is
reduced in all insertion lines throughout the timecourse, including in gi2-m1 (FH359).
The expression level of gi2 is again quite different from that of gi7, and here only the
FH359 has decreased expression. giT-m1 (FH340) and gi1-m2 (FH342), in contrast
have increased expression of gi2 and a peak shifted slightly earlier, to ZT8. Here there
appears to be a more complicated interrelation between gi1 and gi2 expression levels.

The expression of prr73 is very distinct between the lines; gi17-m1 (FH340) and
gi1-m2 (FH342) have increased expression throughout, while gi2-m1 (FH359) is similar
to wt. Both /hy1 and lhy2 show similar expression patterns among all four of the lines. In
contrast, all three insertion lines show an increase in toc7a expression with an earlier
start of peak expression, while foc7b expression appears to be similar across all lines.
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Interestingly, cat3 expression shows a similar increase and shift of peak from ZT12 to
ZT8 in the insertion lines. The most striking difference can be seen in cab? expression
levels, where a 2-fold increase in expression can be seen throughout the day in giT-m1
(FH340) and gi1-m2 (FH342). These results indicate that under SD conditions,
increases in circadian gene expression are present while the phase advances seen in
some genes under LD remain consistent. In addition, prr73 and toc7a, which weren’t
tested in LD, are significantly affected by gi expression changes.

Next, gene expression was tested under constant light (LL) conditions. A
preliminary timecourse with a limited number of BC2/BC3 plants showed that the
rhythmicity of entrained genes is mostly maintained, and that the alterations in gene
expression seen in diurnal conditions continue to be present (Supplemental Figure 2.2).
These results indicated that the altered expression seen in insertion lines under diurnal
conditions becomes more apparent in free running conditions.

A 48-hour timecourse of BC5/BC6 plants in LL demonstrated the full extent of the
clock alterations (Figure 2.4). As before, the plants were entrained in LD conditions (16
hours light; 8 hours dark), and then released into constant light for 3 days, with sampling
beginning after the first full day in constant light. In both gi7 mutant lines, the expression
of gi1 was reduced, and the peak expression time shifted about 3 hours earlier than in
their wild type sibs. gi2 expression is quite similar between mutant and wild type lines,
although the giTm1 mutant shows an early peak, and becomes more arrhythmic during
the third day in constant light. In contrast, the gi2m1 mutant has no difference in gi7 or
gi2 expression level, indicating that the mutant is not able to substantially alter
expression level or timing of either gi. prr73 expression differs across all three mutant
lines, with gitTm1 and gi2m1 showing a high peak at the beginning of day 2 in LL, while
gi1m2 has the clearest peak at the beginning of day 3. Interestingly, the giTm1 mutant
shows closely spaced peaks and an increased expression level relative to the gitm1
wild type.

The disruption of the clock becomes particularly apparent in the two /hy genes.
Both /hy1 and /hy2 have decreased expression levels and rhythmicity in the giTm1
mutant. The giTm2 mutant maintains rhythmicity, but has increased peak and
decreased trough expression. The giZm1 mutant has minor peak timing alterations, but
otherwise little noticeable change in comparison to the wild type. The expression levels
of cab1 tell a similar story, showing significant alterations in the giTm1 mutant, and less
severe alterations in the giTm2 mutant. The gi2Zm1 mutant appears somewhat altered at
the beginning of day 3, but otherwise very similar to the wild type line. The toc? genes
have increasing peak expression from the second to the third day, with both gi7 mutants
having higher and earlier peaks (by about 3 hours) than their wild type counterparts.
The gi2m1 mutant also shows increased expression at the peak on the second day, but
not altered timing. cat3 expression also increases on the second day. Here, giTm1
shows substantially increased expression, while giTm2 just shows a slightly earlier
peak. Interestingly, this is the gene where the most difference is seen between gi2m1
and its wild type sibling: peaks are later by about 6 hours and much higher.

In BC3 plants, gi1 mutant alleles cause early flowering under LD conditions but
not SD conditions

To determine whether gi7 participates in regulation of maize flowering time, BC3
homozygous lines carrying both gi71 mutant alleles were evaluated over two summers in
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the field and in greenhouse LD and SD conditions. Plants grown in the field (LD)
carrying either gi1 mutant allele flowered with fewer leaves than A632 (Figure 2.5.A).
gi1-m1 (FH340) plants exhibited the greatest reduction in leaf number, with mutant
plants producing an average of 19, while gi7-m2 (FH342) plants had 20 leaves, and
A632 plants made 21 leaves.

The contribution of gi1 to maize flowering time was also examined in SD
conditions in the greenhouse and compared with plants grown in LD conditions at the
same time. SD elicited earlier flowering in the A632 inbred, with plants grown in SD
having an average of two fewer leaves than in LD (Figure 2.5.A). Both gi7 mutant alleles
produced an average leaf number close to that of A632 in the SD photocycles (Figure
2.5.A), and neither gi1 mutant allele had an additional positive effect on flowering time.

To determine whether misregulation of flowering time genes contributed to the
early flowering phenotype of BC3 gi1 mutants, the expression levels of the floral
regulators zea mays centroradialis8 (zcn8), an FT-like floral activator (Meng et al.,
2011), and constans of zea mays1 (conz1), a CONSTANS-like gene (Miller et al., 2008)
were assayed. A comparison of zcn8 and conz1 expression in LD and SD timecourses
shows that conz1 is rhythmic and increased at the time of peak expression in the gi1
insertion lines under both conditions (Figure 2.5.B). In LD conditions, there is a narrow
peak at ZT12 in the gi1 mutants, which is not mirrored in A632. In SD conditions, the
conz1 peak begins at ZT8 and extends through to ZT28 across all lines. zcn8
expression is low and arrhythmic in LD conditions, while in SD conditions, zcn8
expression is 2- to 6-fold higher in all lines and somewhat rhythmic. Both genes are
expressed more rhythmically in SD across all lines examined, which may indicate that
SD conditions drive rhythmicity in these flowering time genes.

When expression levels of the mutant lines were plotted relative to A632, the
differences in expression levels became clearer (Figure 2.6). Across genotypes, zcn8
accumulation increased throughout development, yet at each stage was elevated in the
gi1-m1 mutant (FH340) relative to A632 (Figure 2.6.A). There is higher zcn8 expression
in gi1T-m1 (FH340) and gi17-m2 (FH342) plants that is consistent with the early flowering
phenotype of mutant plants. Both mutant lines also showed increased conz1
expression, suggesting that the higher expression of conz1 may be responsible for
increased zcn8 expression. The increase in expression of zcn8, however, was weaker
in SD, despite similarly increased conz1 levels.

In BC3 plants, loss of gi7 function alters the timing of vegetative phase change
and increases plant height

The timing of vegetative phase change was evaluated in gi1 mutants to
determine whether gi1 is involved in this developmental transition. In gi7-m1 (FH340)
plants, the transition occurred up to two leaves sooner than in A632 or gi1-m2 (FH342)
plants (Figure 2.7.A).

A potential mechanism by which this gi1 mutant allele may have affected phase
change was by altering accumulation of miR172, like AtG/ does (Jung et al., 2007), or
by altering miR156 accumulation, which is known to be involved in vegetative phase
change. However, this appeared to not be the case for the gi7 mutant alleles: evaluation
of miR172 and miR156 levels by Northern blot did not reveal substantial differences in
accumulation of these small RNAs in whole seedlings between the A632 inbred and the
gi1 mutants (Figure 2.7.C). Therefore, gi1 appears to contribute to regulation of
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vegetative phase change through another mechanism.

An increase in height phenotype was apparent in young plants, and most obvious
after flowering. V8-V9 stage mutant plants were already visibly taller than A632 plants,
and after flowering, plants carrying either gi7 insertion allele were significantly taller than
A632 (Figure 2.7.B). Consistent with the other phenotypes described here, the gi17-m1
(FH340) plants had a large increase in height, while gi7-m2 (FH342) plants induced a
lesser increase in height.

In BC5/BC6 plants, flowering time phenotypes in LD conditions are reduced and
height phenotypes are eliminated

In order to test whether the flowering time phenotypes seen in BC3 plants
persisted in later generations, BC5/BC6 plants were examined in LD conditions in the
field. These lines were grown in the greenhouse during the winter to propagate known
genotypes for the following field season, and were also assayed for phenotypes in that
time. Although the assay was done with very few plants (n= 2-9, depending on line), no
differences in flowering time were seen between homozygous mutant and homozygous
non-mutant siblings within the same line (Supplemental Figure 2.3)

Under LD conditions in the field, the BC5/BC6 lines show no significant
differences in flowering time between mutant and non-mutant siblings (Figure 2.8). This
is especially apparent within the large grow-outs of a single BC5/BC6 segregating line
for each insertion mutant (CB0S, CB08, and CB27), although the other segregating lines
showed similar trends. Although there are some significant differences between
homozygous lines, these lines were small due to poor field conditions: the non-mutant
gi2-m1 (CB40) line consists of 4 individuals, while the gi2-m1 mutant (CB44) line CB44
is only 3. The differences seen between homozygous BC6 gi7-m1 lines may be truly
significant (n>=12 per genotype), yet the fact remains that a similar trend is not seen in
the larger segregating gi7-m1 line (CB05, n>=23 per genotype).

Double mutant lines containing gi7-m1 and gi1-mZ2 were grown in the field
concurrently with single mutant lines. As well as CB25, the large segregating parental
population descended from a gi2-m1 (FH359) by gi7-m1 (FH340) cross, multiple selfed
and sibbed offspring of CB25 were grown out. Unfortunately, all but one of these lines
(CB47) was segregating for either insertion, making characterization challenging. By
grouping measurements according to the state of each allele, an intriguing indication
that heterozygosity is important for flowering time emerged (Figure 2.9). Overall, the
range of leaf count data for the double lines is fairly limited, with the exception of the
homozygous CB47 line, and so these differences are likely to be genotype-linked
(Supplemental Figure 2.4). Further work with genetically uniform lines would need to be
done to confirm these findings.

The absence of a height phenotype is quite apparent when BC5/BC6 plants are
grown in the field (Figure 2.10). There are no significant differences seen within any of
the segregating populations. In the homozygous lines, the only differences are seen in
lines carrying gi1-m1 insertions, and these are fairly small. As with flowering time, this
effect was already seen in the greenhouse that previous winter. In contrast to the
flowering time measurements, the range of height measurements of the individual
double lines was quite variable and line-specific (Supplemental Figure 2.4). In the larger
segregating CB25 line, no genotype-dependent height phenotype was apparent.
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BC5/BC6 mutant plants have altered amounts of chlorophyli

The same BC5/BCE6 lines used in the LL timecourse were analyzed for
chlorophyll amount. gi7-m1 mutant (CB51) plants had significantly (p < 0.05) more
chlorophyll a, chlorophyll b, and total chlorophyll than non-mutant CB38 plants (Figure
2.11). There was no visible or statistical difference in chlorophyll amount between gi1-
m2 non-mutant (CB54) and gi7-m2 mutant (CB42) plants. gi2-m1 mutant (CB44) plants,
on the other hand, appeared to have increased chlorophyll in comparison to gi2-m1
non-mutant (CB43) plants, but the statistical tests remained non-significant at p-values
of about 0.13. Chlorophyll tests on individual plants were also done, and yielded similar
though non-significant results (Supplemental Figure 2.5).

BC5/BC6 mutant plants have altered disease resistance phenotypes

In the genetic analysis, it was shown that the gi insertion lines disrupted the
maize circadian clock. Multiple papers have shown that a functional clock is important in
disease resistance processes, and so we decided to test the gi mutants.

The most striking differences between mutant and wild type lines were seen in
the Southern Leaf Blight (SLB) assays (Figure 2.12). The gi1-m1 mutant line (CB39)
was more resistant throughout the measuring period than either its wild type sib line
(CB38), or the inbred line A632. The CB42 line, carrying the weaker gi7-m2 mutation,
was similar to both its wild type sib (CB40) and A632. The gi2-m1 mutant line (CB44)
had increased susceptibility throughout the measurement period (Supplemental Figure
2.6). When both mutations are present in at least one copy, the giT-m1 mutation
appears to outweigh that of the gi2-m1 mutation (Supplemental Figure 2.7).

No clear difference in susceptibility could be seen when the same lines were
inoculated with Northern Leaf Blight (NLB) or Grey Leaf Spot (GLS) (Figure 2.12). A632
was somewhat more susceptible to NLB earlier on, but final scores were similar across
all lines.

Transgenic expression of gi1, and to a lesser extent gi2, complements the
flowering phenotype of an atgi null mutation

To establish that gi7T encodes a protein that is comparable in function with its
Arabidopsis homolog, gi1 was tested for its ability to rescue the atgi-207 loss-of-function
mutant. Plants carrying the afgi-201 allele have a severe delay in flowering under LD
conditions (Jung et al., 2007; Martin-Tryon et al., 2007), which was used to assess
phenotypic complementation. Stable transgenic lines were established in atgi-2071 that
carried a fusion construct of the AtG/ native promoter and either the maize gi71 CDS
(AtGlp::gi1) or the Arabidopsis G/ CDS (AtGlp::AtGl) (Figure 2.13.A). Two independent,
homozygous T3 lines with expressed transgenes were identified for each transgenic
construct (Figure 2.13.A) and these were tested for rescue of the flowering phenotype of
atgi-201.

The AtGlp::gi1 construct effectively complemented the flowering defect of the gi-
201 mutant, as did the AtGIp::AtGl construct (Figure 2.13.B). atgi-201 plants grown in
LD produced over five times the number of rosette leaves at flowering (Figure 2.13.B),
and required an average of 43 more days to reach flowering than WT plants. In
contrast, two representative AtGlp::gi1 lines flowered with a total number of leaves that
was no different from WT plants (Figure 2.13.B). A similar degree of complementation
was apparent in plants carrying the AtGlp::AtGI construct. Plants from both transgenic
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lines and WT reached flowering after a similar number of days in LD. The effective
substitution of gi1 for AtG/ demonstrated that GI1 has biochemical attributes that
approximate its Arabidopsis homolog.

Stable transgenic lines carrying a fusion construct of the maize gi2 mRNA
sequence under the Arabidopsis G/ native promoter were also established in gi-201
(Supplemental Figure 2.8). These lines demonstrated varied phenotypes, with some
being more gi-201-like and others being more WT-like. This range of phenotypes could
be due to several factors, including differences between GI1 and GI2 proteins,
differences in the genomic context of the T-DNA insertion affecting expression, or the
use of the gi2 mRNA versus the gi1 CDS, since the maize mRNA transcript might be
inefficiently processed in Arabidopsis. In either case, the WT-like plants indicate that gi2
is capable of complementing the late flowering time phenotype, but because the gi2
lines could not be effectively compared to the other minigene constructs, this line of
inquiry was not pursued further.

Discussion

These results demonstrate that the maize gi7 gene fulfills many similar roles to
its homolog AtGlI. gi1 regulates core circadian genes, and in early backcrosses, gi1
mutants had flowering time phenotypes. The gi2 gene regulates circadian output genes,
and both gi mutants have increased chlorophyll levels. Both maize gi mutants also have
altered responses to disease, although gi7-m1 increases resistance, while gi2-m1
increases susceptibility. When heterologously expressed in Arabidopsis, both gi genes
are able to complement AtG/ mutant phenotypes, but to differing degrees. Overall, the
gi1 gene is more similar to AtGl/, both in terms of gene expression regulation and
phenotypes. The gi2 gene, while still retaining some AtGl-like characteristics, appears
more divergent.

The LD and SD timecourse results indicate that the absence of either gi1 or gi2
affects the expression level and timing of maize circadian clock genes without altering
their rhythmicity. An increase in gi2 expression is seen under both conditions in gi1
insertion lines, while a decrease in gi7 expression is only seen in the gi2 insertion line
under SD conditions. Overall, SD conditions seem to have a larger impact on
expression timing, with many genes showing peaks shifted slightly earlier. This
indicates that peak expression is linked to the timing of dawn and dusk. Finally, cab1
expression is substantially increased in gi1 insertion lines under LD and SD, indicating
there is an effect on photosynthesis.

The LL timecourse results indicate that the gi7 insertion lines disrupt the maize
circadian clock. In some cases, this disruption is similar to atgi mutants, in that reduced
amplitude of expression and an earlier peak is seen. In others, however, increased
expression or altered peak and trough duration are present, indicating a different
mechanism of gi action is present in maize than in Arabidopsis. As for gi2, the insertion
line does not appear to have much of an effect on clock gene expression, which could
be due to the mutant allele being weaker. Overall, gi7T mutants affect most core clock
genes as well as the output gene cab1, which encodes a subunit of LHCII, in LL,
indicating that gi1 acts similarly to AtG/ in that it is involved both in the clock and light
regulation. The gi2 mutant, on the other hand, only has a strong effect on expression of
the output gene cat3. This could indicate that gi2 primarily acts to regulate genes
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outside of the core clock, and perhaps has taken on a greater share of the non-clock
functions known from atgi.

Another intriguing possibility is that gi2 may be more involved in the temperature-
regulated clock. In Arabidopsis, AtCAT3 expression is temperature rather than light-
responsive, and separate oscillators regulated by the different cues have been
proposed (Michael et al., 2003). AtCAT3 mRNA expression is dusk-phased, and unlike
AtCAT?2, there is no circadian gating in its response to light (Zhong, 1998). A study done
in maize comparing pigment-deficient mutants to their wild-type siblings showed that
cat3 oscillation was the same in both and therefore did not require photosynthetic
processes (Acevedo et al., 1991). Moreover, when these plants were grown in LL or
DD, cat3 transcript was continually expressed at a high level. Another study compared
cat3 entrainment to cab, and showed that cat3 required a full LD (or DL) cycle to entrain
where cab required only one transition from L to D (or D to L) (Boldt and Scandalios,
1995), further supporting the idea that cat3 is temperature-regulated.

BC3 and BC5/ BC6 plants carrying Mu transposon insertion alleles were
phenotypically characterized, with strikingly different results. Both gi7 mutant alleles
decreased the total number of leaves produced by BC3 plants, indicating an earlier
transition to floral development than seen in normal plants. The gi7 mutants also
showed increased expression of zcn8, a FT-like gene that likely embodies an FT-like
florigen activity (Meng et al., 2011), and conz1, a CO-like gene. Interestingly, plants with
the gi1-m1 allele had an average leaf number in SD that was indistinguishable from that
in LD, indicating that the gi7 mutant does not make a major contribution to flowering in
SD photoperiods.

BC3 gi1 mutant plants grew taller than normal A632 individuals, which
demonstrated that gi7 functions to restrict growth. Arabidopsis gi mutants also display
elongated morphology (Araki and Komeda, 1993; Rédei, 1962), which appears to be the
combined effects of atgi mutation on light and phytohormone signaling pathways, as
well as alterations in circadian rhythms (Huq et al., 2000; Martin-Tryon et al., 2007;
Mizoguchi et al., 2005; Oliverio et al., 2007; Tseng et al., 2004). Similarly, gi1 is likely an
important contributor to phytochrome-mediated light signaling pathways in maize, as
taller plants are common when reduced phytochrome activity is conditioned by either
mutation (Sawers et al., 2002; Sheehan et al., 2007) or shade conditions (Dubois and
Brutnell, 2011).

The congruent positive effects of gi7 mutation on maize growth and phase
change suggest that elevated gibberellin (GA) activity may be present in gi7 mutants.
AtGlI represses the activity of SPINDLY (SPY) (Tseng et al., 2004), a regulator of GA
signaling that has both positive and negative effects on hypocotyl elongation: it both
promotes hypocotyl elongation in the absence of AtGl and represses GA signaling
which would also promote hypocotyl elongation in the absence of SPY (Jacobsen and
Olszewski, 1993; Tseng et al., 2004). The earlier vegetative phase change seen in gi71-
m1 mutant plants would be consistent with this idea, as GA is known to promote
vegetative phase change in maize (Evans and Poethig, 1995), but this was not
examined at the protein level.

In part, further GA characterization was not done because the phenotypic results
from both field- and greenhouse-grown BC5/BC6 plants indicate that the altered height
phenotypes seen in BC3 plants were likely due to a heterotic effect that disappeared
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with increased backcrossing. Although two of the original TUSC mutant lines had A632
as a parent, the other 50% of their genetic background was not A632. Crossing these
lines into A632 likely resulted in metabolic vigor and increased growth (Duvick, 2001; Ni
et al., 2009; Zanoni and Dudley, 1989). The lack of a height phenotype in BC5/BC6
plants furthermore indicates that there is no functional link between maize gi genes and
growth, and possibly that there is also no link between the maize circadian clock and
growth. Recent papers have demonstrated that this link is lacking in other grasses
(Matos et al., 2014), indicating this fundamental role of the Arabidopsis circadian clock
may not exist in grasses.

The reduction of the flowering time effect over the generations is likely also due
to the disappearance of a heterotic effect. The expression of flowering time genes in
BC5/BC6 was not tested due to the lack of a flowering time phenotype, but they may
still be altered in insertion lines. It is surprising though, that the loss of gi expression
should have such a small effect on flowering time, given gi mutant characteristics in
other species. The osgi mutant also has a number of phenotypes that differed from AtG/
mutant phenotypes (lzawa, 2012; Izawa et al., 2011), indicating that grass G/s may be
fundamentally different.

Another factor that could play a role in the reduced phenotype seen as the
genetic background becomes more uniform is the level of photoperiod sensitivity within
the A632 inbred line. Recent studies have shown that many temperate maize inbreds
have been bred to have reduced photoperiod sensitivity in order to have broader
growing ranges, and so crosses to tropical inbred lines might show increased flowering
time responses. Multiple maize inbred lines are used to characterize developmental
mutants, as maize lines are genetically diverse and different phenotypes are seen
depending on genetic background. During the course of this work, therefore, the
mutants were also crossed to the temperate inbred lines A619, B73, Mo17, Ms71, and
W22. These lines were chosen for agronomic importance, as well as a wider
representation of genetic background, generation time, growth habit, and phenotype
(Liu et al., 2003). These outcrosses occurred at a different rate, meaning that they were
not comparable to the A632 background lines at the times the assays occurred. This
material is, however, available for future studies of the effect of the insertion, and could
provide further insight into the phenotypic effects of gi mutations.

The gi1-m1 and gi1-m2 double mutant lines provided intriguing evidence that the
gi mutants may primarily affect flowering time when in a heterozygous state. Given that
AtGlI primarily affects flowering via protein-protein interactions, this could indicate that
the gi insertion lines produce defective proteins unable to interact with flowering time
proteins. Another possibility is that a Gl homo- or heteromer of some number is needed
for some of these interactions, and an imbalance in functional gi products no longer
allows these to be made at the same rate. In vitro, AtGl has been shown to form
tetramers (Black et al., 2011), although no functional characterization or in vivo
verification of this exists. Further characterization of the double mutant lines will be
needed to verify these results, as the segregating nature of most of the lines means that
once the measurements are divided by genotype the sample sizes are quite small. As
mentioned above, other maize inbred lines could provide stronger flowering time results,
and construction of double mutant lines in these would also be worthwhile.

Despite the limited phenotypes seen in sufficiently introgressed mutants, multiple
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QTL studies have identified either gi1 or its region as being of importance to maize
flowering time and domestication. Joint linkage analysis of the maize Nested
Association Mapping (NAM) population found that many small effect QTL have additive
effects on maize flowering time (Buckler et al., 2009). In this study, gi7 was not directly
implicated as contributing to a specific QTL affecting flowering time; however, a locus
on chromosome 8 at 18.3 centimorgans (cM) was identified in a subset of tropical
inbreds. This QTL delays flowering in all lines with the allele, and is distinct from the
strong vgt1 and vgt2 QTLs located further downstream on this chromosome (Buckler et
al., 2009; Salvi et al., 2007; Vladutu et al., 1999). The positions of the markers used to
pinpoint this QTL (at 18.4 and 57.5 cM) bracket the gi71 gene, so gi1 (at 44.5 cM) is one
candidate for the gene underlying this QTL. In another study, Hufford et al. identified
likely domestication and improvement genes based on genome-wide resequencing of a
large number of improved maize lines, landraces and wild accessions (Hufford et al.,
2012). In this analysis, gi1 was identified as a candidate improvement gene. Therefore,
some aspect of gi7 function appears to have contributed to at least one key
improvement trait.

Testing chlorophyll content of BC5/BC6 lines provided a phenotypic result
consistent with atgi mutant phenotypes. gi7-m1 mutants had significantly more
chlorophyll than their wild type siblings, and gi2-m1 mutants also had increased levels.
This indicates that maize gis are still linked to chlorophyll levels, although the
mechanics behind this remain unclear.

The results from the disease resistance test provided an interesting possibility
that the gi genes in maize may be involved in disease resistance processes. It is likely
that this effect is not direct, but instead a result of the way in which the clock is disrupted
in gi mutants. Studies in Arabidopsis and other species have demonstrated that the
circadian clock primarily acts to correctly time disease resistance events (Wang et al.,
2011b; Zhang et al., 2013). A recent study showed that AtG/ mutants had increased
resistance to Fusarium oxysporum infection, potentially indicating direct involvement of
AtGl in disease resistance processes (Lyons et al., 2015). It is therefore possible either
that the gi genes directly regulate disease resistance processes, or that the phenotypes
seen are the result of the altered clock gene expression timing in gi mutants. Further
work to characterize this effect would be needed to draw firm conclusions, however, as
only one of the three diseases tested showed visible differences between the lines.

Expression of gi1 and, to an extent, gi2 was capable of complementing the
flowering delay of an Arabidopsis gi loss-of-function allele (Figure 2.13), which shows
that GI1 and GI2 can make the correct protein-protein interactions to integrate into this
heterologous signaling system. This indicates that the Gl proteins in maize are
sufficiently conserved between dicots and monocots to have cross-species functionality,
and are able to regulate dicot flowering time processes. The flowering time system in
monocots, however, has diverged over evolutionary time (Ballerini and Kramer, 2011):
although maize gis have the same domains, their interaction partners and regulatory
networks could be entirely different.

In the context of what is known of G/ mutants in other plants, these findings
support the idea that G/ genes have different effects in monocots than they do in dicots.
Dicot G/ mutants appear to have similar genetic effects to AtG/ and the same strong
phenotypic effects. In contrast, monocot G/ mutants have similar genetic effects, but the
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phenotypic effects are reduced, opposite to those seen in dicots, or practically
undetectable. Flowering time is an especially good example of this, as monocots use
multiple different regulatory systems than dicots to promote flowering (Ballerini and
Kramer, 2011; Buckler et al., 2009). AtG/, which has such extensive flowering time
effects in Arabidopsis, appears to have been entirely sidelined in favor of other genes
and systems in monocots. While other backgrounds, double mutants, and phenotypic
measurements may yet prove maize gi1 and gi2 to have important physiological roles,
these results show that clock gene functions characterized in Arabidopsis will need to
be re-thought in monocots.

Materials and Methods

Plant materials

Dr. Sarah Hake at the Plant Gene Expression Center (Albany, CA, USA)
generously provided maize inbred A632. Dr. Robert Meeley at Pioneer Hi-Bred
International, Inc. (Johnson, IA, USA) screened the Trait Utility System for Corn (TUSC)
population for Mutator (Mu) insertions in gi1 and gi2, and provided putative mutant seed
through Agricultural Research Service Cooperative Research and Development
agreement number 58-3K95-7-1225-M.

The TUSC population was created by the Pioneer Hybrid company beginning in
1992, and carries the high copy number Mutator (Mu) transposon (Hake and
Bennetzen, 2009; Meeley and Briggs, 1995). The collection was generated in two main
phases, the PV03 phase and the BT94 phase, and so each stock has a population
designator that represents its origin. The PV03 phase represented ~350 inbred by Mu
crosses using about 65 different standard Mu lines. A mixture of inbred females was
used, largely on the basis of which were ready to cross, and so this portion of the TUSC
population has a highly heterogeneous background. The BT94 phase has less diversity,
as all Mu-carrying plants were crossed to females of a single hybrid line, namely
Pioneer 3394. The TUSC population contains mutant alleles for nearly 90% of the
genes targeted, but because Mu is high copy number, mutants of interest often contain
a number of background mutations. Standard practice in dealing with these maize
stocks is to cross them to inbred lines for five or six generations in order to reduce the
complication of having background insertions.

gi1 mutant alleles were gi7-m1::Mu3 and gi1-m2::Mu1 (Mendoza et al., 2012),
and the gi2 mutant allele was gi2-m1. The parental inbred background of the gi1-m1
and gi1-m2 insertions is primarily A632, while that of the gi2-m1 insertion is CJ27. Each
allele was backcrossed to A632 five or more times. At different stages in backcrossing,
plants were sib-crossed or selfed to develop homozygous lines, which were then used
in genetic and phenotypic assays (Supplemental Figure 2.1).

Growth conditions for genetic analyses and timecourse sampling strategies

SD for gene expression experiments was provided by a growth chamber that
provided a 3:1 mix of cool white fluorescent and incandescent white light at 300 umol m
's™. For both SD and LD experiments, daytime temperature was 28 °C and nighttime
temperature was 22 °C.

For gene expression in both LD and SD, the plants were sampled at V-stage 6.
Two punches were taken from each individual at each timepoint, one from the youngest

35



fully expanded leaf (L6), and one from the next-youngest leaf. Punches began 8cm
away from leaf tip or if tip missing, 6cm from break. Per genotype, 10-12 most robust-
appearing individuals used, or if fewer than 10 germinated, all used. Before collecting
tissue, settings were altered to constant light and constant daytime temperature, and
collection began at ZT27 on Day 2. A repeat-sampling strategy was employed, with
each subsequent timepoint taken closer to the base of the leaf than the previous one.

For the preliminary LL timecourse on BC3 plants, 2 V7 A632 plants, 5 V6 gi1-m2
plants, and 3 V7 gi2-m1 plants were sampled. Plant pots were moved from the
greenhouse into a growth chamber set to constant light, and sampling was begun 24
hours after that transition. The same repeat-sampling strategy as above was used to
take two punches taken per plant every timepoint for gi1-m2 and gi2-m1, and three
were taken for A632. The LD and LL gene expression results for BC3 plants are the
results of two single timecourses, while those for SD are the amalgamated results of
three separate timecourses (SD1, SD3, SD5).

For the LL timecourse on BC5/BC6 plants, a walk-in growth chamber was used
that provided white light at about 440 umol photosynthetically active radiation (PAR) m™
s at shelf level and about 698 umol PAR m™ s™ at top height of plants. Plants were
germinated and grown in LD conditions (16h L:12 h D) with daytime temperatures
between 26°C and 28°C (depending on shelf) and nighttime temperatures of 22 °C.
Before collecting tissue, settings were altered to constant light and constant daytime
temperature, and collection began at ZT27 on Day 2. 18 punches were taken at each
timepoint using a 4 mm Uni-Core punch, and new plants were sampled every timepoint
except the last two. The lines used were CB38, CB42, CB51, CB43, CB44, and CB54.
Due to lower rates of germination, a different number of punches and plants was used
for CB38 (9 punches, 2 plants) and CB42 (18 punches, 1 plant), but all other lines were
6 punches and 3 plants per timepoint.

Sample collection, first-strand cDNA preparation and real-time quantitative PCR
(RT-qPCR)

Plant tissue for RT-gPCR was harvested with a 2.5 or 4.0 mm Uni-Core punch,
collected in a 1.5 mL microcentrifuge tube, and immediately frozen in liquid N2. A green
light-emitting diode (LED) light was used for collection during dark periods. Samples
were pulverized with 3.2 mm stainless steel beads using nylon adapters chilled with
liquid N, in a MixerMill 301.

For the first timecourses, total RNA was purified with Plant RNA Reagent, and for
the later timecourses with TRIzol, both according to the manufacturer’s
recommendations. Initially, contaminating DNA was removed from 5 ug total RNA with
the TURBO DNA-free kit, and first-strand cDNA was prepared from 1.6 ug of DNase-
treated RNA with the Maxima Universal First-Strand cDNA Synthesis kit. Later, the
manufacturer altered the Maxima kit to be compatible with an initial 2 minute dsDNAse
removal step, and so this was used subsequently. Initially, the resulting cDNA was
diluted 1:5 prior to use, later only 1:4.

RT-gPCR used EvaGreen dye and the listed primers (Supplemental Table 2.1) in
a CFX96 RT-PCR Detection System. Briefly, two technical replicate RT-qPCR reactions
received 2 uL each of diluted first-strand cDNA and consisted of 1X Ex Taq buffer, 1X
EvaGreen dye, 0.2 mm dNTP mix, 5% vol/vol DMSO, 0.05 mg ml™ BSA, 0.01% vol/vol
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Tween-20 and 0.3 mM of each primer. Thermocycling conditions were a step of 95 °C
for 3 min, then 40 cycles of 95°C for 10s, 60°C for 30s, and 75 °C for 10 s (detection of
EvaGreen at this step), followed by a melt curve starting at 60 °C ramping up to 95 °C in
0.5 °C increments that were 10 s each. Ct values were calculated with the regression
function in the Bio-Rad CFX Manager Software from reactions exhibiting a single
melting peak at the melting temperature of the specific RT-gPCR product. The gene
GRMZM5G816228 was used as the normalization transcript in initial RT-gPCRs,
because it is broadly expressed in leaves at moderate levels and transcript levels do not
fluctuate over time (Khan et al. 2010). Later RT-gPCRs used the gene
GRMZM2G064954, which was found to fluctuate even less in an RNA-Seq dataset.
Expression values were calculated according to the formula: Expression level =

2/\ ( Ctnormalizer_ Ctgene).

Growth and flowering time phenotyping

SD photoperiod experiments for flowering time in BC3 plants were performed in a
greenhouse with approximately 12 h of natural daylight in February and March 2012. LD
conditions in the greenhouse for flowering time experiments and gene expression
experiments in BC3 plants were the same except the light period was extended to 16 h
in the evening with supplemental light composed of an equal mix of light from Ecolux®
Lucalox® High-Pressure Sodium ED18 and Multi-Vapor® Quartz Metal Halide ED37
lamps. LD conditions in the greenhouse for phenotyping of BC5/BC6 plants were
approximately 12h of natural daylight between November 2014 and January 2015.
Natural light was extended to 16 h in the evening with supplemental light composed of
red and blue LEDs.

Field phenotyping assays were done on the Gill tract in Albany, California during
the summers of 2011, 2012, and 2015, and on the University of California, Davis
campus during the summer of 2012. At Gill tract, plants were sown in two to three trails
separated by five to seven days starting in late May or early June. Plants in Davis were
sown mid-May. At this latitude, day length ranged between 14 and 15 h over the course
of the experiment.

Leaf number was counted after completion of silking and anthesis and the count
included all leaves on the main stalk with the cotyledon counting as number 1.
Flowering time was measured as the total number of leaves on the main stalk of the
plant. Leaf number was chosen as a metric to study gi function, because gi1 was
expected to act early in flowering time regulation, namely at the point of transition from
new leaf initiation to floral development (Sawa and Kay, 2011; Sawa et al., 2007). In
addition, silking and anthesis are dependent on environmental conditions (Araus et al.,
2012), and were considered less likely to be under clock regulation.

The timing of vegetative phase change was based on the loss of juvenile
epicuticular wax from leaves (Evans and Poethig, 1995). The first leaf completely
lacking visual evidence of juvenile waxes was counted as the first adult leaf. Plant
height was measured after onset of silking and anthesis as the distance in cm from prop
roots to the flag leaf with measuring poles calibrated to the half-cm. All phenotype
results were plotted and analyzed using GraphPad Prism. Error bars used include the
standard error of the mean (SEM), and the range. The type of error bar used is
indicated below the graph in the figure legend.
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Chlorophyll measurement

The lines used to measure chlorophyll were CB38, CB42, CB51, CB43, CB44,
and CB54. Leaf punches were taken at mid leaf (equidistant from midrib and leaf
margin) with a 4.0 mm Uni-Core punch, immediately put into 1 ml DMSO, and then
incubated in a water bath at 65° C for 30 minutes. Then, 164.4 ul of each sample (as
well as blanks) were transferred into wells of a Corning 96 Well UV Plate.
Measurements of the samples were taken at A645 and A663 using a plate reader.
Then, these measurements were adjusted to a 1 cm path length using the equation
(sample-blank) / 0.5 cm (Warren, 2008), whereby ‘blank’ is an average of two
measurements.

The adjusted measurements were used to calculate chlorophyll content using
Arnon’s equations (Richardson et al., 2002), as follows: Chlorophyll a (grams per liter) =
0.0127 * A663 — 0.00269 * A645; Chlorophyll b (grams per liter) = 0.0229 * A645 —
0.00468 * A663; Total chlorophyll (grams per liter) = 0.0202 * A645 + 0.00802 * A663.
The obtained values were then adjusted from grams per liter to mg per cm? using the
equation (Chlorophyll * 1000) / (Leaf punch area * Leaf punch number).

Two sets of chlorophyll measurements were made. The first set was pooled
samples of 2 punches each from 3 plants, and four pools were taken per line. The
second set was 2 punches from 1 plant, and three individual measurements were made
per line. As some punches ended up stuck to sides of tubes, the variable ‘Leaf punch
number’ represents the actual number of punches in the DMSO, which varied across
samples. All results were plotted and analyzed using GraphPad Prism. Unpaired two-
tailed t-tests were done to compare the mean results of mutant and non-mutant sibs to
each other.

Disease resistance measurements

Disease tests were done in collaboration with the lab of Peter Balint-Kurti over
two consecutive summers in 2014 and 2015 in Clayton, North Carolina and Blacksburg,
Virginia. In 2014, BC3 plants were sent, and in 2015 BC5/BC6 plants were sent.
Sufficient seed was sent for two biological replicates planted and inoculated at different
times, and in some cases different fields. The response to three separate diseases was
tested: Southern Leaf Blight (SLB), Northern Leaf Blight (NLB), and Grey Leaf Spot
(GLS). Disease incidence was visually assessed on separate dates, and often by
different people. In cases where multiple people assessed the same plants on the same
day, an average score was plotted. Scoring was done on a scale of 1-9 for SLB and
GLS with 9 being resistant, and on a scale of 0-100 for NLB with O being resistant. All
results were plotted and analyzed using GraphPad Prism.

Construction of Arabidopsis transgenic lines and flowering time analysis

Arabidopsis transgenic lines were constructed by Dr. Frank Harmon and Desirée
Stanley. Schematics of the transcriptional fusions between the AtG/ promoter and the
gi1/AtGI coding sequences (CDS) are outlined in Figure 2.13. The gi1 CDS was
amplified (Supplemental Table 2.1) from cDNA made from A632 leaf samples with
Phusion DNA High-Fidelity DNA polymerase. The Arabidopsis G/ CDS was amplified
from cDNA made from whole 7-day-old seedlings (Supplemental Table 2.1). The AtG/
promoter, which corresponded to genomic region from -1 to -2310 base pairs upstream
of the Arabidopsis G/ transcription start site, was amplified from genomic DNA with
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primers that added a Not/ site to the 3'-end of the fragment (Supplemental Table 2.1).
All fragments were subcloned into the pENTR/D-TOPO vector. After verifying the DNA
sequences by Sanger sequencing using the BigDye kit, the AtG/ promoter fragment was
cloned upstream of each CDS with Notl. Each promoter::CDS fusion was moved into
the pEARLEYGATES301 binary vector (Earley et al., 2006) using LR Clonase Il to make
the corresponding expression construct.

Constructs were transformed into Arabidopsis atgi-201 plants with Agrobacterium
strain GV3101 by floral dip (Clough and Bent, 1998). Arabidopsis afgi-201 seed was
obtained from the Arabidopsis Biological Resource Center at The Ohio State University
as germplasm name SALK_092757 (Alonso et al., 2003). Primary transgenic plants (T1
generation) were selected with 18 mg ml™ DL-phosphinothricin on plates with 0.8% agar
and 1X MS (Murashige and Skoog, 1962) medium in the LD conditions described later.
Two representative T3 lines homozygous for a single AtGlp::gi1 or AtGlp::AtGl insertion
were selected for flowering time analysis. Flowering time was measured for plants
grown in LD conditions with 16 h light followed by 8 h darkness at 23 °C in a Conviron
growth chamber. Cool white fluorescent bulbs provided illumination at 50 pmol m?s™.
Rosette leaves were counted when the inflorescence reached 1 cm in height and this
date was counted as the day of flowering.

Expression of AtG/ transcript and gi1 transcript was evaluated 8 h after dawn in
1-week-old WT, atgi-201 and T3 transgenic plants grown on plates in LD conditions as
described earlier. Whole plants were harvested from plates, collected ina 1.5 mL
microcentrifuge tube, and immediately frozen in liquid N2. cDNA was made from total
RNA extracted from these plants as described earlier. Expression of gi7 and AtG/ in
these samples was measured as the number of transcript molecules present in an
aliquot of cDNA. This method was chosen to allow quantitative comparison of
expression across all genotypes and lines, because gi1 is not an endogenous
Arabidopsis transcript. Standard curves of Ct values versus transcript number were
constructed for gi1, AtGl and AtPP2A with the corresponding purified RT-qPCR product
as template. AtPP2A served as normalization standard (Shin et al., 2007). Standard
curves were calculated from a serial 1:2 dilution series spanning 1 x 10" to 7.81 x 10*
single-stranded DNA molecules, which encompassed the range of Ct values observed
with the experimental samples. The number of transcript molecules in samples was
determined from the standard curve based on the Ct value from RT-qPCR reactions
performed as described earlier. To account for technical variation, gi7 and AtGI
expression is presented as the ratio of their transcript number to that of A{PP2A.
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Figure 2.1. A) gi1 (purple) and gi2 (blue) expression peaks in the evening, at ZT12.
Representative RT-gPCR of gi1 and gi2 expression patterns in A632 normalized against
IPP2 expression levels. B) Schematics of the gi1 and gi2 genes. Open boxes represent
untranslated regions (UTRs), closed boxes represent exons, and arrows below the
genes indicate transcription start sites. Unfilled triangles above the gene schematic
indicate the locations of Mu transposon insertions.
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Figure 2.2. RT-gPCRs of maize circadian clock genes in A632 (green), GI1-M1
(FH340) (purple), GI1-M2 (FH342) (fuchsia), and FH359 (blue) lines grown under LD

conditions. Timecourse spans from 9 hours after dawn (ZT9) of one day to 9 hours after

dawn the next (ZT33), and graphs represent one biological replicate.
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cat3

Normalized Expression

Figure 2.3 (this page and previous page). RT-gPCRs of maize circadian clock genes
in A632 (green), GI1-M1 (FH340) (purple), GI1-M2 (FH342) (fuchsia), and FH359 (blue)
lines grown under SD conditions. Timecourse spans dawn (ZT0) of one day to 4 hours
after dawn (ZT28) the next. Graphs represent three biological replicates, and bars are
SEMs.
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Figure 2.4 (this page and three previous pages). RT-qPCRs of maize circadian clock
genes grown under LL conditions. Empty circles represent homozygous non-mutant sib
lines, filled circles represent homozygous mutant lines. A), B), C) Expression of
circadian clock genes in a gi7-m1 non-mutant line (CB38, purple, empty circles), a gi1-
m1 mutant line (CB51, purple, filled circles), a gi7-m2 non-mutant line (CB54, fuchsia,
empty circles), and a giT-m2 mutant line (CB42, fuchsia, filled circles). C), D)
Expression of circadian clock genes in a gi2-m1 non-mutant line (CB43, blue, empty
circles), and a gi2-m1 mutant line (CB44, blue, filled circles). Timecourse spans 3 hours
after dawn after one full day in LL (ZT27) until dawn two days later (ZT72). Graphs
represent one biological replicate.
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Figure 2.5.A) On left, Leaf number produced by field-grown A632 (black bar, n=122
individuals), GI1-M1 (FH340) (gi17-m1, grey bar, n=108), and GI1-M2 (FH342) (gi1-m2,
white bar, n=91) plants. Leaf number is the average count, error bars are standard
deviation, and asterisks over bars indicate p-values of <0.001 (***) or <0.01 (**) when
compared to A632 with an unpaired two-tailed t-test. On right, leaf number produced by
same lines in SD or LD conditions when grown in the greenhouse. B) RT-gPCRs of
conz1 and zcn8 expression in A632 (green), GI1-M1 (FH340) (purple), GI1-M2 (FH342)
(fuchsia), and FH359 (blue) plants grown in SD and LD conditions. Timecourses
presented are those from Figures 2.2 and 2.3, and plants are not those used in A).
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Figure 2.6. A) On top, Expression of zcn8 in gi1-m1 (FH340) (open circles), gi1-m2
(FH342) (open triangles), and A632 (filled squares) beginning at dawn (ZT0) under LD
field conditions at the V7 stage. The grey region denotes the dark period of the
photoperiod. In middle, zcn8 expression at ZT16 at stages V6 (black bars), V8 (grey

bars), and V10 (white bars) for two independent trials in the field, and the fraction of the
expression of the level observed in V6 plants of that genotype is shown. On bottom,
expression of conz1 in the same plants and same timepoints as on top. zcn8 and conz1
expression was determined with RT-qPCR in pooled samples of 10-15 plants. Relative
expression for each time point is the average of at least two biological replicates and is
presented as the fraction of the highest expression value for A632. Error bars are SEM.
B) Expression of zcn8 and conz1 in stage 7 SD-grown plants, and normalization was
done in the same way as described in B). These are the same plants as used in 2.5.A),
and five individuals were used in two independent experimental replicates.
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Figure 2.7. A) Timing of vegetative phase change in A632 (black bar), gi1-m1 (FH340)
(grey bar), and gi1-m2 (FH342) (white bar) according to the appearance of the first adult
leaf. B) Height of A632 (black bar, n=53), gi1T-m1 (FH340) (grey bar, n=52), gi1-m2
(FH342) (white bar, n=53) plants from prop roots to flag leaf at anthesis/silking. For A)
and B), plants were a subset of those scored for flowering time in Figure 2.5. Error bars
are standard deviation, and asterisks over bars indicate p-values of <0.001 (***) when
compared to A632 with an unpaired two-tailed t-test. C) miR172 and miR156 levels
were determined for A632, gi1-m1 (FH340), and gi1-m2 (FH342) in whole seedlings at
the V3 stage by northern blot with **P-labeled oligonucleotide probes complementary to
either zma-MIR156 or zma-MIR172c. The same blot was probed separately for each
microRNA. Blots were performed as described previously (Chuck et al., 2007; Park et
al., 2002). Labeled arrows indicate the position of the band corresponding to either
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Figure 2.8 (this page and two previous pages). Final leaf counts of A) homozygous
(n=12 to 23) and segregating (n=2-8) gi1-m1 (purple) and homozygous (n=4 to 23
individuals) and segregating (n=6 to 9) gi7-m2 (fuchsia) lines, B) homozygous (n=3 to
13) and segregating (n=2 to 13) gi2-m1 (blue) lines, CBO5 (purple, segregating gi7-m1
line, n=84), and CBO08 (fuchsia, segregating gi7-m2 line, n=66), and C) CB27 (blue,
segregating gi2-m1 line, n=39). All plants grown in LD conditions in the field, and

analyzed using ordinary one-way ANOVA and Tukey’s multiple comparisons test. Error
bars are SEM.
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Figure 2.9 (this page and previous). Final leaf counts of double mutant lines carrying
gi1-m1 and gi1-mZ2 insertions arranged by genotype. A) Homozygous mutant and
homozygous non-mutant individuals for either insertion, and B) heterozygous
individuals. Connecting lines were drawn between individuals belonging to the same
line. CB25 is a segregating line (n=114), CB47 is a homozygous line (gi7-m1 mut, gi2-
m1 non-mut, n=10), all other lines are segregating (n=6 to 16). Means plotted without
error bars for clarity.
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Figure 2.10. Final height measurements of A) homozygous (n=12 to 23) and
segregating (n=2-8) gi1-m1 (purple) and homozygous (n=4 to 23 individuals) and
segregating (n=6 to 9) gi7-m2 (fuchsia) lines, B) homozygous (n=3 to 13) and
segregating (n=2 to 13) gi2-m1 (blue) lines, CBO5 (purple, segregating gi7-m1 line,
n=84), and CBO08 (fuchsia, segregating gi7-m2 line, n=66), and C) CB27 (blue,
segregating gi2-m1 line, n=39). All plants grown in LD conditions in the field, and
analyzed using ordinary one-way ANOVA and Tukey’s multiple comparisons test. Error

bars are SEM.
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Figure 2.11. Measurement of leaf chlorophyll content in the lines CB38 (non-mutant,
purple, empty bars), CB51 (gi7-m1 mutant, purple, filled bars), CB54 (non-mutant,
fuchsia, empty bars), CB42 (gi17-m2 mutant, fuchsia, filled bars), CB43 (non-mutant,
blue, empty bars), and CB44 (gi2-m1 mutant, blue, filled bars). Means and SEMs of four
pools of three plants each are depicted. Unpaired t-tests were done to compare each
mutant with its non-mutant sib, and * = p < 0.05.

59



Disease Score

Disease Score

Disease Score

Southem Leaf Blight, gi1-m1

» —~+ AB32
& -e- CB38
s - CB39
6-
5+
4
3
2+
H— N N
S) N v
~ 9\*\ }&*\
Measurement Date
Southem Leaf Blight, gi2-m1
9-
& -+ AB32
" - CB43
. -o- CB44
5-
4
3+
2+
3 N N
N V
33“ 3&‘\ 9\%
Measurement Date
Northemn Leaf Blight, gi1-m2
1007 -+ AB32
80 -o- CB40
-»- CB42
60+
404
204
e . 7 o
Y N V A
S & S
v.
Measurement Date
Grey Leaf Spot, gi1-m1
9-
-6~ CB38
&-
P -»- CB39
6
8 61
@ 54
O 4
]
o 34
2+
! ; .
s s
&
Measurement Date

Southem Leaf Blight, gi1-m2

Qe
8-
o 74
3
3
@ 5
o 4-
)
o 34
2+
L ' y
) . v
» & &
Measurement Date
Northern Leaf Blight, gi1-m1
100+

Disease Score

N

‘; T T T
™
Q) . v &
¥ 5o\'\ )\)\'\ os;
v
Measurement Date

Northern Leaf Blight, gi2-m1

100+
g 80+
& 60+
[
©
S 404
a
20+
Y4 T 5 o
o \%\ \’\’t &
N N N K
v
Measurement Date
Grey Leaf Spot, gi1-m2
9-
8—
o 74
<]
8 6+
@ 54
S 4
o
o 34
2+
! S .
V N
S &
> @
Measurement Date

- A632
-~ CB40
- CB42

-+ AB32
-6~ CB38
-~ CB39

-+ AB32

-0~ CB43
-»- CB44

-~ CB40
- CB42

60



Grey Leaf Spot, gi2-m1

T

L
> ©
& o

v.\)

Measurement Date

- CB43
- CB44

Disease Score
= N W b O O N ®©® ©
L L L L L 1 Il ]

Figure 2.12 (this page and previous page). Measurement of disease responses in the
lines A632, CB38 (non-mutant, purple, empty circles), CB39 (gi1-m1 mutant, purple,
filled circles), CB40 (non-mutant, fuchsia, empty circles), CB42 (gi1-m2 mutant, fuchsia,
filled circles), CB43 (non-mutant, blue, empty circles), and CB44 (gi2-m1 mutant, blue,
filled circles). The response to three separate diseases was tested: Southern Leaf Blight
(SLB), Northern Leaf Blight (NLB), and Grey Leaf Spot (GLS). Measurements represent
two biological replicates planted and inoculated at different times, and in some cases
different fields. Error bars are SEM. Scoring was done on a scale of 1-9 for SLB and
GLS with 9 being resistant, and on a scale of 0-100 for NLB with O being resistant.
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Figure 2.13. A) Above each graph is a schematic of the corresponding transcriptional
fusion. Plants were grown in LD photoperiods for 1 week before harvest, and then RT-
gPCR was used to quantify expression of gi1 and AtGI. To account for technical
variation, gi1 and AtG/ expression is presented as the ratio of their transcript number to
that of AtPP2A. The number of transcript molecules in samples was calculated from a
standard curve based on Ct value from RT-gPCR reactions. Data are the mean of three
experimental replicates and error bars are standard deviation. B) Mean rosette leaf
number at flowering of Arabidopsis WT (black bar, n = 15), atgi-201 (white bar, n = 17)
grown, AtGlp::gi1 lines (grey bar; 7-6 (n = 28), 1-9 (n = 26)) and AtGlIp::AtGl lines (dark
grey bar; 2-3 (n = 30), 2-4 (n = 32)) in LD photoperiods. Data shown are from one
representative experiment out of three independent experimental replicates, and error
bars are standard deviation.
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Supplemental Figures
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Supplemental Figure 2.1.1. Genealogy of gi7-m1 lines. BC = Backcross, and only
applies if cross is to A632. Round-cornered boxes denote lines used in experiments.
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Supplemental Figure 2.1.2. Genealogy of gi7-m2 lines. BC = Backcross, and only
applies if cross is to A632. Round-cornered boxes denote lines used in experiments.
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Supplemental Figure 2.1.3. Genealogy of gi2-m1 lines. BC = Backcross, and only
applies if cross is to A632. Round-cornered boxes denote lines used in experiments.
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Supplemental Figure 2.2. RT-gPCRs of maize circadian clock genes and conz1 in
A632 (green), FH259 (gi1-m2, fuchsia), and FH305 (gi2-m1, blue) lines grown under LL
conditions. Lines used were not the main lines later developed into BC5/BC6, but were
genotyped as being homozygous mutants. Timecourse spans dawn after one full day in
LL (ZT24) until dawn two days later (ZT72). Graphs represent one biological replicate.
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Supplemental Figure 2.3. Final leaf counts of BC5/BC6 plants grown over the winter in
the greenhouse in artificial-light LD conditions. Analyzed using ordinary one-way
ANOVA and Tukey’s multiple comparisons test to determine which differences among
means were statistically significant (P value < 0.05 = * and P value < 0.005 = **). Error
bars are SEMs.
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Supplemental Figure 2.4. Final measurements of the double mutant lines used in

Figure 2.9. CB25 measurements are divided by genotype, while measurements of
segregating and homozygous lines are grouped by line so that differences between

lines become apparent. Bars are ranges.
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Supplemental Figure 2.5. Measurement of leaf chlorophyll content in the lines CB38
(non-mutant, purple, empty bars), CB51 (gi7-m1 mutant, purple, filled bars), CB54 (non-
mutant, fuchsia, empty bars), CB42 (gi1-m2 mutant, fuchsia, filled bars), CB43 (non-
mutant, blue, empty bars), and CB44 (gi2-m1 mutant, blue, filled bars). Means and
SEMs of three individuals per line are depicted.
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Supplemental Figure 2.6. Photos from disease trials. A) gi2-m1 mutant (CB44) line,
and B) gi2-m1 non-mutant (CB43) line inoculated with Southern Leaf Blight.
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Supplemental Figure 2.7. Measurement of disease responses in the lines A632, CB47
(gi1-m1 mutant, gi2-m1 non-mutant), CB48 (gi7-m1 mutant, gi2-m1 segregating), and
CB49 (gi1-m1 segregating, gi2-m1 mutant). The response to three separate diseases
was tested: Southern Leaf Blight (SLB), Northern Leaf Blight (NLB), and Grey Leaf Spot
(GLS). Measurements represent two biological replicates planted and inoculated at
different times, and in some cases different fields. Scoring was done on a scale of 1-9
for SLB and GLS with 9 being resistant, and on a scale of 0-100 for NLB with O being
resistant. Error bars are SEMs.
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Supplemental Figure 2.8 (this page and previous page). Phenotypes of Arabidopsis
transgenic lines and gene expression levels of maize transgenes. On this page, the
boxes represent range, while the lines in the middle indicate the mean (n <= 36 plants).
On the previous page, the top photo shows full pots containing four plants per pot, while
the bottom photo shows individual plants. Gene expression levels were obtained as
described in Materials and Methods using primers that did not distinguish between gi1
and gi2.
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Supplemental Tables

Sequence (5’ to 3’) Gene/Purpose
RT-gPCR Primers
CGAGACCAGGAGAACCAAAAG GRMZM5G816228
(normalizer)
TGAGGAGTTTGTCCATAACCAC GRMZM5G816228
GRMZM2G064954
CGCGTTCACTGTGGTTTGTT (normalizer)
GRMZM2G064954
CAGTGACCCAAGTAGCAGCA (normalizer)
CCATTCCTGGATCTGACATCG gi1
ATTAGAGCCGTCCTACTCGC gi1
CGGCGAGTAGGACGCTAATC gi2
AACACCATCTAATATCAGTTTGATCAC gi2
GGTGGGCAACACAAGGTCTT lhy1
AGCTGGCACAAATGAAAAAGC lhy1
AGCCGTACACAATAACGAAGCA lhy2
AAGGCTTCAAGGAACCGTTTG lhy2
CCCTTTTTGCTCACACACAG toc1a
AACCAGGGTAACAGCCACAT toc1a
GACGAAGATGACGATCCAAC toc1b
CAAGAGGACCTCTCCACTAC toc1b
GCGCATCTTCGTCGACAGAT prr73
GTTGGGAATCAGTGGGCTACTAT prr73
TCGCTCGGACACCCAAAG cat3
TTGGCGAGGAGGTCTATCCA cat3
TCTCCATGTTCGGATTCTTCGT cab1
CAATGTGGTCAGCGAGGTTCT cab1
GGTCAGTGCTTACACAGATTC conz1
GAGCTTGGCATGTCTGTC conz1
TGTCACTGCCACCGATATCG zcn8
TACTTCTGCCAAGTGCTGAGCTA zcn8

Primers used for and with Arabidopsis transgenic lines

CACCACCAGCATATCTCTAATCAG

AtGl promoter cloning

GATGCGGCCGCACCGAAACTAAACCCCAAC

AtGl promoter cloning

CACCATGTCAGATTCAAATGTGAAGTGGATTGATGGG

gi1 CDS cloning

TCATGACGGGAGAGGGCAG

gi1 CDS cloning

CACCATGGCTAGTTCATCTTCATCTGAGAGATG

AtGI CDS cloning

TTATTGGGACAAGGATATAGTACAGCCG

AtGIl CDS cloning

TATCGGATGACGATTCTTCGTGCAG

gPCR of AtPP2A
(normalizer)
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Sequence (5’ to 3’) Gene/Purpose

GCTTGGTCGACTATCGGAATGAGAG GPCR of AIPP2A
GGGTAAATATGCTGCTGGAGA ﬁrf’eC;R of AtGlp--AlGl
CAGTATGACACCAGCTCCATT 4PCR of AlGIp-AlGI
TGATGTCGTTTCAGCCTCAC qPCR of AtGlp--gi1

lines

CAAGGCTGCAAGTCCTTCTC qPCR of AtGlp::qi1

Supplemental Table 2.1. Primers used for RT-qPCR, to construct Arabidopsis
transgenic lines, and to measure transgene expression.
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Chapter Three: GI1 and GI2 protein interaction partners

Abstract

GIGANTEA (Gl) is a plant-specific protein with no characterized protein domains.
It is known to have many protein interaction partners, and has also been shown to bind
DNA. These interactions allow Gl to participate in many different processes, including
circadian clock regulation, flowering time regulation, and stress responses. To
characterize the protein interaction partners of the maize proteins GI1 and GI2, two
approaches were taken. The candidate approach confirmed some of the interactions
known from Arabidopsis, and showed that others are likely altered in maize. The library
screen, instead of confirming these results, opened up multiple new avenues for
research.

Introduction

GIGANTEA (Gl) is a large protein (~130kDa) unique to plants with no
characterized protein domains. Through protein interaction assays such as yeast two
hybrid (Y2H) and co-immunoprecipitation (co-IP), AtGl has been shown to have multiple
protein interaction partners. At present, it is thought that Gl primarily acts as a molecular
scaffold that assembles protein complexes (Fowler et al., 1999; Huq et al., 2000; Park
et al., 1999), and is involved in regulating protein activity and stability. Gl also has DNA-
binding ability, and may therefore regulate gene expression (Sawa and Kay, 2011;
Sawa et al., 2007; Song et al., 2014).

Heterologously expressed AtGl in E. coli has been shown to associate into
homotetramers, suggesting endogenous Gl may be present in this form and potentially
stabilized via interactors (Black et al., 2011). Trypsin digestion of AtGl indicates that the
amino-terminal domain of Gl is independently folded, and has an exceptionally stable
alpha-helix domain at the amino-terminal (N-terminal) spanning amino acids 1-398
(Black et al., 2011). Some Gl interaction partners preferentially interact with the N-
terminal domain in Y2H assays (Sawa et al., 2007; Yu et al., 2008), which could indicate
that this is the primary protein-protein interaction domain. A recent study in Brassica
rapa found a single amino acid substitution (S264A) in Gl to be the basis of a major
quantitative trait locus that controls circadian period (Xie et al., 2015). This again
indicates that the N-terminal domain is of primary importance to Gl function.

The effects of Gl protein interaction can be divided into four main categories:
circadian clock function, photoperiodic flowering time regulation, growth regulation, and
stress response. In the circadian clock, Gl primarily interacts with two proteins, namely
ZTL and ELF3. The interaction with the blue light receptor ZTL is reciprocal co-
stabilization that protects both proteins from degradation by the 26S proteasome, and
also acts to regulate Gl localization (Demarsy and Fankhauser, 2009; Ito et al., 2012;
Kim et al., 2013a, 2007b). HSP90 has also been implicated as stabilizing ZTL, perhaps
in conjunction with Gl (Kim et al., 2011). The GI-LOV domain interaction has
successfully been used as an optogenetic tool despite there being no known protein
interaction domains in Gl (Polstein and Gersbach, 2014).

The ZTL-GI complex interacts with the PRR proteins TOC1 or PRR5 and leads to
their degradation by the 26S proteasome (Fujiwara et al., 2008; Kiba et al., 2007; Kim et
al., 2007b; Mas et al., 2003). Alternatively, the GI-ZTL-HSP90 interaction may just
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stabilize ZTL and Gl, while the ZTL-PRRS and ZTL-TOC1 complexes lead to PRR
protein degradation (Zoltowski and Imaizumi, 2014) Either way, ZTL acts to remove the
repression exerted by TOC1 and PRRS, which allows the next cycle of the clock to
commence.

The second clock protein interaction is with the evening complex protein ELF3
and the E3 ubiquitin ligase CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1). This
interaction leads to Gl degradation by the 26S proteasome (Yu et al., 2008), and so
temporally restricts the activity of the Gl protein. Both of these interactions assist in
correctly timing the activities of other clock proteins.

The role of Gl within flowering time regulation is complex, and studies have
shown that Gl acts at multiple levels within known flowering time pathways. Perhaps
most importantly, Gl forms a complex with FLAVIN-BINDING, KELCH-REPEAT, F-BOX
1 (FKF1), the main regulator of photoperiodic flowering (Song et al., 2014; Zoltowski
and Imaizumi, 2014). This complex degrades CYCLING DOF FACTOR 1 (CDF1), which
releases CO repression; the GI-FKF1 complex also directly interacts with CO protein, as
does Gl alone (Song et al., 2014). In addition, the GI-CDF interaction has also been
shown to affect growth (Fornara et al., 2015).

CO protein then promotes flowering by activating the mobile florigen FT. In
another pathway, Gl forms a complex with SVP, TEM1, TEM2, and maybe FLC (Sawa
and Kay, 2011). This complex interacts with the FT promoter and may promote
flowering by removing FT repression. Gl also directly binds to the FT promoter, which
promotes flowering independently of CO (Sawa and Kay, 2011). Interestingly, Gl
interaction with a clock protein, ELF4, may also affect flowering time. ELF4 stabilizes Gl
and sequesters it in subnuclear bodies, which appears to result in the negative
regulation of CO expression by preventing Gl from binding the CO promoter (Kim et al.,
2013c).

A further layer of complexity is added to the role of Gl in flowering time by the
involvement of COP1. For one, COP1 acts to transfer the light input signals from
CRYPTOCHROME 2 (CRY?2) to the circadian clock by interacting with ELF3 to promote
the degradation of Gl (Yu et al., 2008). COP1 also promotes the degradation of CO at
night (Jang et al., 2008; Liu et al., 2008). Recent work showed that COP1 degrades Gl
at low temperatures, thus delaying flowering by another mechanism (Jang et al., 2015).

Another way in which Gl may affect flowering time is by interacting with
SPINDLY (SPY), an O-linked N-acetylglucosamine transferase (Tseng et al., 2004). The
SPY-GI complex is involved in hypocotyl length regulation (Tseng et al., 2004) as well
as transpiration (Sothern et al., 2002). SPY negatively regulates flowering time and
growth by somehow stabilizing DELLA proteins, which are themselves negative
regulators of GA signaling (Schwechheimer, 2008). GA has been shown to promote
flowering via a Gl- and CO-independent pathway that promotes FT and TSF expression
(Galvéo et al., 2012). The exact mechanisms whereby Gl interacting with SPY would
affect the GA pathway remain unclear.

The effect of Gl on growth seems to primarily be due to its multiple protein
interaction partners, and its involvement in light, hormone, and flowering time pathways
(see Chapter Two). In its DNA-binding capacity, Gl protein may directly regulate the
expression of growth-related genes, but no research has been done on this yet.
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Finally, the role of Gl in stress response processes is a relatively new discovery.
Although it was long known that atgi mutants were tolerant to paraquat treatment,
protein-level interactions that could explain the role of Gl in stress tolerance have only
been discovered recently. One of these is the complex formation between Gl and SALT
OVERLY SENSITIVE 2 (SOS2), which keeps the SOS system inactive under normal
growing conditions. Under salt stress, Gl releases SOS2, which forms a complex with
SOS3 that activates SOS1, a Na*/H" antiporter that confers salt tolerance (Kim et al.,
2013b; Park et al., 2013). Gl protein is expressed in response to heat shock and then
modified with Small Ubiquitin-like Modifiers (SUMOs) at amino acids 226 and 975
(L6pez-Torrejon et al., 2013). SUMOylation is thought to block ubiquitin attachment, and
so these modifications could prevent Gl degradation in heat stress conditions.

We chose to take a two-pronged approach to elucidate GI1 and GI2 protein
interactors in maize. The first approach involved pairwise Y2H assays, for which
putative interactors were identified, cloned, and mated with the two gis. For this
approach, we used N-terminal, C-terminal, and full length constructs to test for
specificity of protein interaction domains. The second approach was a Y2H library
screen, for which we constructed a maize cDNA library against which we screened full-
length GI1 and full-length GI2. This approach allowed us to expand the scope of
interaction testing, and provided the possibility of identifying maize-specific protein
interactors.

Results

Conservation between maize gi1 and gi2 and AtGl

The GI1 and GI2 protein sequences are 95% identical, and the differences
between the two are primarily single amino acid (aa) changes (Jalview results - not
shown). For the most part, these aa changes result in chemically similar aas, making it
unlikely that overall protein structure is substantially different between GI1 and GI2
(Figure 3.1). If these alterations are located in interaction domains, however, they could
potentially result in functional changes.

Although there are many highly conserved regions, Gl1 and GI2 are only 68%
identical to AtGl. The differences are spread across the length of the proteins and
involve numerous substantial changes to aa properties (Figure 3.1). Again, many
alterations appear to be at single unconserved aas, although there are multiple
stretches with larger alterations. Most of the highly conserved regions fall in the second
two thirds of the N-terminal half of the protein (Figure 3.2). The first third, which is the
start of the protein coding domain, is not well conserved. The C-terminal half of the
protein has a few short conserved regions (Figure 3.3). There appears to be a higher
level of non-conserved aas throughout the C-terminal region, indicating that this half of
the protein is the one in which more evolutionary divergence has occurred. The AKDD
SUMOylated motif in the C-terminal region of AtGl (Lopez-Torrejon et al., 2013) is
minimally changed in maize to ARDD. Overall, the N-terminal region, which appears
more functionally important, is more conserved between dicots and monocots.

Predictions of protein secondary structure indicate there are many helix domains
in both the N- and C-terminal halves of all Gls (Supplemental Figure 3.1). There are,
however, many residues for which no structural predictions could be inferred from
characterized protein structures. Color-coding aas by their hydrophobicity does not
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reveal any larger patterns, although there are some hydrophilic regions toward the
beginning of the N-terminal half and the middle of the C-terminal half (Supplemental
Figure 3.2). While neither of these approaches provides clear structural information,
they do indicate that Gl is a globular protein that does not have larger hydrophobic
regions.

Pairwise yeast two hybrid assays: dilution series

Plating dilution series showed that GI1 and GI2 have similar interaction partners,
in particular themselves, each other, and ZTL1 (Figure 3.4). The ability of Gl to interact
with itself is one of the clearest results of this assay, with GI1-GI1 and GI2-GI2
interactions as some of the strongest measured. Heterodimers of GI1-GI2 were equally
strong. AtGl did not interact especially strongly with itself or G12, whereas the AtGI-GI1
interaction was stronger.

The other strong interaction was seen between all Gls and ZTL1. This was
apparent regardless of which interactor was in the bait plasmid: all GI-ZTL1 matings
resulted in the strongest interaction level measured. In addition, when ZTL1 was the
bait, exceptionally strong interactions with all N-terminal Gl constructs were seen.

The other interactors tested provided less clear results. When in bait plasmids,
Gl1 and GI2 interacted strongly with ELF3B and less strongly with ELF3A. On the other
hand, when ELF3A and ELF3B were in bait plasmids, no growth was recorded. These
matings grew well on DDO plates, but not well on TDO plates, indicating issues with
more stringent nutritional selection. AtGl showed a similar pattern of stronger interaction
with ELF3B than ELF3A, but both interactions were considerably weaker than seen with
the GI1 and GI2 baits.

The interactions with COP1A and SPY both showed a similar pattern: weak or no
interaction with the full length protein, and moderate interaction with the N-terminal
construct. This was borne out by the results seen from matings with the COP1A bait
construct, where the only interactions were with the GI1 and GI2 N-terminal constructs.
The SPY bait protein provided results much like the ELF3A and ELF3B baits: growth on
DDO plates, poor growth on TDO plates, and no measurable interactions on QDO
plates. The ELF4B prey also showed weak to moderate interaction with the N-terminal
constructs, but no bait was constructed to test this reciprocally.

Finally, the Arabidopsis proteins provided a confirmation of the interaction
patterns observed. Preys of AtZTL and AtELF3 interacted with both GI1 and GI2 full
length baits, AtCOP1 only interacted with their N-terminal domains. The AtGl full length
bait also interacted with AtZTL and AtELF3, but only weakly with AtCOP1. The AtGI N-
terminal bait showed little to no interaction with any prey, unlike the GI1 and GI2 N-
terminal constructs.

Pairwise yeast two hybrid assays: liquid culture assay using ONPG

The liquid culture assay confirmed the results of the dilution series, and showed
Gl1 and GI2 primarily interact with themselves, each other, and ZTL1 (Figure 3.5.A).
Although some of the other interactions may be above baseline, these are far and away
the strongest. AtGl shows the same pattern of interactors, although at a lower level
(Figure 3.5.B). This could either indicate conserved functionality between the three Gls,
or strong activating ability in GI1, GI2, and ZTL1 proteins, with the baseline level of
activity shown in the AtGl graph.
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N- and C-terminal Gl baits were also tested in this assay (Supplemental Figure
3.3). Similar interaction patterns to the full length Gl baits were seen with the N-terminal
constructs, while the C-terminal constructs did not appear to interact at all. Interestingly,
none of the N-terminal interactions had a strength over 2.5 Beta-gal units, indicating the
interaction strengths seen in the full length constructs were additive effects of having the
full length protein.

The results for the COP1A and SPY baits show increased interaction with N-
terminal constructs, which was previously only seen when COP1A and SPY were preys
(Figure 3.6.A). The results for ZTL1 bait show the same strengths of interactions as
seen in the plate assays, but a preference for full length GI1 and GI2 over N- or C-
terminal fragments becomes apparent (Figure 3.6.B). As baits, both ELF3A and ELF3B
have the strongest interaction with GI2, especially ELF3B (Supplemental Figure 3.4).
Both, however, do not have very high interaction levels overall and ELF3B’s strongest
interaction is with pGADT7.

Yeast two hybrid library screen

The GI1 and GI2 library screens each resulted in a large amount of putative
interacting partners, indicating these proteins are promiscuous. This made looking
through the screen to saturation prohibitive, and so a subset of interactors was chosen
to sequence. This approach provided a good sense of the type of proteins with which
Gls interact, although it meant that a specific subset of strong and functional interactors
could not be identified.

The protein interaction partners obtained from the library screen did not include
those demonstrated in pairwise assays, and were largely uncharacterized proteins in
maize. They also showed the risks inherent to doing this type of screen in plants, as
many protein interaction partners were involved in photosynthesis or located in
organelles. Those in organelles are less likely to have biologically relevant interactions
in plant cells, but some of those involved in photosynthesis might.

At first glance, most of the GI1 interaction partners appear to be false positives
(Table 3.1). Many of the proteins identified are involved in photosynthesis, as well as
glucose and starch-related processes. A closer look at the GO categories, however,
reveals a few themes to the identified proteins. One theme is protein stabilization,
modification, and proteolysis, which is consistent with the protein scaffold function of
AtGl. Another theme is biosynthesis, and chlorophyll as well as jasmonic acid are
explicitly listed. The third theme is response to stress, primarily of the abiotic kind. The
methyltransferase is the most promising of the most frequently recovered interaction
partners.

The GI2 interaction partners had some similar categories, but also represented a
shift relative to GI1 (Table 3.2). The themes of starch, glucose, and glycogen processes
are much more prevalent in the GI2 interaction partners. There is again a stress
response theme, but this time the stress is pathogen-based. As well as multiple genes
with GO annotations related to pathogen stress response, a LRR protein and a
pathogenesis-related protein were identified as interactors. Finally, there are a couple
GI2 interactors similar to known clock proteins in Arabidopsis. The most convincing of
these is GRMZM2G049549, which is a cryptochrome. Other potentially interesting
proteins include one that responds to cadmium ions, one involved in protein
ubiquitination, and a PIN protein involved in auxin transport.
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Discussion

The multiple approaches taken to quantify protein interactions resulted in a
number of interesting results. From the candidate approach, two clear results were
obtained: GI1 and GI2 interact with each other and with ZTL1. Moreover, GI1 and GI2
interacted with AtGl and AtZTL, indicating that the protein domains necessary for these
interactions are conserved in flowering plants. Pairwise tests with other possible
interaction partners from maize provided much less clear results, with interaction
strength and sometimes presence being dependent on the form of the assay. Although
the candidate approach provided some interesting insights, and confirmed that some of
the interactions known from Arabidopsis are present in maize, it was limited by the
amount of interactors cloned.

The yeast two hybrid library screen had entirely unexpected results. Multiple
uncharacterized proteins were recovered, as were many photosynthesis-related
proteins. GO term analysis of the identified interaction partners, however, found that
many of them are likely involved in processes to which Gl has been linked. These
include protein modification, starch regulation, and stress response. None of the cloned
candidates were recovered when using either bait.

The dilution series on plates also indicated that GI1 and GI2 interact with the
ELF3s. The interaction with ELF3B was stronger for both Gls, perhaps indicating that
this is the ELF3 that acts within the clock. These interactions were, however, only seen
when the Gls were the bait construct. Both GI1 and GI2 also interact with AtELF3.

On plates, GI1 and GI2 also appear to interact with COP1A and SPY. Again, this
interaction was only seen when the Gls were the bait construct. Unlike the other
interactors, COP1A and SPY preferentially interacted with the N-terminal half over the
full length protein. AtCOP1 also preferentially interacted with N-terminal halves, and
AtSPY was not tested.

A few general conclusions can also be drawn from the plate assays. For one, the
pGBKT7 empty vector functions well as a negative control, while in some cases, the
pGADT7 empty vector does not. It can be seen that LAM also resulted in interactions in
these cases (where LAM-pGAD was tested). It is possible that in the bait vector, Gls
(and ZTL1) are able to autoactivate the cassettes necessary for growth on QDO. This
would indicate that Gl protein (and ZTL1) contains a domain sufficient for transcriptional
activation, which given its DNA-binding ability is quite possible. This effect is, however,
not seen when these proteins are in prey vectors. Another conclusion that can be drawn
is that the C-terminal domain is not sufficient to establish protein-protein interactions,
nor does it demonstrate any form of autoactivation. It does, however, contribute to
interaction strength.

The results from the liquid assays with ONPG as a substrate generally overlap
with those from the dilution series assay, and provide another line of evidence
supporting the strongest interactions seen there. These interactions were many times
stronger than those that have previously been reported using this assay and ZTL bait
constructs (Yon et al., 2012). The less clear interactions, with the ELF3s, COP1A, and
SPY, remain difficult to quantify. Depending on test conditions, they either appear to be
present and moderately strong, or not present at all. This variability in outcome could
indicate less strong interactions or that complex formation requires multiple partners.
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The library screen identified a number of photosynthesis-related proteins as
interaction partners. While some of this may be due to an overrepresentation of these
proteins in the library, or their ability to activate reporters in yeast, a few are annotated
as being involved in chlorophyll biogenesis. Altered chlorophyll content is consistently
seen in plants with mutant G/ genes (Mishra and Panigrahi, 2015), including maize gi7-
m1 and gi2-m1 plants (Chapter Two), indicating these proteins may be true Gl
interaction partners. Both Gls also have multiple interaction partners that link them to
glucose, glycogen, and starch, which is consistent with the role that AtGl plays in starch
regulation (Dalchau et al., 2011; Eimert et al., 1995).

The stress response proteins pulled out by the screen are also likely true
interactors. AtGl is directly and indirectly involved in multiple stress response pathways,
some of which have been characterized at the protein level. The GI2 protein interactors
are primarily involved in pathogen response, which may indicate that GI2 is directly
involved in these pathways. In disease tests, gi2-m1 mutants had an increased
susceptibility phenotype not seen in gi1 mutants (Chapter Two), providing a further line
of evidence that gi2 is directly involved in pathogen response. Like AtGl, GI1 appears to
primarily interact with proteins involved in abiotic stress response (Cao et al., 2005;
Park et al., 2013; Riboni et al., 2013; Rodrigues et al., 2015).

One of the interaction partners of GI1 that was present multiple times in the
sequencing is a methyltransferase. In Arabidopsis, methylation has been shown to link
the clock to alternative splicing processes, as well as to more fundamentally regulate
clock gene expression (Ng et al., 2014; Ni et al., 2009; Sanchez et al., 2010). AtGl has
not been linked to methylation in these studies, yet these results indicate there may be
a role for Gl at the protein level.

Cryptochromes are blue light receptors, and an important light input component
in the Arabidopsis circadian clock (Chaves et al., 2011; Wang et al., 2014). Within the
context of the circadian clock, cryptochromes are essential for temperature
compensation, and regulate flowering time (Gould et al., 2013; Nefissi et al., 2011). A
recent study showed that including Cryptochrome 1, Phytochrome A, and Phytochrome
B in a mathematical model of the circadian clock was sufficient to reproduce
experimental results (Ohara et al., 2015). Previous work has established a relationship
between CRY2 and Gl, which is thought to be indirect: CRY2 negatively controls COP1,
which together with ELF3 degrades Gl (Yu et al., 2008). Finding a cryptochrome as a
direct interaction partner of GI2 indicates that this interaction could be direct. This
putative interaction is an ideal subject for further investigation.

The library screen provided multiple new paths of inquiry into Gl protein function.
It indicated there is direct interaction in multiple cases that were previously thought to be
indirect or circadian-clock regulated. These include pathogen-response proteins,
cryptochromes, and maybe even chlorophyll biosynthesis proteins. Further experiments
will need to be done to confirm all of the results presented here, especially in planta.

82



Materials and Methods

Protein alignments and visualization

The default option of MAFFT (mafft.cbrc.jp/alignment/software) was used to align
proteins, and then protein similarities were calculated using Jalview (jalview.org).
Protein alignment for all visualizations was done using the default settings of PRALINE
(www.ibi.vu.nl/programs/pralinewww/) (Simossis and Heringa, 2005).

Pairwise yeast two hybrid assays

Putative maize interactors were computationally identified on the basis of known
Arabidopsis Gl interactors. Genes likely to be functional were chosen after protein
domain analysis and expression analysis. Putative interactors were amplified using a
processive polymerase such as Phusion or Q5. Where there were multiple paralogs
present in maize, only one or two were chosen. The N- and C-terminal Gl constructs
were made by dividing each Gl coding sequence in half, and so each is between 581
and 586 amino acids long. Official gene designations are listed in Supplemental Table
3.1.

The PCR products were then gel extracted, and cloned into pENTR. Once in
pPENTR, the genes were moved into the bait plasmid pGBKT7 or the prey plasmid
pGADT?7 via Gateway cloning. The constructs LAM pGBKT7 and LAM pGAD424 were
made by Bryan Thines, and the constructs ELF3A pGADT7 and ELF3B pGADT7 were
made by Desirée Stanley, via restriction site cloning.

Once cloned, the bait plasmids were transformed into Y187 strain yeast cells,
while the prey plasmids were transformed into AH109 strain yeast cells. Transformation
was done according to the ‘Lazy Bones’ yeast transformation protocol (from the
Gottschling lab website: http://research.fhcrc.org/gottschling/en/protocols/yeast-
protocols/transformation.html). To check proteins were expressed in yeast, protein
extractions of transformed yeast were done using the TCA Method described in the
Clontech Yeast Protocols Handbook. Protein extracts were analyzed using a standard
Western blot protocol. All pGBKT7 constructs expressed proteins at similar levels, while
pGADT7 construct expression level differed (not shown).

To test protein interactions, transformed Y187 and AH109 strains were mated
according to the standard yeast mating procedure described in the Clontech Yeast
Protocols Handbook. Matings were then streaked out on plates containing appropriate
selective media.

Protein interaction strength was assayed using two experimental procedures. In the first
procedure, overnight cultures of matings were set up in 1ml SD-T-L (DDO) media. In the
morning, 100ul of culture was mixed with 900ul TE and then the OD600 was measured.
This measurement was used to dilute all matings to a uniform OD600 = 3, and then
matings were loaded into a 96-well plate. Using a multichannel pipette, these
standardized matings were then serially diluted in the series 1:5, 1:10, 1:50, 1:100,
1:500, 1:1000. The entire dilution series for each mating was then plated on DDO, TDO
(SD-A-L-T and SD-H-L-T), and QDO (AD-A-H-L-T) plates, the plates were sealed with
micropore tape, and placed in the 30°C incubator. Plates were scanned after 5 days, 7
days, and 10 days to monitor growth and development. Each mating done was plated in
this manner at least once, and most were plated two to four times.
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The second procedure was the ‘Liquid Culture Assay Using ONPG as Substrate’
outlined in the Clontech Yeast Protocols Handbook. Each mating was tested using at
least three separate overnight cultures (three biological replicates), and each culture
had three separate technical replicates (as described in protocol). Many matings were
tested with more than three overnight cultures, meaning measurements represent four,
five, or six, and in some cases up to ten biological replicates.

Yeast two hybrid library screen

B73 maize inbred line seedlings were grown under LD conditions in a growth
chamber. Once the seedlings had grown to V4 stage, they were sampled at timepoints
spanning the peak expression time of Gl, namely ZT8, ZT10, ZT12, and ZT14. Two leaf
punches were taken per seedling using the lid of an Eppendorff tube, and five different
plants were sampled at each timepoint. RNA was extracted using a modified version of
the Trizol protocol, and then ethanol precipitated to improve purity. RNA concentration
of each sample was calculated as the average of three NanoDrop measurements, and
then a pooled sample was made containing equal amounts of each sample. The cDNA
library was constructed and transformed into yeast using Clontech’s Make Your Own
“‘Mate & Plate” Library System.

The bait plasmids used were the same GI1 fl pGBKT7 and GI2 fl pGBKT7 used
in the pairwise assays. They were transformed into the Matchmaker® Gold yeast strain
from Clontech, and passed the mating efficiency tests. In autoactivation tests, both GI1
and GI2 were found to autoactivate the X-alpha-gal reporter (colonies were blue instead
of white). When also grown with Aureobasidin A (AbA), this effect disappeared. As a
result of this, it was decided to use QDO (SD-L-T-H-A) plates with AbA to select
interaction partners from the library matings.

Baits were then mated with the library according to the protocols in Clontech’s
Matchmaker® Gold Yeast Two-Hybrid System User Manual. Plating 100nl of the mated
library resulted in 77 colonies for the Gl1-library mating, and 218 colonies for the GI2
mating. This meant that plating 10ml of each was equivalent to plating ~7.7 million
matings for GI1 and ~21.8 million matings for GI2. Plates were checked for colonies
after three days of growth, and colonies were counted. Mating efficiency was calculated,
and then 48 candidates of each were chosen. This number of candidates represents a
screen of approximately 10° matings for GI1 and 7.5 x 10° matings for GI2, and these
amounts are comparable to other yeast two hybrid library screens reported in the
literature.

Candidates were selected, re-streaked, and amplified using colony PCR. PCR
cleanup and sequencing was done by the campus sequencing facility. Sequencing
results were then BLASTed using the default settings of NCBI’s nucleotide BLAST
against the Zea mays refseq RNA collection. GO annotations were obtained from both
Uniprot (www.uniprot.org) and Gramene (tools.gramene.org), and where necessary
from orthologous genes.
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Figures

Figure 3.1 (pages 86-87). N- and C-terminal halves of all Gl proteins color-coded by
amino acid similarity. Polar and neutral amino acids are orange, polar and positive
amino acids are red, non-polar and aromatic amino acids are blue, and non-polar and
aliphatic amino acids are green.
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Figure 3.2 (this page and previous page). Alignment of N-terminal Gl constructs
color-coded by degree of conservation. Unconserved residues are colored blue, while
conserved residues are colored red.
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Figure 3.3 (this page and previous page). Alignment of C-terminal Gl constructs
color-coded by degree of conservation. Unconserved residues are colored blue, while
conserved residues are colored red.
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Figure 3.4. Serial dilution results from 7 days’ growth on QDO (SD-L-T-H-A) plates
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represented as an interaction matrix. Bait plasmids (in pGBKT7) are on the x-axis, and

prey plasmids (in pGADT7/pGAD424) are on the y-axis. A score of O indicates the

mating was not tested, while a score of 1 indicates the mating was tested, but there was

no interaction. Interactions scored with 2 grew only in the most concentrated spot
(samples diluted to a uniform OD=3). Scores 3 through 8 represent the last dilution in

which growth was still seen, with 3 indicating 1:5 and 8 indicating 1:1000 (see Materials
& Methods for full list). Growth at 1:1000 dilution indicates a strong interaction. Scores

are averages from two or more separate platings.
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Figure 3.5 (this page and previous page). Full length (fl) Gl bait constructs (in
pGBKT7) tested against preys in liquid culture assays using ONPG as a substrate. A)

Gl1 and GI2 baits, and B) AtGl bait.
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Figure 3.6 (this page and previous page). Bait constructs (in pGBKT7) of putative
interactors tested against Gl preys in liquid culture assays using ONPG as a substrate.
A) COP1A and SPY baits, and B) ZTL1 bait.
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Tables

Gl1 interactors Name/Protein type | GO - biological process Uniprot
fructose-
bisphosphate
GRMZM2G345493 | aldolase glycolytic process B6SSUG
S-adenosyl-L-
methionine-
dependent
GRMZM2G050307 | methyltransferase | methylation B4FVQ7
photosynthetic electron
transport in photosystem I;
photosynthetic NADP+
photosystem | reduction; photosystem |
reaction center stabilization; protein
GRMZM2G377855 | subunit V stabilization B4G1K9
photosynthetic electron
transport chain; defense
response to fungus,
incompatible interaction;
defense response to bacterium;
GRMZM2G059083 | ferredoxin/L-FNRIl | oxidation-reduction process Q9SLP5
arginine catabolic process;
arginine spermidine biosynthetic
GRMZM2G396553 | decarboxylase 1 process K7W734
photosynthesis, light
Chlorophyll a-b harvesting; protein-
GRMZM2G092311 | binding protein 6A | chromophore linkage B6SSN3
FKBP-like peptidyl-
prolyl cis-trans COP3F1/
isomerase family K7UBG1
protein, chloroplast; /COHHL
FK506 binding protein peptidyl-prolyl 0/B6T5Z
GRMZM2G041060 | protein isomerization; protein folding 4
CCP2; cysteine proteolysis; aging; response to | Q10717/
GRMZM2G038636 | protease 2; SEE1 ethylene Q43705
cellular amino acid metabolic
process; jasmonic acid
biosynthesis process;
chlorophyll biosynthetic
process; phosphorylation;
shikimate kinase positive regulation of
GRMZM2G119249 | family protein transcription, DNA-templated B6TNVS
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Gl1 interactors Name/Protein type | GO - biological process Uniprot
fatty acid beta-oxidation; intra-
TRAF transcription | Golgi mediated vesicle
factor; Maternal transport; proximal/distal
effect lethal family | pattern formation; floral organ K7UBSO
member; BTB/POZ | abscission; protein import into | /B4FLP5
domain-containing | peroxisome matrix; flower /B6TMO
GRMZM2G163671 | protein morphogenesis 3
cellular amino acid metabolic
process; response to stress;
response to oxidative stress;
response to lipid
hydroperoxide; pyridoxine
biosynthetic process; response
to salt stress; response to UV-
B; response to non-ionic
PDXS; subunit of osmotic stress; chlorophyll
pyridoxal 5'- metabolic process;
phosphate hyperosmotic salinity response;
synthase; pyridoxin | vitamin B6 biosynthetic
biosynthesis protein | process; pyridoxal phosphate B4FQA2
GRMZM2G120652 | ER1 biosynthetic process /IBAFRZ2
protein folding; protein targeting
to mitochondrion; biosynthetic
process; response to heat;
terpenoid synthase | response to high light intensity;
superfamily protein, | response to hydrogen
GRMZM2G066496 | mitochondrial peroxide* B6TWB6
CPA1,
glyceraldehyde 3-
phosphate
dehydrogenase 1, | glucose metabolic process;
GRMZM2G337113 | chloroplastic oxidation reduction process P09315
PEP1;
phosphoenolpyruva | tricarboxylic acid cycle; carbon
GRMZM2G083841 | te carboxylase 1 fixation Q43267
putative
cytochrome P450
GRMZM2G351259 | superfamily protein | oxidation-reduction process B4FS98
magnesium- chlorophyll biosynthetic
protoporphyrin 1X process; photosynthesis;
monomethyl ester | protein peptidyl-prolyl
[oxidative] cyclase, | isomerization; protein folding;
GRMZM2G081462 | chloroplastic root development K7USR3
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GI1 interactors Name/Protein type | GO - biological process Uniprot
peptidyl-prolyl cis-
trans isomerase protein peptidyl-prolyl
CYP19-4; isomerization; protein folding;
GRMZM2G084521 | cyclophilin ABH-like | root development* B6TIP7
GSTH1; glutathione | toxin catabolic process;
GRMZM2G115273 | S-transferase response to toxic substance P12653
CBL-interacting
serine/threonine- protein phosphorylation; signal
GRMZM2G176519 | protein kinase 11 transduction B6SK56
Vacuolar (H+)-
GRMZM2G094928 | ATPase G subunit | proton transport B4FPE4
RING/U-box
GRMZM2G058450 | superfamily protein | response to chitin* B4FCS7
plant-specific plant-type secondary cell wall
domain TIGR01627 | biogenesis; xylan biosynthetic
GRMZM2G096546 | family protein process* B6UI35
glutamine glutamine metabolic process;
aminotransferases | response to aluminum ion;
GRMZM2G003762 | class-Il response to auxin® C4J9Y2
L-cysteine biosynthetic process
from L-serine; cellular amino
acid biosynthetic process; B8A377/
GRMZM2G005887 | cysteine synthase 2 | cysteine biosynthetic process P80608
GRMZM2G126190 | actin-7 B4FRH8
50S ribosomal
GRMZM2G030203 | protein L10 Ribosome biogenesis B6SUJO
26S ribosomal RNA
LOC100275739 gene
AOA096
GRMZM2G087918 | DUF1997 RCC6
GRMZM2G157522 | DUF3741 K7UJRO
GRMZM2G142093 | DUF1517 B4FV42
cellular cation homeostasis;
GRMZM2G157296 | unknown divalent metal ion transport* B6TMU3
K7U311/
GRMZM2G030240 | unknown B6U3W9

Table 3.1 (this page and two previous pages). Gl1 interaction partners from the yeast
two hybrid library screen. GO terms are from both Uniprot (www.uniprot.org) and
Gramene (tools.gramene.org). The first four genes (separated from the rest by a bold
line) were each present in the sequencing two times. GO terms marked with a * are
taken from Arabidopsis orthologs.
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GI2 interactors Name/Protein type | GO - biological process Uniprot
photosynthetic electron transport
chain; defense response to
fungus, incompatible interaction;
defense response to bacterium;
GRMZM2G059083 | ferredoxin/L-FNRII | oxidation-reduction process Q9SLP5
ARF GTPase-
activating domain nucleocytoplasmic transport;
GRMZM2G126079 | family protein response to virus® B4FY47
gluconeogenesis; defense
response to fungus, incompatible
Phosphoenolpyruva | interaction; cellular response to
te carboxykinase phosphate starvation; response
GRMZM2G001696 | (PEPCK) to cadmium ion COP3W9
de-etiolation; response to
cadmium ion; lateral root
glutathione S- development; response to growth
GRMZM2G330635 | transferase GSTU6 | hormone; response to karrikin® B6TL20
MRNA processing; protein
phosphorylation; response to
virus; flower development;
phosphorylation; leaf
cyclin-dependent development; carpel
protein kinase C development; regulation of viral
GRMZM2G019267 | family protein process B4F9F3
ubiquitin-
conjugating
GRMZM5G814314 | enzyme E2 protein ubiquitination™ B6SIU1
Grx_A2 -
glutaredoxin
GRMZM2G303044 | subgroup Il cell redox homeostasis B6UGY1
response to red or far red light;
abscisic acid metabolic process;
release of seed from dormancy;
defense response to fungus;
GRMZM2G065928 | cytochrome p450 oxidation-reduction process B4F9T8
oxygen evolving maltose metabolic process;
enhancer protein 3 | photosynthesis; starch
containing protein; | biosynthetic process; positive
GRMZM2G436986 | PSII-Q subunit regulation of catalytic activity B4FT19
serine/threonine
protein kinase;
leucine-rich
AC217401.3_FGO | repeats;
03 transmembrane protein phosphorylation C4J1V0
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GI2 interactors Name/Protein type | GO - biological process Uniprot
60S ribosomal
GRMZM5G850966 | protein L36-like translation B4FWOQ07
PGH1; ENO1,;
GRMZM2G064302 | enolase 1 glycolytic process P26301
auxin-induced
protein PCNT115;
GRMZM2G052812 | aldo-keto reductase | response to cadmium ion B6TD84
cytosolic
glyceraldehyde-3-
phosphate
dehydrogenase glucose metabolic process; B4FS87/
GRMZM2G180625 | GAPC2 glycolytic process Q09054
auxin-activated signaling
PIN10b; putative pathway; auxin polar transport;
auxin efflux carrier | auxin homeostasis; auxin efflux;
GRMZM2G160496 | component transmembrane transport® ISRWWH1
oxidoreductase
activity; NAS(P)-
binding domain;
Rossmann-fold
NAD(P)(+)-binding
GRMZM2G169005 | proteins oxidation-reduction process B4FBT1
putative
cytochrome P450
GRMZM2G351259 | superfamily protein | oxidation-reduction process B4FS98
protein phosphorylation; plasma
serine/threonine membrane organization; pollen AOAOB4
GRMZM2G017654 | kinase sepA-like development J2Y9
response to light stimulus;
FDX1; chloroplast photosynthetic electron transport
GRMZM2G122337 | ferredoxin 1 chain; response to karrikin B1P759
AGP2; ADP-
glucose
pyrophosphorylase; | starch biosynthesis; glycogen
GRMZM2G027955 | chloroplast biosynthesis B6TCZ8
ATPC2; ATP
synthase gamma B6TUD4
subunit2 ATP synthesis coupled proton /POC1M
GRMZM2G048907 | (organellar) transport 0
DNA repair; response to water
deprivation; detection of light
stimulus; response to blue light;
cryptochrome; FAD | photomorphogenesis; blue light
binding domain of | signaling pathway; regulation of | B4FHJO/
GRMZM2G049549 | DNA photolyase meristem growth; stomatal B8A2L5
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GI2 interactors Name/Protein type | GO - biological process Uniprot
movement; singlet oxygen-
mediated programmed cell
death; circadian regulation of
calcium ion oscillation;
anthocyanin-containing
compound metabolic process;
protein autophosphorylation;
regulation of unidimensional cell
growth; oxidation-reduction
process
gluconeogenesis; defense
PCK2; response to fungus, incompatible
phosphoenolpyruva | interaction; cellular response to
te carboxykinase phosphate starvation; response
GRMZM5G870932 | homolog2 to cadmium ion K7VNE2
anion transport; response to
VDAC2; voltage- bacterium; defense response to
dependent anion bacterium; regulation of anion
channel protein 2; transport; transmembrane
GRMZM2G115049 | mitochondrial transport Q9SPD7
GAPC1,;
glyceraldehyde-3-
phosphate glucose metabolic process;
GRMZM2G046804 | dehydrogenase oxidation-reduction process K7U1HG6
TPR repeat; MYND
finger; F-box-like; AOA096
GRMZM2G133428 | SLR repeat protein binding S7C0
PR-5; thaumatin-like protein; defense
pathogenesis- activity; antifungal activity;
GRMZM2G402631 | related protein antifreeze activity1 B4FV91
GRMZM2G125072 | 3Fe-4S ferredoxin B6TSX7
GRMZM2G126190 | Actin-7 B4FRH8
serine/threonine AOAOB4
GRMZM2G017654 | kinase sepA-like J2Y9
LOC100275482 DUF1997 B6SU04

Table 3.2 (this page and two previous pages). GI2 interaction partners from the yeast
two hybrid library screen. GO terms are from both Uniprot (www.uniprot.org) and
Gramene (tools.gramene.org). The first gene was present six times in the sequencing,
the second gene three times, and the third gene two times (separated from the rest by a
bold line). GO terms marked with a * are taken from Arabidopsis orthologs, while those
marked with a * are taken either from rice or Sorghum. (Liu et al., 2010)
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Supplemental Figures

Supplemental Figure 3.1 (pages 104-105). Predictions of protein secondary structure
in the N- and C-terminal halves of Gl proteins according to DSSP (Kabsch and Sander,
1983) and PSIPRED (Jones, 1999). Red indicates a helix domain, while blue indicates a
strand domain.

Supplemental Figure 3.2. (pages 106-107). N- and C-terminal halves of Gl proteins
color-coded according to the hydrophobicity of their amino acids (Eisenberg et al.,
1984). Blues indicate hydrophobic amino acids, reds indicate hydrophilic amino acids,
and purples indicate intermediate amino acids.
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Supplemental Figure 3.3. N- and C-terminal GI bait constructs (in pGBKT7) tested

against preys in liquid culture assays using ONPG as a substrate.
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Supplemental Figure 3.4. ELF3A and ELF3B bait constructs (in pGBKT7) tested
against preys in liquid culture assays using ONPG as a substrate.
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Supplemental Tables

Official designation

Working name

GRMZM2G107101 git
GRMZM5G844173 gi2
GRMZM2G175265 + GRMZM2G474769 lhy1
GRMZM2G014902 lhy2
GRMZM2G020081 tocla
GRMZM2G148453 toc1b
GRMZM2G104920 copla
GRMZM2G045275 elf3a
AC233870.1_FGO003 elf3b
GRMZM2G382774 elf4b
GRMZM2G357804 spy
GRMZM2G147800 ztl1
AT1G22770 AtGl
AT2G32950 AtCOP1
AT2G25930 AtELF3
AT5G57360 AtZTL

Supplemental Table 3.1. Genes used in this chapter and their working names. Note

that maize gene names are lower case, and their protein names are upper case, while
Arabidopsis gene and protein names are upper case. In both cases, gene names are

italicized while protein names are not.
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Chapter Four: Bioinformatic identification and characterization of
maize circadian clock genes and grass circadian gene expression

Abstract

The current understanding of the plant circadian clock is primarily based on
research done in the model plant Arabidopsis thaliana. Using the Arabidopsis network
as a basis for characterizing circadian clocks in other species has provided a useful
starting point, but has also shown that some assumptions are incorrect. As circadian
research is done across more plant species, it is becoming increasingly clear that other
plant clock systems are divergent from that of Arabidopsis. Phylogenetic analysis shows
that most grass species have more copies of clock components than Arabidopsis, and
that some Arabidopsis clock components do not have orthologs in grass species. The
analysis presented in this chapter identifies likely maize circadian clock components,
and shows that less essential clock components are more likely to diverge in expression
pattern. This research provides the basis for future in-depth characterization of the
maize circadian clock.

Introduction

Circadian clocks are found across plant species, and are defined by three
consistent molecular characteristics, namely an endogenous rhythm of approximately
24 hours, the capacity to be entrained by external cues, and the ability to maintain
consistent timekeeping in a wide range of temperatures (Harmer, 2009; Hsu and
Harmer, 2014; Nagel and Kay, 2012). The rhythmic waveforms of gene expression
produced by the circadian clock have multiple terms to describe the timing of peak
expression and waveform characteristics (described in detail in Figure 4.1). In
Arabidopsis, over twenty clock or clock-associated components have been identified
and characterized (Table 4.1) (Hsu and Harmer, 2014). Many phenotypic effects and
regulatory interactions are known, and the important gene families have been
characterized. Depictions of the clock, however, vary between papers, and it is difficult
to comprehensively evaluate circadian clock studies (Flis et al., 2015; Hsu and Harmer,
2014; Nagel and Kay, 2012). Research in other species has therefore often focused on
specific gene families deemed particularly important.

Arabidopsis clock system characteristics are used as a basis to characterize
clock systems in other plants. One metric often cited is the percentage of the
transcriptome regulated by the clock, i.e. the proportion of genes that are rhythmically
expressed. Studies in Arabidopsis, however, have shown that this percentage varies
according to the entraining conditions, plant genotypes, experimental protocol, and
analysis methods. If divided by conditional effects, an estimated 15-30% of transcripts
cycle under constant conditions (LL or DD), while under diurnal conditions 30-50% cycle
(Blasing et al., 2005; Covington et al., 2008; Michael and McClung, 2003). Thus,
rhythmic gene expression arises from both circadian clock control and direct responses
to environmental cues in diurnal conditions. The percentage of genes under true
circadian control is lower than the total number of rhythmic genes. Similar percentages
have been seen in studies of other species (Table 4.2). It should be noted that circadian
control is only one component of diurnal oscillations, and that the regulation of
transcriptome dynamics is complex (Nagano et al., 2012).
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Arabidopsis clock component characteristics are also used as a basis to
characterize clock components in other plants (see Chapter One). Brassica rapa,
another species from the Brassicaceae family, appears to have similar clock
components and clock component behavior to Arabidopsis, although some genes are
present in multiple copies (Lou et al., 2012; Xie et al., 2015). In grapevine cultivars (Vitis
vinifera L.), multiple circadian gene homologs were identified, and VvRVET was shown
to oscillate in berry tissues with a pattern similar to A{LHY (Carbonell-Bejerano et al.,
2014). Studies on barley have identified HvCCA1 (Kusakina et al., 2015), HvLUX1
(Campoli et al., 2013), and HvPHYc (Pankin et al., 2014) as core clock components,
while HYPRR37 (Kusakina et al., 2015) is primarily involved in flowering time, and
HVELF3 (Deng et al., 2015) and HvGI (Dunford et al., 2005; Pasam et al., 2012; Wang
et al., 2010) have no clearly identifiable role. Similar studies have been done in the
eudicots tomato (Facella et al., 2008), wild tobacco (Yon et al., 2012), and legumes (Liu
et al., 2009; Weller and Ortega, 2015), as well as the monocots Lemna gibba (Miwa et
al., 2006; Serikawa et al., 2008), wheat (Gawronski et al., 2014), and rice (Izawa et al.,
2011; Murakami et al., 2007; Yang et al., 2013; Zhao et al., 2012).

Variations in clock function are seen in plants with growth habits that differ from
that of Arabidopsis. In chestnut trees, oscillation of circadian genes disappears during
the winter, indicating that winter dormancy is linked to clock dormancy (lbafnez et al.,
2008; Ramos et al., 2005). Studies in poplar have also linked the circadian clock to
other seasonal processes. During winter dormancy, circadian genes no longer oscillate,
but their constant expression levels appear important both for freezing tolerance and
bud burst in the spring (Ibafez et al., 2010). These studies show that the environment
can prevent oscillations, and that circadian clock genes can continue to play important
regulatory roles without their hallmark oscillations.

Some clock research has been done in species quite evolutionarily distant from
Arabidopsis (Supplemental Figure 4.1). Putative circadian clock genes from the
gymnosperm Norway spruce (Picea abies L. Karst) were partially able to complement
Arabidopsis circadian mutant phenotypes, indicating conserved clock component
function (Karlgren et al., 2013). The spruce clock appears to have a similar regulation of
seasonal processes as the poplar clock does, and population-level studies of spruce
find clinal variation in circadian genes (Chen et al., 2012). A transcriptome study in the
gymnosperm Japanese cedar (Cryptomeria japonica (L.f.) D.Don) was able to identify a
network of circadian-clock associated genes, as well as likely core clock genes (Nose
and Watanabe, 2014). During the diurnal cycles, some genes that cycle diurnally in
angiosperms did not in cedar, and a number of cycling genes had no identifiable
angiosperm orthologs. Diurnal rhythms were lost during winter dormancy, similar to the
chestnut and poplar clocks. The two cedar LHY orthologs had different expression
patterns and were also associated with regulating different genes, while the GjZTL
transcripts were found to oscillate.

The moss Physcomitrella patens also has a number of circadian clock gene
orthologs, but lacks TOC1, G/, and ZTL genes (Holm et al., 2010). Because of this, it
has been proposed that the moss clock is simpler than that of angiosperms or
gymnosperms, and potentially represents an ancestral clock form (Holm et al., 2010).
There have, however, been few direct investigations of the moss circadian clock, which
could therefore have evolved other complexities lacking in angiosperms. Green algae
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also lack these three clock gene groups. Cyanobacteria, which are photosynthetic and
share common ancestors with chloroplasts, but are otherwise unrelated to plants,
encode a circadian clock that is regulated entirely at the protein level, which is
composed of three core proteins; KaiA, KaiB, and KaiC (Egli, 2014).

A common theme emerging from these studies is that clock network structure
and clock component function varies the more evolutionarily distant the plants are from
Arabidopsis (Supplemental Figure 4.1). Dicots tend to have conserved clock component
functions, and when these are perturbed, dicots have similar phenotypes to those seen
in Arabidopsis. Monocots may have similar clock components, but the function of these
often differs, and mutant phenotypes vary in strength and directionality. Non-
angiosperm plants have some similar clock components, but the network structure of
the clock likely differs.

Additionally, recent research has shown that domestication also plays an
important role in modifying the clock (see Chapter One). Tomato domestication
selectively fixed an allelic variant of SIEID1, which slows down the clock and allows
tomatoes to thrive under LD conditions (Muller et al., 2015). Breeding barley to grow in
high-latitude short growing seasons selected alleles of evening complex genes that
cause clock arrhythmia (Faure et al., 2012). Domestication has also complicated clock
research at the genomic level, as many crop species are polyploid and therefore carry
multiple copies of clock genes.

The fact that our current understanding of the clock is based on an
undomesticated annual plant has skewed clock research in perennial and crop plants.
The above-mentioned studies and many more indicate that Arabidopsis is the outlier in
more ways than one. This chapter presents evidence from maize supporting this
conclusion by demonstrating that the maize circadian clock has evolved significant
differences compared to the model genetic system, Arabidopsis. Maize circadian clock
genes were identified with phylogenetic and bioinformatic analysis. The genes were
then named according to maize nomenclature rules and paralogy. To obtain expression
data as well as a global overview of diurnal expression in grasses, a RNA-Seq
timecourse experiment in diurnal conditions comparing maize, Sorghum, and Setaria
was performed. This data set will provide a basis for further characterization of the
maize circadian clock and may allow for predictive network modeling.

Results

Diversity and evolution of circadian clock genes in grasses

We used publicly available databases to identify putative homologs of the clock
genes described in Arabidopsis. Multiple well-sequenced dicot and monocot species
were chosen, and protein lists were constructed using NCBI protein BLAST and
Gramene. Protein sequences were used over nucleotide sequences due to the
evolutionary distances between the species used. MAFFT was used to align the
sequences, and RAXML was used to build the trees (for more detail, see Materials and
Methods). Five major clock gene groups were chosen, and the following results are
divided according to group.
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LHY and RVE genes

LHY (LATE ELONGATED HYPOCOTYL) is a Myb transcription factor that is a
core component of all models of the plant circadian clock. Maize has two LHY-like (lyl)
genes, making it unigue among the grasses with sequenced genomes (Figure 4.2),
although two or more LHYs are common in the non-grass species. Both maize and
Setaria had incorrectly annotated gene models that separated their LHYs into two
separate genes. Poplar also has a split gene annotated, and so may only have two
LHY's, and in banana there are three full-length and one short LHY. As with maize and
Setaria, this may be a case of misannotation, or it may be evidence of gene
fragmentation. Soybean has four LHYSs, while most other species featured have one or
two. The duplication that resulted in the LHY named CCA1 appears to be unique to the
Brassicaceae, and both Arabidopsis and Brassica rapa have one copy of LHY and one
copy of CCAT.

Both of the maize lyl genes have clear rhythmic expression patterns with peak
expression beginning around dawn and continuing until three hours after (Figure 4.3.A).
lyl1 has been annotated as two separate genes due to the presence of a large
transposon-introduced intron, so fpkm values from each of these gene models are
presented here. Peak expression of the orthologs seems to be earlier, closer to dawn
(Figure 4.4.A).

The LHY genes are nestled within the larger RVE gene family (Supplemental
Figure 4.2.A), of which RVE4, RVEG6, and RVES are principal clock activators. RVE1,
RVEZ2, and RVE7 form the next most closely related groupings to the LHY genes
(Figure 4.5). These groups have low bootstrap support, and so the names of these
genes may be incorrect. RVE1 appears to only be found in the Brassicaceae. All
grasses have retained two duplicates of the RVE7-like (RE7L) gene after the basal
monocot duplication event, and maize has two further copies from its later duplication
event. Banana has at least three RE7L genes, as well as two identical ones annotated
on different chromosomes. Finally, the RVEZ2 group consists of Arabidopsis and
Brassica rapa, and there is a monocot group of RVEZ2-like (RE2L) genes. These are all
single-copy, including the one maize re?2l.

The single re2l gene has strong rhythmicity, and peak expression at dawn
(Figure 4.3.A). The expression of the re2/ orthologs is consistent in that peak times
appear to be the same, but both orthologs have wider peaks than maize re2/ (Figure
4.4.A). All four re7l genes are also rhythmically expressed, with re7I3 and re7/4 having
three- to five-fold higher peak expression than re7I1 and re7/2 (Figure 4.3.B). The peak
expression time of re7/1, re7/3, and re7l4 is three hours before dawn, and falls off
sharply at dawn. re7/2 peak expression is shifted a little later: it peaks at dawn and only
decreases about three hours after dawn. The orthologs of re7/71 and re7I2 in Sorghum
and Setaria have exactly the same expression pattern as re7/1, but over six-fold higher
expression at peak expression times (Figure 4.4.C). Apart from these high and clearly
defined peaks, expression in the orthologs is as low as in maize. The re7/3 and re714
Sorghum ortholog is expressed at a lower level than either of the maize copies, and
appears to have a slightly earlier peak (Figure 4.4.D). The Setaria ortholog, on the other
hand, has a distinctly earlier peak, by about six hours, which lasts longer than the peaks
of the other genes.
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One of the other major RVE groups is the RVEG6 group. RVE3 and RVES are
nested within RVEG6, and again are only in the Brassicaceae (Figure 4.6). An ancestral
duplication of RVEG6 before the divergence of monocots led to the evolution of two
distinct lineages within angiosperms. This means that in all the species chosen there
are anywhere from two to eight RVEG6 or RVEG6-like (RE6L) genes. Maize has five re6l
genes, of which three are on one branch of the monocot RE6Ls, and two on another.
There are two shorter RE6L genes on very long branches, one each from banana and
Selaginella, which apart from perhaps being incorrectly annotated may or may not
actually belong within this grouping.

Of the re6l genes in maize, only re6/5 shows strong rhythmic expression that
peaks at dawn (Figure 4.3.B). re6/1 has similarly rhythmic expression, but at a much
lower level. re6l4 appears to be expressed rhythmically as well, yet it lacks the distinct
peaks seen in the other two. The last two, re6/2 and re6l/3 are expressed also, and
much less clearly rhythmic than re6/5 and re6/1. The expression patterns of re6/
orthologs correspond quite closely to re6/ genes. The re6/1 orthologs have the same
peak timing as re6/1, and similar expression levels to each other, which are both higher
than re6/1 expression levels throughout (Figure 4.4.B). The Sorghum ortholog of re6/2
and re6/3 is expressed at a similar level and also arrhythmic (Figure 4.4.B). The Setaria
ortholog, on the other hand, has increased expression levels throughout the night.
Finally, the re6l4 and re6/5 Sorghum ortholog has identical timing and phase as re6l5,
while the Setaria ortholog is similarly expressed, but at a higher level and with broader
peaks (Figure 4.4.C).

The final group is the RVES8 group, which consists of one dicot branch and one
monocot branch (Figure 4.7). RVE4 is again Brassicaceae-specific. Within the monocot
RVES-like (RESBL) gene group, there was either a basal duplication with subsequent
gene loss, or specific lineages had later duplications. Rice, Brachypodium, and Setaria
each have two genes with one on each branch, while maize has two genes in one
branch. These genes are local duplicates recently moved via transposons. Neither of
the re8/ genes are expressed (Figure 4.3.C), and this also holds true for both re8/
orthologs (Figure 4.4.D).

At the protein level, all of the maize LHY-like and RVE-like proteins have similar
domains to their Arabidopsis counterparts (Tables 4.1 and 4.3). While this provides
some indication of their functional similarity, there are likely more domains to these
proteins that have not been identified. This is especially problematic in cases like the
RES8L proteins, which are shorter than their counterparts and apparently not expressed,
but their main protein motifs are intact. This makes it difficult to determine whether the
gene models are in fact accurate or not.

PRR genes

In Arabidopsis, five PSEUDO-RESPONSE REGULATOR (PRR) genes act within
the clock and are sequentially expressed over the course of the day. The PRR genes
fall into three main clades, namely the TOC1 clade, the PRR3/7 clade, and the PRR5/9
clade (Supplemental Figure 4.2.B). In order to be consistent with maize nomenclature
rules, all of these genes are named with the suffix ‘-like’ to allow numbering. In other
monocot species, the PRR names are used with prefixes denoting species names (e.g.
OsPRR37), and so these names have been used in the trees.
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Many dicot species have multiple TOC1 genes, whereas the grasses more often
have one copy (Figure 4.8). Maize is the exception to the rule with six TOC1-like (t1/)
genes, and the basal monocot banana has three TOC7s. The six maize t1/s form two
distinct groups. The first group consists of {7/7 and t1/2, which are similar to dicot
TOCT1s. The second group consists of the other t1/s; t1/3, which is quite short, and t7/4,
t115, and t1/6, all of which are long with many exons. The T1L5 and T1L6 proteins are
identical to one another and appear to have recently duplicated via transposons.

t1/1 and t1/2 are both rhythmically expressed, with t71/7 expressed over two-fold
higher at the peak (Figure 4.3.C). Peak expression for both is at dusk, although t7/7 has
a broad peak that spans the six hours before and nine hours after dusk, while t1/2
expression begins to increase at the same time but falls off more sharply after. The
three long t1/s (4,5, and 6) have rhythmic expression that is almost identical: there are
no sharp peaks, but instead an undulation that increases and declines when t7/7 does.
t113 appears to have a similar expression pattern, but is expressed at very low levels.
The t1/ ortholog in Sorghum is both no longer rhythmic and barely expressed (Figure
4.4 E). The Setaria ortholog on the other hand, is clearly rhythmic and more highly
expressed than either maize gene.

The first two maize TOC1-like proteins are similar to the Arabidopsis TOC1
protein (Tables 4.1 and 4.3), as both have response regulator receiver domains and
CCT motifs. The T1L3 protein may have a response regulator receiver domain, but also
does not have a CCT motif, possibly due to its short length. The T1L5 protein does not
have any recognizably TOC1-like motifs, but instead has an 1Q motif. Both T1L5 and
T1L6, being identical, either have a response regulator receiver domain, a myosin motor
domain, and an |Q domain or both of the latter without the former. These domain
identifications are likely due to the lack of well-studied plant-specific protein domains.
The results do, however, indicate that t1/4-6 differ fundamentally from the other 1/
genes.

In the PRR3/7/37/73 clade, many dicots have duplicate PRR7 and PRR3 genes,
and the split between PRR3 and PRRY7 appears to be basal within the dicots (Figure
4.9). Arabidopsis and tomato have only one of each, while poplar appears to have lost
its PRR7 genes. In monocots, the genes from the basal monocot duplication have also
been given different names, with one duplicate branch called PRR37 and one called
PRR73. This was done on the basis of protein similarities to either PRR3 or PRR7
(Murakami et al., 2005), but given that the dicot and monocot divisions were
independent, the distinction is somewhat misleading. There are three maize genes that
fall within this group, two within the PRR37s, and one within the PRR73s. Selaginella
has retained two PRR7 genes, perhaps indicating two copies are necessary for
functionality.

p3711 is expressed more highly than p37/2, and both are rhythmic (Figure 4.3.D).
Peak expression time is midday. The p73/ gene is also rhythmically expressed, and
peak expression is similarly timed (Figure 4.3.E). Expression levels remain higher for
longer than those of either p37/ gene. The p37/ ortholog in Sorghum has a similar
expression pattern to p37/1, while the Setaria ortholog is no longer expressed (Figure
4.4.E). Both p73/ orthologs have very similar expression patterns to p73/ (Figure 4.4.F).
The Setaria ortholog is almost identical, while the Sorghum ortholog has slightly higher
expression levels.
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In the PRR9/56/95 clade, it can be seen that the dicot PRRS group nests within
the PRR9 group, indicating this was a more recent evolutionary innovation (Figure
4.10). Arabidopsis is the only dicot to have one copy of PRRS. All of the monocot genes
group outside both of the dicot groups, and have been named PRR95. There are two
maize genes within this group, GRMZM2G 179024 (p95/1) and GRMZM2G367834
(p9512), which are paralogs of each other. This appears to be a recent duplication, as
none of the other grasses have more than one copy.

The two prr95/ genes are rhythmically expressed, and have more similar
expression levels than many other paralogs shown here (Figure 4.3.F). At the peak
expression time, around mid-afternoon, p95/7 expression is approximately twice that of
p95/2. Both orthologs have similar expression patterns and higher levels at the peak
than either maize gene (Figure 4.4.G).

There are two further groupings within the PRRs (Figure 4.11). One consists of
the PRR2 and PRR4 genes, which are generally not considered circadian genes. The
important rice flowering time regulator Ehd1 (Os1090463400), however, is a PRR4 and
falls within this clade. There is a single maize counterpart to this gene,
GRMZM2G379656 (p4l). The other group is entirely composed of monocots, and these
genes are named PRR59s. This group is evolutionarily distinct from the PRR9/5/95
group, making this name somewhat misleading, however the two maize genes within
the group are accordingly named prr59-like1 (p59/1) and p59I2.

The p4/ gene is not expressed, and given its similarity to Ehd1, may only be
induced at certain developmental times (Figure 4.3.D). Both p4/ orthologs also were not
expressed during the timecourse (Figure 4.4.G). p59/ expression is timed the same as
p95l, and the two paralogs have similar expression patterns to those seen with the p37/
genes (Figure 4.3.E). Unlike those genes, however, p59/2 remains expressed during
trough times when p59/1 expression approaches zero, meaning that which p59/ is more
highly expressed fluctuates over the course of the day. The Sorghum ortholog has the
same peak expression time, but differently shaped troughs than either maize gene
(Figure 4.4.F). The Setaria ortholog has the same peaks as p59/1, as well as troughs in
which expression continues at a consistent level, as it does in p59/2.

For the most part, the maize PRR-like proteins contain all the same motifs as the
Arabidopsis PRRs (Tables 4.1 and 4.3). This indicates the gene models are complete,
and may indicate that the proteins function similarly. The one notable exception to this is
P4L, the ortholog of rice Ehd1. As the Ehd1 protein does contain the normal PRR
domains, this either means that the p4/ gene model is incomplete or that the gene is in
the process of being lost.

Gl genes

GIGANTEA (Gl) genes are conserved throughout vascular plants, and maize has
two gi genes, namely gi1 and gi2. As can be seen from the tree, both are quite similar to
their Sorghum counterpart (Figure 4.12). Apart from maize, all of the grasses have one
G/ copy, while many of the dicots have two or three. At least in the species chosen
here, Arabidopsis again appears to be an exceptional case, being one of the few
species with a single G/ gene.

Banana likely also has three GlIs: the two labeled “split” are directly adjacent to
each other on chromosome 10. They may in fact be one recently split Gl that is no
longer functional, or they may be misannotated. Without expression-level support for
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these gene models these two cases are difficult to distinguish. In constructing the gene
list, other species also were listed as having more G/ paralogs than present on this
gene tree. These paralogs, however, were approximately 100 amino acids long and
clearly not full-length GI proteins. In the case of soybean, this paralog
(GLYMA02G08680) sits within a domain in which about fifty other equally short genes
are annotated. There is EST support for many of them, and for this one that support
extends to maize and Arabidopsis, but larger exons do not appear to be present. There
are multiple possible explanations for this, including that this G/ is in the process of
fragmentation or that this represents one small functional domain that remains
expressed and active.

The expression patterns and levels seen for the two gi genes confirm previous
findings that the gene on maize subgenome 2 is more highly expressed than that on
subgenome 1 (Figure 4.3.F). At the peak times of expression, gi1 levels are four-fold
higher than those of gi2. In comparison to the other circadian genes presented here, the
gis have very broad peaks, especially gi1. Although the maximum expression level is in
the late afternoon, relatively high expression levels are seen throughout the day, with
gi1 having a trough that only seems to span a couple hours before and after dawn. Both
gi orthologs have higher expression levels than gi1, and similar slightly broader
expression peaks to each other (Figure 4.4.H).

There are no protein motifs or domains that can be identified in Gl (Tables 4.1
and 4.3). From the alignments, however, GI1 and GI2 appear to be complete relative to
Arabidopsis Gl (Chapter Three).

Evening complex genes: ELF3, ELF4, and LUX

In Arabidopsis, the evening complex is a trimeric protein assembly composed of
the EARLY FLOWERING 3 (ELF3), ELF4, and LUX ARRHYTHMO (LUX) proteins that
represses circadian gene expression in the evening. Maize has two ELF3 genes,
GRMZM2G045275 (ef311) and AC233870_1_FGO003 (ef3/2). Both genes are on maize
subgenome 1, and neither has a direct paralog. From the tree, it can be seen that this is
the result of a duplication of ELF3-like (EF3L) genes in the monocots (Figure 4.13).
Sorghum and Setaria each have two EF3Ls, with one grouping with each maize copy
while Brachypodium only has one EF3L that groups with ef3/2. Rice has two EF3Ls that
are closely related, and have been characterized as OsELF3-1 (Os0690142600, Hd17,
Ef7) and OsSELF3-2 (Os01g0566100) (Fu et al., 2009; Matsubara et al., 2012; Saito et
al., 2012; Yang et al., 2013; Zhao et al., 2012). Both are more closely related to maize
ef3l1, indicating that this may be the maize ef3/ active within the clock, light signaling,
and flowering time.

The expression of the ef3/ genes is rhythmic, although the peaks are quite
irregular (Figure 4.3.G). Interestingly, ef3/1 has peak expression around dawn, while
ef312 peaks in the early night. The Setaria ortholog of ef3/7 has both similar expression
pattern and expression level, while the Sorghum ortholog has narrower peaks and
deeper troughs (Figure 4.4.H). The orthologs of ef3/2 are somewhat different: the
Setaria ortholog has higher expression throughout, but narrower peaks, while the
Sorghum ortholog seems to have broader and somewhat later peaks (Figure 4.4.1).

The ELF4 gene tree is somewhat more complicated than the ELF3 gene tree, as
Arabidopsis ELF4 belongs to a gene family also containing ELF4-like 1 (EF4L1), EF4L2,
EFA4L 3, and EF4L4 (Supplemental Figure 4.2.C). ELF4 and EF4L1 are members of one
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clade (ELF4/EF4L1 clade), while EF4L2, EF4L 3, and EF4L4 belong to another
(EF4L2/EF4L3/EF4L4 clade). To distinguish non-dicot ELF4-like genes, the
nomenclature ELF4-related (EF4R) is used. As well as distinguishing them, this
nomenclature also indicates the evolutionary relationships more clearly, as none of the
monocot, Amborella, or Selaginella genes have clear dicot counterparts, and naming
them ELF4-like would lead to confusion.

The ELF4/EF4L1 clade contains only dicots, indicating this clade is unique to the
dicots (Figure 4.14). Although there is also an Amborella gene that groups with this
clade, it sits on a very long branch. Most grass genes fall within the
EF4L 2/EF41 3/EF4L4 clade, including two maize genes (Figure 4.15).
GRMZM5G877647 (ef4r3) and GRMZM2G025646 (ef4r4) are both members of this
clade, but each has lost their paralog (Table 4.3). ef4r3 appears more similar to the
dicot EF4L genes, while ef4r4 sits out on a long branch with other single-copy grass
EF4R genes.

A further clade basal to both others was seen in constructing this tree (Figure
4.15). This clade appears to be monocot-specific, and contains two maize genes,
GRMZM2G382774 (ef4r1) and GRMZM2G359322 (ef4r2), which are paralogs of each
other (Table 4.3). While these genes are commonly annotated as ELF4 in other
monocots, this tree clearly shows that they are most closely related to dicot EF4L genes
2-4. It appears that monocots do not possess “true” ELF4s.

Of the ef4r genes, ef4r1 is the most clearly rhythmic (Figure 4.3.G). ef4r3 also
shows some rhythmicity, which is echoed by ef4r4 at a much lower level. The ef4r2
gene was not expressed throughout the timecourse, and may be in the process of being
lost from the genome. The Sorghum ortholog of ef4r1 has similar expression levels with
slightly more pronounced peaks, while the Setaria ortholog has higher peaks than all
the other genes, but matching troughs (Figure 4.4.1). ef4r3 only has a Sorghum
ortholog, which has somewhat higher arrhythmic expression. There is also only a
Sorghum ortholog of ef4r4, yet interestingly it shows clear rhythmicity with a sharp peak
at dusk (Figure 4.4.J).

LUX/PCL1 is again a simpler story, with only one gene present in maize (Figure
4.16). Many non-dicot genes are currently annotated as PCL-like, but given that this is
an alternative name for the Arabidopsis BOA gene, here all non-dicot genes are
renamed LUX-like (LXL) to avoid confusion. GRMZM2G067702 (Ixl) has single
orthologs in all other grass species included in the tree. Only soybean, banana, poplar,
and tomato have two copies of LUX. The BOA/PCLL gene duplication appears to be
Arabidopsis-specific, with even Brassica rapa not having a copy (Lou et al., 2012). This
could mean that the role of BOA within the clock is not essential, or that Arabidopsis has
subfunctionalized LUX function over two genes.

The expression of Ix/ is rhythmic, and has clearly defined peaks at dusk (Figure
4.3.H). Both orthologs have similar waveforms, although the Sorghum ortholog is
expressed at the same levels as maize and has a slightly broader peak (Figure 4.4.K).

Both EF3L proteins appear to be complete, although ELF3 proteins have no
identifiable protein domains (Tables 4.1 and 4.3). The EF4R proteins also seem to be
correctly annotated, and all four contain the DUF1313 domain that is the hallmark of
ELF4 and ELF4-like proteins. The LXL protein contains the correct domain, yet is
substantially shorter than that found in Arabidopsis.
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ZTL, FKF1, and LKP2 genes

The three closely related genes ZEITLUPE (ZTL)/ADAGIO 1 (ADO1), LOV
KELCH PROTEIN 2 (LKP2)/ADAGIO 2 (ADO2), and FLAVIN-BINDING, KELCH
REPEAT, F-BOX 1 (FKF1)/ADAGIO 3 (ADOQ3) are essential to clock protein turnover
and also involved in flowering time processes. Of the three gene groups, the ZTL group
of genes has undergone the most expansion. Some species, such as soybean, carry up
to four copies. In the grasses, a similar early duplication of genes as that seen in ELF3
is visible, and many of the genes have been retained (Figure 4.17). Throughout the tree,
the ‘-like’ suffix is used for monocot, Amborella, and Selaginella genes, and the ZTL,
LKP2, and FKF1 names are preferentially used over the ADAG/O names.

Brachypodium and rice each have two ZTL-Like (ZLL) genes, one each from the
early duplication. Sorghum and Setaria also have two evenly divided among the
branches, while maize has four, two copies per branch. Each of the maize pairs
represents both paralogs, meaning that this is one of the few maize gene groups in
which all duplicates are present. One of the maize genes, z/l/4, is quite short. It appears
to be a part of a larger gene from expression data, but as with the short G/ paralog in
soybean, it is in a region where many small genes are annotated. This makes it difficult
to determine what exactly is happening, but it is on the fractionating maize subgenome
2. The LKPZ2 gene group only consists of Arabidopsis and Brassica rapa, making this
another gene group in which Arabidopsis is an outlier.

The two pairs of zll paralogs each have one gene that no longer appears to be
expressed, namely z/l1 and zll4 (Figure 4.3.H). z/I3 is the most highly expressed of all of
them, and is expressed throughout the day, with peak expression soon after dawn. z/I2
is also expressed throughout the day, but peaks at dusk. The Sorghum ortholog of z/I3
peaks at the same time and is expressed at approximately the same level (Figure
4.4.). The Setaria ortholog, on the other hand, has lower peaks that are shifted six
hours earlier, and longer trough times. The orthologs of z//7 and z//2 are more similar to
each other than to the maize genes, although they are also expressed throughout the
day (Figure 4.4.K). Both peak around midnight rather than at dusk. The Sorghum
ortholog of z/I3 peaks at the same time and is expressed at approximately the same
level. The Setaria ortholog, on the other hand, has lower peaks that are shifted six
hours earlier, and longer trough times.

Maize has two FFL genes, GRMZM2G 107945 (ffl1) and GRMZM2G 10636 (ffl2),
which are paralogs of each other. This seems to be unique among the grasses, as none
of the others have more than one FFL gene. Dicot species also have two or less, and
Brassica rapa has none. Both ffl1 and ffI2 peak in the mid-afternoon, and otherwise
have very similar expression patterns (Figure 4.3.1). ffl2 is more highly expressed at
peak times even though it is located on maize subgenome 2. The Sorghum ffl ortholog
has identical expression patterns and levels to fll1, while the Setaria ffl peak is slightly
higher than all the rest (Figure 4.4.L).

All of the ZLL proteins contain some of the domains found in Arabidopsis ZTL
(Tables 4.1 and 4.3). ZLL2 appears the most similar, as it has the same number and
order of Kelch repeats. Of the others, ZLL3 also appears similar, yet has an extra Kelch
repeat. The ZLL1 protein is both shorter than the other two, has a different Kelch repeat,
and seems to lack the PAS domain, perhaps indicating an incomplete gene model.
Finally, ZLL4 appears to consist of a single Kelch repeat and therefore either is a
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misannotated or fragmented gene. Both FFL proteins contain all the domains of FKF1
and appear complete.

RNA-Seq reveals the diel expression patterns of grass genes

In order to characterize the expression patterns of grass genes under diurnal
conditions, we did a RNA-Seq timecourse experiment. This experiment was done to
figure out multiple questions, including whether the types of genes under maize
circadian control are different from those under circadian control in close relatives of
maize. The data allows comparison of rhythmic behavior between orthologs, and could
provide the basis for predicting circadian regulatory networks. Reference lines for each
grass species were chosen; B73 for Zea mays, BTx623 for Sorghum bicolor, and Yugu1
for Setaria italica. We chose day-neutral LD conditions (12 hour light, 12 hours dark)
with warm-cool cycles, because all three species grow well under these conditions.

RNA-Seq rhythmic analysis

As well as being used to obtain expression information for all of the maize genes
of interest, the RNA-Seq dataset was used to analyze phase, period, and amplitude.
Period estimates for genes in each of the filtered datasets were quite similar, with most
genes having an estimated period of 24 hours. The next largest bin for each was 27
hours, and this was similar across all three species (Figure 4.18).

After all periods were adjusted to 24 hours, the phase bins for each species were
graphed. Of genes with diel rhythmic expression, most showed peak expression in the
evening for all three species. Setaria had no clearly predominant phase bins, while
Sorghum had a few, and maize had about five (Figure 4.19). It is unclear whether this
indicates differences in circadian system organization between the species or is an
effect of the analysis method.

Overall, maize had 38.7% rhythmic genes, Sorghum had 60.25%, and Setaria
had 52.8%. These percentages are all within the ranges of those reported in other
species. The somewhat higher percentages seen in Sorghum and Setaria may indicate
that these species are more responsive to diurnal cues than maize.

When the phase information is grouped by orthology, it can be seen that there
are only a few cases in which the same phase is estimated across all genes in all
species (Table 4.4). Most of the phase difference estimates are, however, quite small.
Comparison to the expression graphs shows many cases in which peaks are apparently
uniform between species, but phase differences are called. This is likely in part due to
differences in peak shape, as can be seen clearly in the t1/1/2 graph (Figure 4.3.C), but
may also indicate the algorithm is problematic. Nevertheless, those graphs that showed
clear visual differences between peak timing are called as having different phases, such
as re713/4 and zII3/4.

The lyl genes illustrate one of the issues that misannotated genes can cause:
one half of lyl1 (GRMZMZ2G474769) was called as having a phase of 1.5, while the
other half (GRMZM2G175265) has a phase of 0 despite appearing to have the same
peak timing on the expression graph. Depending on which gene is used, the orthologs
therefore either appear to have the same phase or to be shifted. The two Setaria
orthologs (Si0713398m and Si014685m) both have a phase of 0, perhaps because their
expression patterns are almost identical where the t7/7 expression patterns differ
slightly.

121



Discussion

As demonstrated here, the lyl genes, the re6l genes, most prr-like genes, the gi
genes, the ef3/ genes, the Ix/ gene, and some zl/l genes are likely to be active in the
maize circadian clock. While some of the other gene groups may also play roles within
the clock, they are either expressed differently than their Arabidopsis orthologs or
evolutionarily distant from them. Of the gene groups with multiple copies, often more
than one have rhythmic expression over a 24 hour period, as well as having the same
protein domains as the Arabidopsis protein. It is likely that the characteristics and
regulatory relationships of maize core clock genes and proteins are similar to those
seen in Arabidopsis, and where multiple copies are present, that they all have similar
roles. The genes with less essential roles likely differ between species. These findings
illustrate the utility inherent to characterizing the clock in more than one species:
multiple functional copies could allow more accurate differentiation of input signals or
specialized regulation of output control. Moreover, those genes with limited function in
the clock of one species are unlikely to have conserved functions across species
boundaries.

The LHY tree shows that duplicates of this gene are present in many species, but
the duplicate lineage named CCA1 is unique to the Brassicaceae. Many core oscillator
studies in Arabidopsis have focused on CCA1 over its partially redundant homolog LHY,
and so LHY function remains under-characterized. CCA1 is, however, a LHY duplicate,
which could mean that the partial redundancy seen in Arabidopsis is present in other
species when multiple LHYs are present. The expression of the lyl genes is similar to
the Arabidopsis LHY expression pattern, which provides one line of evidence indicating
that these genes have comparable functions within the circadian clock. Arabidopsis
LHY, however, peaks at dawn like the Setaria and Sorghum orthologs (Flis et al., 2015).
This could indicate a difference in regulation has evolved in maize, or be linked to the
differential response to day length or light signals likely present across the grasses.
Another line of evidence linking the lyl genes to the maize circadian clock is seen when
gi1 mutants are grown in constant light conditions: both /ly/7 and ly/2 have altered
expression patterns (Chapter Two).

Of the many RVEs, only RVES8, RVEG6, and RVE4 are considered principal clock
activators in Arabidopsis (Chaudhury et al., 1999; Kuno et al., 2003; Rawat et al., 2009,
2011; Zhang et al., 2007). They appear to act partially redundantly, with only the triple
mutant having a significantly longer phase than wild type plants (Hsu et al., 2013). In
maize, only one of these groups is a viable component of the circadian clock, namely
the re6l genes. RVE4 is specific to Brassicaceae, and both maize re8/ genes are not
rhythmic. The re6/ genes have expression patterns similar to those described for
AIRVES, with peaks at dawn. In addition, re6/5 represents one of only a few cases
found here where the gene on maize subgenome 2 is more highly expressed than its
paralog on maize subgenome 1: the other two cases are gi71 and z//2. Two other gene
groups, re2l and re7l, have multiple rhythmic genes. This could indicate that these
genes are involved in the clock in monocots.

In terms of tree building, the larger RVE/LHY protein tree has the least bootstrap
support. Multiple branches have values under 50 associated with their nodes, indicating
they are likely wrong. This explains the appearance of the overall tree too, with each
group diverging from the next, and few clearly related groups (Supplemental Figure
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4.2.A). There are only three nodes with reasonable bootstrap support: the node
between the RESL group and the RVE1 group (70%), the node between the RVE2
group and the LHY/LYL group (67%), and the split between the dicots and monocots
within the LHY/LYL group (97%). Many of the branches at the ends of the groups are
well supported, but the otherwise low values indicate the uncertainty of the overall
topology of this gene tree.

The PRR tree shows the early divergence of the TOC17 genes, and the
subsequent split between the PRR3/7 clade and the PRR5/9 clade (Supplemental
Figure 4.2.B). Maize appears to be unique in having not only two TOC17-like genes
similar to other TOC7s, but also four more divergent genes. The t71/1 and t1/2 genes
may be active within the circadian clock, but the function of the more divergent genes
will need to be determined experimentally because there are no orthologs of these
genes in other species. Both t1/1 and til2 have altered expression patterns in gi1
mutants grown in constant light, which may indicate they are involved in the maize
circadian clock (Chapter Two). The T1L1 and T1L2 proteins have the same domains as
Arabidopsis TOCA1.

As well as these genes, maize also has many other PRR genes, almost all of
which are rhythmically expressed and appear to be functional. Those prr-like genes that
correspond to the ones active within the Arabidopsis and rice clocks show similar
sequential expression peaks. Expression of the p73/ gene is altered in gi mutants grown
under constant light conditions, indicating this gene may play a role in the maize
circadian clock (Chapter Two). The expression patterns of the prr59/ genes and their
orthologs suggest the intriguing possibility that peak and trough expression phases are
under separate control. Perhaps the maize gene duplication allowed these forms of
control to be applied to two separate genes.

The GOLDENZ2-LIKE1 (GLK1) and GOLDENZ2-LIKE2 (GLK?) clade is nestled
within the clade containing PRR4 and PRR2 (Supplemental Figure 4.2.B). It was
omitted from the PRR tree to improve clarity, but provides a further indicator of the
importance of this clade that is often overlooked in circadian contexts. GLK7 and GLK2
are highly conserved transcription factors that regulate chloroplast development and
chlorophyll (Yasumura et al., 2005). The two genes act partially redundantly in C3
plants, spatially distinctly in C4 plants, and integrate external and internal signals (Wang
et al., 2013). Previous phylogenies have shown their close relation to RR genes
(Yasumura et al., 2005), but the relationship with clock components has not been
further investigated. A recent study characterizing transcriptome dynamics in developing
maize leaves showed that expression levels of both maize GLK7 and GLKZ2 are
modulated by light and dark (Yu et al., 2015), while a tomato study showed that GLKs
played a role in fruit ripening (Nguyen et al., 2014). While neither of these studies
directly links GLKs to the circadian clock, they suggest that members of this gene family
act to regulate development in response to environmental conditions.

The ELF3 tree shows that duplication is a common theme throughout evolution,
and two, three, or even five copies can be retained. In fact, only Arabidopsis (Hicks et
al., 2001), poplar (Keller et al., 2012), Amborella, and Brachypodium have a single
ELF3 copy. Three out of these four species have been chosen as models for biological
study, and at least this small sample would suggest that their lone ELF3s are the
exception rather than the rule.
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There are two elf3-like genes in maize, both of which have lost their paralogs.
The expression patterns of these genes are quite irregular in comparison to other
circadian genes, but actually AtELF3 has a similarly odd pattern (Flis et al., 2015). The
different peak times of ef3/7 and ef3/2 may indicate that after the early duplication of the
ef3l genes in grasses the regulatory control of the genes evolved in different directions.
On the basis of expression pattern and evolutionary relationship, ef3/1 appears to be
the more likely candidate for a circadian gene. On the basis of protein interactions,
however, EF3L2 is the more likely candidate, because it had a clearer interaction with
Gl1 and GI2 (Chapter Three).

The ELF4 tree indicates there are no true ELF4 genes in grasses. It is unclear to
what extent other genes within the clade are involved in the Arabidopsis clock, so
making predictions about what this would mean for evening complex formation is
difficult. None of the maize ef4r genes display expression patterns similar to Arabidopsis
ELF4, although a couple of the orthologs in Sorghum and Setaria have the same well-
defined peaks (Flis et al., 2015). The ef4r3 and ef4r4 genes are the two most closely
related to Arabidopsis ELF4, and show some rhythmicity, so perhaps these are the two
most similar in function. The EF4R2 protein was tested for interaction with the GI1 and
GI2 proteins, and showed moderate interaction with the N-terminal domain of GI1
(Chapter Three). In the EF4R and EF4L2/3/4 protein subtree (Figure 4.15), there are
branches with low bootstrap support, indicating these relationships are unresolved.

All of the LUX genes are considered members of the larger RR-PRR gene family
by the Gramene Plant Compara function. This is interesting for two reasons: firstly,
because this link is not one that is often discussed, and secondly, because there are
many similar looking genes that are not actually members of the smaller LUX clade.
Previously published papers on LUX in other species have stated there are many more
copies of LUX in maize (Campoli et al., 2013) in part for this reason. In terms of
expression, all of the Ix/ genes show quite similar patterns to Arabidopsis LUX (Flis et
al., 2015).

There appear to be two functional z/l genes in maize, as well as two functional ffl
genes. All of these genes have rhythmic expression patterns, which is unlike
Arabidopsis ZTL, but similar to ZTL genes studied in cedar. In protein interaction tests,
ZLL3 was shown to be a strong interaction partner with GI1 and GI2 (Chapter Three). It
is tempting to speculate that this strength might be due to the additional Kelch repeat,
as interactions with AtZTL were less strong. The z/I3 gene is also the most highly
expressed of the z/l genes.

The tree was trimmed of the most closely related clade of genes for greater
clarity, much as the PRR tree was trimmed. This clade consists of F-box genes, in
dicots called FBK21 and in non-dicots here designated F27L (Figure 4.20). The split
between this clade and the clade containing ZTL, LKP2, and FKF1 is an ancient one, as
Selaginalla contains one of each gene type. There is one f21/ gene in maize,
GRMZM2G121096.

Early analysis of phase differences among maize, Setaria, and Sorghum
indicates that, in many cases, the rhythmic expression of orthologous clock genes are
similarly phased. When there are differences, the shifts in phase are minor (shifted by
less than two hours towards dawn or dusk. Larger phase differences among orthologs
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were often seen in genes that are less well studied and characterized, such as the re7/
genes.

One possibility is that these less studied genes play ancillary roles in the
circadian clock, allowing them to evolve different expression patterns without causing
disruption to circadian clock function. Another possibility is that the phase shifts
observed for some of these genes are adaptive, and reflect the different growth habits
and domestication history of each species. Whereas many functional studies have
focused on the highly conserved clock components across species, investigations of
these genes that have evolved different expression patterns could yield exciting new
discoveries about the role of the circadian clock in plant environmental adaptation and
domestication.

Materials and Methods

Creation of protein lists and tree building

Protein lists were created using NCBI protein BLAST (BLASTp) default settings
and the Gramene (ensemble.gramene.org) Plant Compara function. The Arabidopsis
clock proteins were used as starting points for BLASTp (Table 4.1), and non-redundant
protein sequences of the target species were chosen as the search set. The top
BLASTDp results by coverage and e-value were chosen, and the protein sequence was
obtained from UniProt. Where there was no UniProt listing, the gene was identified in
Gramene using the chromosomal location provided by the GenelD listing.

As well as further BLASTp searches, the Gramene Plant Compara function was
used to find within-species paralogs and between species orthologs. Although the
ortholog search was not always thorough between monocots and dicots, it provided a
starting point and means to verify BLASTp results. The paralog function was used to
find other members of the family within species, and often identified genes BLASTp did
not. This was especially helpful for the two larger trees (Supplemental Figure 4.2.A, B).
Throughout, the Gramene gene name was used to identify sequences for consistency.

For maize genes that were already known to be misannotated from previous
studies, a more complete sequence was used to build the tree. Where possible, this
sequence was constructed from translated mRNA.

Once a protein list was made, it was aligned using the MAFFT online tool
(mafft.cbrc.jp/alignment/server) set to G-INS-1 (progressive method with an accurate
guide tree) with an Unalignlevel = 0.4. These settings were chosen because of the
evolutionary distance between the protein sequences, although the Auto method
produced similar results.

The MAFFT online tool was then used to build an average linkage (UPGMA)
tree, which was viewed using Archaeopteryx. On the basis of this tree, the protein list
was iteratively refined. For example, the PRR protein list originally also contained RR
proteins, as the PRR clades fall within the larger RR protein family. Using the UPGMA
tree as a guide, proteins that fell within RR clades could be removed. As many of the
proteins were either unannotated or only annotated with their protein motifs, this
procedure allowed accurate selection, which would otherwise not have been possible.
Then another alignment was made and another tree built to check where the remaining
proteins dell, and this was done repeatedly until the protein list only contained the
proteins of interest.
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In order to build a tree, the FASTA-formatted alignment from the MAFFT online
tool was then analyzed using the CIPRES server to run RAXML-HPC BlackBox
(embnet.vital-it.ch/raxml-bb/). The options chosen were protein sequence type, no
estimate of proportion of invariable sites, JTT protein substitution matrix, no use of
empirical base frequencies, fund best tree using maximum likelihood search, and let
RAXML halt bootstrapping automatically. The first tree shown is from the output ‘Best
Tree’ file, which was edited using Mesquite to display branches proportional to their
length, and to list branch lengths on the tree. All branch lengths were scaled by
multiplying by 100. Note that these branch lengths represent amino acid changes rather
than evolutionary distance. The second tree shown is from the output ‘Bipartitions’ file,
and bootstrap values shown are percentage support from 1000 rapid bootstrap
inferences.

Despite best efforts to obtain a complete list of unique genes, it is possible that
some gene copies have been missed or that duplicate genes may still be present. The
methods used were not exhaustive, and more importantly, genome assembly is
continually evolving. The species represented on trees were chosen for the quality of
their genome sequencing and annotation, but with every new genome release come
alterations. In some cases, the RAXML tree revealed highly similar copies (short branch
length, polytomous branching), which were compared by protein BLAST, and if
alignment scores were >=200 and identity was over 95%, were removed. In these
cases, the tree was edited to remove that branch in Mesquite, and the other gene
annotation was added to the remaining gene left on the tree. This was particularly the
case with the Selaginella genes, as often two copies were found when the literature
stated one was present (Satbhai et al., 2011). It is unclear whether these two copies are
protein isoforms, mis-assembled, or in fact true extra copies, but in any case the extra
copies were removed for greater visual clarity.

Naming maize genes and finding protein domains

Genes were named according to maize nomenclature rules, which specify that
maize genes have lower-case names and paralogs are denoted with numbers (see
http://www.maizegdb.org/nomenclature). Genes located on maize subgenome 1 were
numbered as 1, and genes located on subgenome 2 were numbered as 2. The gi genes
are an exception to this, as they had already been published. Where direct paralogs
were not present, genes were numbered sequentially. In addition to this, previous
naming conventions were upheld. For example, monocot PRRs are named PRR37 or
PRR73 instead of PRR3 and PRR7 (Murakami et al., 2003). Previous working names of
genes as well as their subgenome are listed in Table 4.5. Protein domains were
checked using the Prosite (prosite.expasy.org) and Pfam (pfam.xfam.org) websites.

RNA-Seq Experiment

For the RNA-Seq experiment, reference lines for each grass species were
chosen; B73 for Zea mays, BTx623 for Sorghum bicolor, and Yugu1 for Setaria italica.
Plants were grown in day neutral LD conditions, with 12 hours of light and 12 hours of
dark. A walk-in growth chamber was used that Provided white light at about 440 pmol
photosynthetlcally active radiation (PAR) m™” s™ at shelf level and about 698 pmol PAR
m” s at top height of B73 plants. As B73 plants were 2-3 times the height of BTx623
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and Yugu1, they received greater light intensity. Daytime temperatures were between
26°C and 28°C (depending on shelf) and nighttime temperatures were 22 °C.

Samples were taken every 3 hours over 72 hours. Each sample consisted of a
pool of 4 (B73, Yugu1) or 2 (BTx623) entire fully expanded third leaves. The difference
in number was due to different germination efficiencies of seed stocks. Leaves were cut
off with fresh razor blades for every timepoint and genotype, and only those plants were
used that had fully expanded third leaves — any plants developmentally behind were
omitted. Different plants were used at every timepoint. Once leaves were harvested,
they were wrapped in aluminum foil and immediately frozen in liquid nitrogen.

Frozen leaf samples were then hand-ground with a pre-chilled mortar and pestle.
Ground samples were then quickly distributed into two separate 1.5ml microcentrifuge
tubes, with approximately 500 pl of B73 tissue per tube and approximately 250 pl for
both other genotypes. Tubes were immediately placed on dry ice. Total RNA was
purified with TRIzol using a modified version of the manufacturer’'s recommendations.

Once purified, RNA was NanoDropped to determine concentration and purity. If
samples were found to have Azsonm/A230nm Values under 1.9, they were precipitated
using both 3M sodium acetate and ethanol. For those samples where both extractions
had concentrations below 400 ng, the two separate extractions were pooled before
precipitation. RT-gPCR was performed on putative maize circadian genes using the B73
samples as described in Chapter Two to test expression patterns and levels. RT-gPCR
traces were rhythmic across all three days, with no uneven oscillations or outlier
samples, and so RNA was packaged and sent to the Schnable lab.

RNA library preparation was done in the Schnable lab according to the published
protocol from the Brutnell lab (Wang et al., 2011a). Libraries were multiplexed, and half
were sent to Cornell for sequencing, half to UC Davis. Alignment of raw reads and
FPKM calculation was done in the Schnable lab using GSNAP, SAMTOOLS, and
CUFFLINKS (Li et al., 2009; Trapnell et al., 2010; Wu and Nacu, 2010). JTK-cycle
analysis was done in the Harmon lab using the default settings(Hughes et al., 2010).
Datasets were filtered and adjusted according to Hsu and Harmer (Hsu and Harmer,
2012). Genes with an amplitude of N/A were discarded, as they mostly had FPKM
values of 0. Then, those genes were chosen that had estimated period values between
20-28 hours, and adjusted p-values that were less than 0.05. This rhythmic dataset was
then adjusted to circadian time (CT) so that all period and phase values were within a
24-hour reference frame ((ZT phase/period)*24 = CT phase). This was done using the
ratio of the estimated period to 24 hours.

Spreadsheets of paralogs generated by James Schnable and constructed trees
were used to identify paralogs in Sorghum and Setaria, and then phase was identified
from the rhythmic datasets described above. Where needed, Phytozome'’s tBLASTn tool
was used to search the Sorghum bicolor v2.1 genome for the Sobic names of genes.
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Figures
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| period
amplitude
|
|
B

Figure 4.1. A) Period is the time in which one complete cycle occurs, phase is the time
of day at which an event occurs, and amplitude is half the distance between the peak
and the trough of the cycling output. B) Zeitgeber time (ZT) is used to denote the time at
which an external stimulus provides the clock with information. Here, the entraining
factor is light and a 12 hour day/12 hour night photoperiod is shown, so ZT0 = dawn and
ZT12 = dusk. As the photoperiod changes, the ZT time referring to dusk also changes.
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Figure 4.2 (this page and previous page). LHY protein subtree (see Supplemental
Figure 4.2.A). Maize gene branches are highlighted in green, as are maize genes. On
this page, numbers indicate percentage bootstrap values from 1000 rapid bootstrap
inferences. On previous page, numbers indicate estimated branch lengths.

130



lhy-like
1000
—e- lyl1-175265
800 -o— lyl1-474769
—— lyl2
» 600
£
=
£ 400
200
0
6 12 18 24 30 36 42 48 54 60 66 72
ZT
rve2-like
150~
-o— re2l

1 1 | 1 1 | 1 1
6 12 18 24 30 36 42 48 54 60 66 72
ZT

Figure 4.3. Expression levels of maize circadian clock and circadian-clock associated
genes over the course of the RNA-Seq experiment. Coloring done sequentially rather
than to denote paralogs, and in order of teal, fern, salmon, cayenne, ocean, and
tangerine.

A) Expression levels of lhy-like (lyl) and rve2-like (re2l) genes.
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B) Expression levels of rve6-like (re6l) and rve7-like (re7l) genes.

132



rve8-like
50-
-o— re8l1
40- -o— re8l2
» 30+
£
4
& 20-
10+
0-0-9-0-4-0-9-0-9-0-9-0-9-0-9-0-9-0-9-0-9- 0409
6 12 18 24 30 36 42 48 54 60 66 72
ZT
toc1-like
60~
- t111
-o— {112
-o—- 1113
E - 1114
:é_ - {115
-o— t116

6 12 18 24 30 36 42 48 54 60 66 72
ZT

C) Expression levels of rve8-like (re8l) and toc1-like (t1/) genes.
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D) Expression levels of prr37-like (p37/) and prr4-like (p4/) genes.
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E) Expression levels of prr§9-like (p59l) and prr73-like (p73l) genes.
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F) Expression levels of prr95-like (p95/) and gigantea (gi) genes.
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G) Expression levels of elf3-like (ef3l) and elf4-related (ef4r) genes.
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H) Expression levels of lux-like (Ixl) and ztl-like (zll) genes.
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Figure 4.4. Expression levels of maize, Sorghum, and Setaria orthologs of circadian
clock and circadian-clock associated genes over the course of the RNA-Seq
experiment. Maize paralogs are colored teal, fern, and salmon, while Sorghum genes
are strawberry, and Setaria genes are grape and midnight.

A) Expression levels of lhy-like (lyl) and rve2-like (re2l) genes.
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B) Expression levels of rve6-like 1(re6l1) and rve6-like2/3 (re612/3) genes.
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C) Expression levels of rve6-like 4/5 (re614/5) and rve7-like1/2 (re711/2) genes.
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D) Expression levels of rve7-like 2/3 (re712/3) and rve8-like (re8l) genes.
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E) Expression levels of toc1-like (t1]) and prr37-like (p37]) genes.
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F) Expression levels of prr73-like (p73/) and prr59-like (p59/) genes.
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H) Expression levels of gigantea (gi) and elf3-like 1 (ef3/1) genes.
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1) Expression levels of elf3-like 2 (ef312) and elf4-related 1/2 (ef4r1/2) genes.
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J) Expression levels of elf4-related 3 (efr3) and elf4-related 4 (efr4) genes.
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K) Expression levels of lux-like (Ixl) and ztl-like 1/2 (zll1/2) genes.
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Figure 4.9 (this page and previous page). PRR3/7/37/73 protein subtree (see
Supplemental Figure 4.2.B). Maize gene branches are highlighted in green, as are
maize genes. On this page, numbers indicate percentage bootstrap values from 1000
rapid bootstrap inferences. On previous page, numbers indicate estimated branch
lengths.
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Figure 4.10 (this page and previous page). PRR9/5/95 protein subtree (see
Supplemental Figure 4.2.B). Maize gene branches are highlighted in green, as are
maize genes. On this page, numbers indicate percentage bootstrap values from 1000
rapid bootstrap inferences. On previous page, numbers indicate estimated branch
lengths.
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Figure 4.11 (this page and previous page). PRR59 and PRR2/4 protein subtree (see

Supplemental Figure 4.2.B). Maize gene branches are highlighted in green, as are

maize genes. On this page, numbers indicate percentage bootstrap values from 1000

rapid bootstrap inferences. On previous page, numbers indicate estimated branch

lengths.
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167



80

99

SELMODRAFT 415241 443557 EF3L

(0]

80

el SE| MODRAFT 411196 443909 EF3L
0s019g0566100 OSELF3-2
0Os06g0142600 OSELF3-1

Sb03g025560 EF3L

& GRMZM2G045275 EF3L1

Si000443m Si000442m Si000440m EF3L

37

Si021308m EF3L

> AC233870.1_FGT003 EF3L2
& 3099030700 EF3L
BRADI2G14290 EF3L

28

GSMUA Achr5G09620 EF3L
o GSMUA Achr6G33500 EF3L
% GSMUA Achr1G05150 EF3L
2 GSMUA Achr1G14390 EF3L
=2 GSMUA Achr2G08490 EF3L

19

1.2
L AMTR 500036p00168840 EF3L

J-=Bra034284 ELF3
R _L!:E Bra007774 ELF3
2 AtELF3

GLYMA14G10530 ELF3

2 GLYMA17G34980 ELF3
GLYMA04G05280 ELF3
POPTR 0006525030g ELF3
=22 Solyc12g095900 ELF3

ﬁ Solyc11g070100 ELF3
= S0lyc08g065870 ELF3
[

100 0.0

38

Modified, based on Imported tree 1

168



TO0SELMODRAFT 415241 443557 EF3L

== SELMODRAFT 411196 443909 EF3L
T000s0190566100 OsSELF3-2

= 0s0690142600 OsELF3-1

100

199

20

100

__IT00Sb03g025560 EF3L

100—= GRMZM2G045275 EF3L1

Si000443m Si000442m Si000440m EF3L

o0 5i021308m EF3L

| [f00AC233870.1_FGT003 EF3L2
Sb09g030700 EF3L

BRADI2G14290 EF3L
100 GSMUA Achr5G09620 EF3L
T00GSMUA Achr6G33500 EF3L

26

100 L—GSMUA Achr1G05150 EF3L

T50GSMUA Achr1G14390 EF3L

== GSMUA Achr2G08490 EF3L

[o6

[85

4 4

AMTR s00036p00168840 EF3L
95~ Bra034284 ELF3
100=—Bra007774 ELF3
AtELF3
00GLYMA14G10530 ELF3
100=——=GLYMA17G34980 ELF3

GLYMAO04G05280 ELF3

100

Modified, based on Imported tree 1

POPTR 0006s25030g ELF3
Solyc08g065870 ELF3
Solyc11g070100 ELF3
Solyc12g095900 ELF3
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page, numbers indicate estimated branch lengths.
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Tables

Size
AT number Protein name (aa) Protein domains (Prosite/Pfam) Uniprot
LATE ELONGATED Myb-type HTH DNA-binding domain/
AT1G01060 | HYPOCOTYL (LHY) 645 | Myb DNA-binding domain Q6ROH1
CIRCADIAN CLOCK
ASSOCIATED 1 Myb-type HTH DNA-binding
AT2G46830 | (CCA1) 608 | domain/Myb DNA-binding domain P92973
Myb-type HTH DNA-binding
AT5G17300 | REVEILLE1 (RVE1) 387 | domain/Myb DNA-binding domain FAKGY6
Myb-type HTH DNA-binding
AT5G37260 | REVEILLE2 (RVE2) 287 | domain/Myb DNA-binding domain FAK5X6
Myb-type HTH DNA-binding
AT5G02840 | REVEILLE4 (RVE4) 293 | domain/Myb DNA-binding domain Q6R0G4
Myb-type HTH DNA-binding
AT4G01280 | REVEILLES (RVES) 303 | domain/Myb DNA-binding domain COSVG5
Myb-type HTH DNA-binding
AT5G52660 | REVEILLE6 (RVE6) 331 | domain/Myb DNA-binding domain Q8HOW3
Myb-type HTH DNA-binding
AT1G18330 | REVEILLE7 (RVE7) 372 | domain/Myb DNA-binding domain B3H5A8
Myb-type HTH DNA-binding
AT3G09600 | REVEILLE8 (RVES8) 298 | domain/Myb DNA-binding domain Q8RWU3
TIMING OF CAB
EXPRESSION 1 Response regulator receiver domain,
AT5G61380 | (TOC1)/PRR1 618 | CCT motif Q9LKL2
PSEUDO-RESPONSE Response regulator receiver domain,
AT5G60100 | REGULATOR 3 (PRR3) 522 | CCT motif FAIXG7
PSEUDO-RESPONSE
AT5G49240 | REGULATOR 4 (PRR4) 292 | Response regulator receiver domain Q9FJ16
PSEUDO-RESPONSE Response regulator receiver domain,
AT5G24470 | REGULATOR 5 (PRR5) 667 | CCT motif Q6LA42
PSEUDO-RESPONSE Response regulator receiver domain,
AT5G02810 | REGULATOR 7 (PRR7) 727 | CCT motif Q93WK5
PSEUDO-RESPONSE Response regulator receiver domain,
AT2G46790 | REGULATOR 9 (PRR9) 468 | CCT motif Q8L500
AT1G22770 | GIGANTEA (Gl) 1173 | No domains detected Q9osal2
EARLY FLOWERING 3
AT2G25930 | (ELF3) 695 | No domains detected 082804
EARLY FLOWERING 4
AT2G40080 | (ELF4) 111 | No domains detected/DUF1313 004211
AT2G29950 | ELF4-like 1 (EF4L1) 125 | No domains detected/DUF1313 080877
AT1G72630 | ELF4-like 2 (EF4L2) 119 | No domains detected/DUF1313 Q94BS8
AT2G06255 | ELF4-like 3 (EF4L3) 109 | No domains detected/DUF1313 Q8S8F5
AT1G17455 | ELF4-like 4 (EF4L4) 114 | No domains detected/DUF1313 Q570U6
LUX ARRHYTHMO Myb-type HTH DNA-binding
AT3G46640 | (LUX)/PHYTOCLOCK 1 324 | domain/Myb DNA-binding domain F4)959
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Size

AT number Protein name (aa) Protein domains (Prosite/Pfam) Uniprot
(PCL1)
BROTHER OF LUX Myb-type HTH DNA-binding
AT5G59570 | ARRHYTHMO (BOA) 398 | domain/Myb DNA-binding domain F4J959
ZEITLUPE
(zTL)/ADAGIO 1 PAS repeat, F-box domain/PAS domain,
AT5G57360 (ADO1) 626 | F-box-like, Kelch 4, Kelch 3, Kelch 3 FAKAN2
LOV KELCH PROTEIN
2 (LKP2)/ADAGIO 2 PAS repeat/PAS domain,F-box-like,
AT2G18915 (ADO2) 611 | Kelch 4, Kelch 3, Kelch 3, Kelch 2 Q8w420
FLAVIN-BINDING,
KELCH REPEAT, F
BOX 1
(FKF1)/ADAGIO 3 PAS repeat/PAS domain, Kelch 4, Kelch
AT1G68050 (ADO3) 619 | 3, Kelch 3, Kelch 2 Q9Co9WwW9

Table 4.1. Arabidopsis clock and clock-associated proteins. Size is in amino acids (aa),
and protein domain results are from Prosite (before the /) and Pfam (after the /).

183



Species

% of genes that are rhythmic

Paper

Dicots

Glycine max

35.5% in diurnal conditions; 40%
under drought stress

Rodrigues et al. 2015

Populus trichocarpa

~15% in circadian conditions; ~30%
in diurnal conditions; 60.9% total (all
conditions combined)

Filichkin et al. 2011

Carica papaya

30-55% of time-of-day specific
promoter elements conserved

Zdepski et al. 2008

Monocots

Oryza sativa

~15% in circadian conditions; ~30%
in diurnal conditions; 59.5% total (all
conditions combined)

Filichkin et al. 2011

Saccharum spp.

54% under photocycles

Hotta et al. 2013

Zea mays

~25% under diurnal and free-
running conditions

Hayes et al 2010; Khan
et al. 2010

Table 4.2. Percentages of rhythmic genes reported in other species. See the listed

papers for further details.
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Protein Size
GRMZM number name (aa) | Protein domains (Prosite/Pfam) UniProt
Myb-type HTH DNA-binding
GRMZM2G175265 + | LHY-LIKE 1 domain/Myb-like DNA-binding K7TLS4 +
GRMZM2G474769" (LyL1) 718 | domain K7UFK5
Myb-type HTH DNA-binding
LHY-LIKE 2 domain/Myb-like DNA-binding
GRMZM2G014902 (LYL2) 720 | domain K7U156
Myb-type HTH DNA-binding
RVE2-LIKE domain/Myb-like DNA-binding
GRMZM2G145041 (RE2L) 432 | domain B6SW63
Myb-type HTH DNA-binding
RVE6-LIKE 1 domain/Myb-like DNA-binding
GRMZM2G135052 (RE6L1) 277 | domain K7VFQ6
Myb-type HTH DNA-binding
RVE6-LIKE 2 domain/Myb-like DNA-binding
GRMZM2G170148 (RE6L2) 310 | domain B4FU12
Myb-type HTH DNA-binding
RVE6-LIKE 3 domain/Myb-like DNA-binding
GRMZM2G057408 (RE6L3) 336 | domain COPCQ5
Myb-type HTH DNA-binding
RVEG6-LIKE 4 domain/Myb-like DNA-binding
GRMZM5G833032 (RE6L4) 293 | domain B4FKM3
Myb-type HTH DNA-binding
RVE6-LIKE 5 domain/Myb-like DNA-binding
GRMZM2G118693 (RE6L5) 284 | domain B4G188
Myb-type HTH DNA-binding
RVE7-LIKE 1 domain/Myb-like DNA-binding
GRMZM2G029850 (RE7L1) 441 | domain COHJ55
RVE7-LIKE 2 Myb-type HTH DNA-binding
GRMZM2G170322 (RE7L2) 464 | domain/No domains found B4FFA6
Myb-type HTH DNA-binding
RVE7-LIKE 3 domain/Myb-like DNA-binding
GRMZM2G421256 (RE7L3) 344 | domain COHI52
Myb-type HTH DNA-binding
RVE7-LIKE 4 domain/Myb-like DNA-binding
GRMZM2G181030 (RE7L4) 453 | domain B4FVU9
Myb-type HTH DNA-binding
RVES8-LIKE 2 domain/Myb-like DNA-binding
GRMZM2G115070 (RE8L2) 186 | domain B6SQ50
Myb-type HTH DNA-binding
RVES-LIKE 1 domain/Myb-like DNA-binding
GRMZM2G415077 (RE8L1) 171 | domain B6UG21
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Protein Size
GRMZM number name (aa) | Protein domains (Prosite/Pfam) UniProt
TOC1-LIKE 1 Response regulator receiver AOA096S
GRMZM2G148453» (T1L2) 517 | domain, CCT motif H15
TOC1-LIKE 2 Response regulator receiver
GRMZM2G020081 (T1L2) 523 | domain, CCT motif F1DJY9
TOC1-LIKE 3 Response regulator receiver AOA096S
GRMZM2G145058* (T1L3) 387 | domain/no domains detected ENG6
TOC1-LIKE 4 AOA096T
GRMZM2G365688* (T1L4) 776 | 1Q motif/ATPase family FA9
Response regulator receiver
domain, myosin motor domain, IQ
motif/Myosin head (motor
TOC1-LIKE 5 domain), 1Q calmodulin-binding AOAQ096S
GRMZM2G066638* (T1L5) 576 | motif YWO
Response regulator receiver
domain, myosin motor domain, IQ
domain/Myosin head (motor
TOC1-LIKE 6 domain), 1Q calmodulin-binding AOAQ096S
GRMZM2G174083* (TiLe) 576 | motif YWO
PRR37-LIKE 1 CCT motif, Response regulator AOAQ96P
GRMZM2G005732» (P37L1) 740 | receiver domain TA7
PRR37-LIKE 2 Response regulator receiver Z0A096Q
GRMZM2G033962 (P37L2) 657 | domain, CCT motif BI8
PRR4-LIKE Myb-type HTH DNA-binding AOA096T
GRMZM2G379656* (P4L) 145 | domain/No domains detected HR1
PRR59-LIKE 2 Response regulator receiver
GRMZM2G488465" (P59L2) 509 | domain, CCT motif K7UBT8
PRR59-LIKE 1 Response regulator receiver
GRMZM2G135446" (P59L1) 637 | domain, CCT motif B4FPX9
PRR73-LIKE Response regulator receiver
GRMZM2G095727 (P73L) 766 | domain, CCT motif B8A2Q1
PRRO5-LIKE 1 Response regulator receiver
GRMZM2G179024 (P95L1) 629 | domain, CCT motif B4FWHG6
PRRO5-LIKE 2 Response regulator receiver AOA096T
GRMZM2G367834 (P95L2) 596 | domain, CCT motif FQO
GIGANTEA 1
GRMZM2G107101 (GI1) 1162 | No domains found B1H3M2
GIGANTEA 2 AOA096U
GRMZM5G844173 (GI2) 1160 | No domains found BI9
ELF3-LIKE 1 Ribosome-binding factor A
GRMZM2G045275 (EF3L1) 756 | signature/No domains found COPGT6
AC233870.1_FGO003 ELF3-LIKE 2 647 | Ribosome-binding factor A K7V8A5
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Protein Size
GRMZM number name (aa) | Protein domains (Prosite/Pfam) UniProt
(EF3L2) signature/No domains found
ELF4-
RELATED 1
GRMZM2G382774 (EF4R1) 124 | No domains found/DUF1313 B6SXGO
ELF4-
RELATED 2
GRMZM2G359322 (EF4R2) 118 | No domains found/DUF1313 B6SH35
ELF4-
RELATED 3
GRMZM5G877647 (EF4R3) 129 | No domains found/DUF1313 B72ZS3
ELF4-
RELATED 4
GRMZM2G025646 (EF4R4) 143 | No domains found/DUF1313 B4FX35
Myb-type HTH DNA-binding
LUX-LIKE domain/Myb-like DNA-binding
GRMZM2G067702 (LXL) 219 | domain K7v8Y4
ZTL-LIKE 1 F-box domain/F-box-like, Kelch 4, AOA096R
GRMZM2G115914 (ZLL2) 408 | Kelch 3, Kelch 3, Kelch 2 VXY
ZTL-LIKE 2 PAS repeat/PAS domain, F-box-like,
GRMZM2G113244 (ZLL2) 630 | Kelch 4, Kelch 3, Kelch 3 K7UHC1
ZTL-LIKE 3 PAS repeat/PAS domain, F-box-like, | AOA096S
GRMZM2G147800 (ZLL3) 609 | Kelch 4, Kelch 3, Kelch 3, Kelch 4 GMO
ZTL-LIKE 4
GRMZM2G166147* (ZLL4) 108 | No domains found/Kelch 4 K7V775
PAS repeat/PAS domain, F-box
FKF1-LIKE 1 domain, Kelch 4, Kelch 3, Kelch 3,
GRMZM2G106363 (FFL1) 618 | Kelch 2 COPGG9
FKF1-LIKE 2 PAS repeat/PAS domain, F-box AOA096R
GRMZM2G107945 (FFL2) 609 | domain, Kelch 4, Kelch 3, Kelch 3 Ql5

Table 4.3. Maize clock and clock-associated proteins. Size is in amino acids (aa), and
protein domain results are from Prosite (before the /) and Pfam (after the /). A * by the

GRMZM number indicates that the protein appears to be a fragment or may be

incomplete, while a * indicates that a more complete protein was constructed and used

in tree building.
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Genes Maize 1 gene Maize 2 gene Sorghum Setaria

lyl1/2* 1.5 -1.5 -1.5 -1.5
re2l 21 m 3 1.5
re6l1 21 : 0 0
re6l2/3 not rhythmic not rhythmic not rhythmic 18
re6l4/5 21 1.5 1.5 0
re7l1/2 18 -3.33 1.5 1.5
re713/4 16.5 1.5 -1.5 -3
re8l1/2 not expressed not expressed not expressed not expressed
t1/1/2 12 -3 -1.5 -3
t1/3* 9]

t1/4* 12 |

t1/5* 12

til6* 12 ] 1

p3711/2* 4.5 -3.17 -4.5 | not rhythmic

p4l not expressed 2 not expressed not expressed
p5911/2 7.5 1.5 0.75 0
p73l 4.5 1.5 0
p9511/2 6 1.5 0 0
gil/2 7.5 1.5 1.5 0
ef3l1 20.25 0.75 -0.75
ef3I2 15 f 1.5 1.5
efdr1/2 7.5 | not rhythmic 1.5 0
ef4r3 10.5 | not rhythmic not rhythmic
efdr4 13.5 -3 | not rhythmic

Ixl 10.5 1.5 0
zll1/2 not rhythmic 10.5 6 6
zII3/4 0 | not rhythmic 0 !
ffl1/2 8.25 0.75 -0.75 -0.75

Table 4.4. Phasing of maize paralogs and their orthologs according to JTK-cycle
analysis. All phases were expressed relative to that of the maize subgenome 1 (Maize
1) gene, unless that gene was not present or not rhythmic. Green boxes and values
represent reference phases, red boxes indicate non-rhythmic genes or genes that have
FPKMs <10 throughout the timecourse (not expressed), and hatched boxes indicate no
gene. Negative phase shifts are colored in blues, while positive phase shifts are colored
in yellows. The * by lyl1/2 indicates that the phase estimate for GRMZM2G474769 was
used instead of the one for GRMZM2G175265. The » indicates that there is uncertainty
as to which subgenome these genes are on. Note that the Setaria ortholog of z//3/4 in
fact has an estimated phase of 15, but it was adjusted to the peak nearer to 0 so as not
to skew the coloring scheme too much.
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Working

GRMZM number Gene name name | Subgenome |Maize paralog
GRMZM2G175265 +
GRMZM2G474769 lhy-like 1 (lyl1) lhy1 1* GRMZM2G014902
GRMZM2G175265 +
GRMZM2G014902 lhy-like 2 (lyl2) lhy2 2 GRMZM2G474769
GRMZM2G145041 rve2-like (re2l) 1 No gene
GRMZM2G135052 rve6-like 1 (re6l1) 1 No gene
GRMZM2G170148 rve6-like 2 (re6l2) 1 GRMZM2G057408
GRMZM2G057408 rve6-like 3 (re6l3) 2 GRMZM2G170148
GRMZM5G833032 rve6-like 4 (re6l4) 1 GRMZM2G118693
GRMZM2G118693 rve6-like 5 (re6l5) 2 GRMZM5G833032
GRMZM2G029850 rve7-like 1 (re7l1) 1 GRMZM2G170322
GRMZM2G170322 rve7-like 2 (re7l2) 2 GRMZM2G029850
GRMZM2G421256 rve7-like 3 (re7l3) 1 GRMZM2G181030
GRMZM2G181030 rve7-like 4 (re7l4) 2 GRMZM2G421256
GRMZM2G115070 rve8-like 2 (re812) ? Local duplicate of re8I2
GRMZM2G415077 rve8-like 1 (re8l1) ? Local duplicate of re8l1
GRMZM2G148453 toc1-like 1 (t111) toclb 1 GRMZM2G020081
GRMZM2G020081 tocl-like 2 (t112) tocla 2 GRMZM2G148453
GRMZM2G145058 toc1-like 3 (t113) ? ?
GRMZM2G365688 toc1-like 4 (t114) ? ?
GRMZM2G066638 toc1-like 5 (t115) ? Duplicate of t116
GRMZM2G174083 tocl-like 6 (t116) ? Duplicate of t115
GRMZM2G005732 prr37-like 1 (p3711) ? GRMZM2G033962
GRMZM2G033962 prr37-like 2 (p3712) ? GRMZM2G005732
GRMZM2G379656 prrd-like (p4l) 1 No gene
GRMZM2G488465 prr59-like 2 (p59I12) probably 1 |\GRMZM2G135446
GRMZM2G135446 prr59-like 1 (p59I11) 2 GRMZM2G488465
GRMZM2G095727 prr73-like (p73l) prr73 2 No gene
GRMZM2G179024 prr95-like 1 (p9511) 1 GRMZM2G367834
GRMZM2G367834 prr95-like 2 (p9512) 2 GRMZM2G179024
GRMZM2G107101 gigantea 1 (gil) 2 GRMZM5G844173
GRMZM5G844173 gigantea 2 (gi2) 1 GRMZM2G107101
GRMZM2G045275 elf3-like 1 (ef311) elf3a 1 No gene
AC233870.1_FGO03 |elf3-like 2 (ef3I2) elf3b 1 No gene
elf4-related 1
GRMZM2G382774 (efdrl) elfda 1 GRMZM2G359322
elf4-related 2
GRMZM2G359322 (efdr2) elfdb 2 GRMZM2G382774
GRMZM5G877647 elf4-related 3 2 No gene
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Working

GRMZM number Gene name name | Subgenome |Maize paralog
(efdr3)
elf4-related 4
GRMZM2G025646 (efdrd) 1 No gene
GRMZM2G067702 lux-like (Ixl) 2 No gene
GRMZM2G115914 ztl-like 1 (zI11) ztl3 1 GRMZM2G113244
GRMZM2G113244 ztl-like 2 (z112) ztl4 2 GRMZM2G115914
GRMZM2G147800 ztl-like 3 (z113) ztl1 1 GRMZM2G166147
GRMZM2G166147 ztl-like 4 (z114) ztl2 2 GRMZM2G147800
GRMZM2G106363 fkf1-like 1 (ffl1) 1 GRMZM2G107945
GRMZM2G107945 fkf1-like 2 (ffl2) 2 GRMZM2G106363

Table 4.5. Maize circadian clock and clock-associated genes, the subgenomes on

which they are located, and their paralogs. Working name indicates the designation that
was used for these genes during experiment, and under which genes are identified in
previous chapters. The * indicates that GRMZM2G474769 is on maize subgenome 1.
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Supplemental Figures
Maize (Zea mays)
Andropogoneae

Y

— Sugarcane (Saccharum spp.)

—— Sorghum (Sorghum bicolor)

/ Switchgrass (Panicum virgatum)
Panicoid grasses

— Proso Millet (Panicum miliaceum)

— Foxtail Millet (Setaria italica)

— Pearl Millet (Pennisetum glaucum)
B.E.P. clade

— Finger Millet (Eleusine coracana)

— Teff (Eragostis tef)
Rice (Oryza sativa)

Monocots
\ ™ — Barley (Hordeum vulgare)
Wheat (Triticum spp.)

— Brachypodium (Brachypodium distachyon)

Banana (Musa acuminata)

Brassicaceae \

i \ [r— ArabidOpS]S (Arabidopsis tha/iana)

— Brassica rapa

Asterids Papaya (Carica papaya)

Poplar (Populus spp.)

Dicots

Chestnut (Castanea spp.)

v

Soybean (Glycine max)

Angiosperms —> <
— Pea (Pisum sativum)
Grape (Vitis vinifera)
Gymnosperms — Tobacco (Nicotiana spp.)
—— Tomato (Solanum lycopersicum)
Algae, Amborella (Amborella trichopoda)
cyano-
chctena, — Norway spruce (Picea abies)
—— Cryptomeria japonica

Selaginella (Selaginella moellendorffii)
Supplemental Figure 4.1. Land plant phylogeny adapted from New grass phylogeny

report (2012) and the Angiosperm Phylogeny website
(www.mobot.org/MOBOT/research/APweb/).
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A — RVE6/5/3 ¢

N RE6L EF4Rs

A RVES8/4 — EF4L2/3/4

RESL — EF4Rs

A RVE1 ELF4/EF4L1
RVE7

RE7L
RE2L
RVE2
LHY/CCA1
LYL

PRR59
— PRR2

y — (GLK1/2)
——— PRR4
— PRR9
\ —— PRR5
—— PRRO95
— PRR37
L PRR73
R — PRR7
— PRR3
-- TOC1
(RRs)

Supplemental Figure 4.2. Large protein trees were constructed for each gene family,
and then subtrees were extracted from the larger tree (red slashes indicate locations at
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which subtrees were cut out). A) The RVE/LHY gene family has four subtrees; one of
the RVEG6 groups, one of the RVES8 groups, one of the RVE1, RVE7, and RVEZ2 groups,
and one of the LHY group. Note that there is low bootstrap support for many of these
groupings, and so the true tree topology could be quite different. B) The PRR gene
family has four subtrees; one of PRR59 and PRR2/4, one of PRR9/5/95, one of
PRR3/7/37/73, and one of TOC1. Parentheses around groups indicate they were not
included in the tree. C) The ELF4/EF4L family has two subtrees; one of one EF4R
groups and the EF4L2/3/4 group, and one of the other EF4R group and the
ELF4/EF4L 1 group.
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