UC Davis
UC Davis Electronic Theses and Dissertations

Title

Identification, Characterization, and Deployment of an FT-A2 Allele for Increased Grain
Number and of its Interactor bZIPC1 in Wheat (Triticum L.)

Permalink
https://escholarship.org/uc/item/3571w9hd
Author

Glenn, Priscilla Denise

Publication Date
2022

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/3571w9hc
https://escholarship.org
http://www.cdlib.org/

Identification, Characterization, and Deployment of an FT-A2 Allele for Increased Grain
Number and of its Interactor bZIPC1 in Wheat (Triticum L.)

By

PRISCILLA DENISE GLENN
DISSERTATION

Submitted in partial satisfaction of the requirements for the degree of
DOCTOR OF PHILOSOPHY
in
Horticulture and Agronomy
in the
OFFICE OF GRADUATE STUDIES
of the
UNIVERSITY OF CALIFORNIA

DAVIS

Approved:

Jorge Dubcovsky, Chair

Charlie Brummer

Neelima Sinha

Allen Van Deynze

Committee in Charge

2022



TABLE OF CONTENTS

TABLE OF CONTENTS ...ttt sttt sttt et aesa s e s ssesessesessenesseneesensssansesensnsenes i
ABSTRACT ..ottt ettt ettt e e s e st et e s e et e s et ese e b et es et et e s et e abeseeseseeseseeseseetenenteneenenteaeneas iii
ACKNOWLEDGMENTS ..ottt sttt ettt b e s et e et et st ene st e esens v
INTRODUGCTION.....cuiiiiiieiieieisieieteste ettt ettt et e e ste e et e e e se e esessesessesessesessesesseneesenesseneesensesenes 1
(O o N o I TSSO 6
Identification and characterization of a natural polymorphism in FT-A2 associated with increased
number of grains per SPIKE INWHEAL..........c.cv it te e e reesene s 6
L0 o 1 e I PRSI 21
Integration of the FT-A2 A10 allele for high spikelet number per spike into elite durum wheat
varieties and its effect on yield COMPONENTS. .......cccoiriiiririiee e 21
2.1 ABSTRACT ...ttt sttt b ettt s e st e st se st e st ek e st s b et e b et et et e b et e st et e st et e ne et e st eteneetens 22
2.2 INTRODUCTION ...ttt sttt st e st e e ese e se s esansesessesessesessesessenensans 23
2.3 MATERIALS & METHODS .....cooiiiieeeeeee ettt ettt sae e s e ssesenaesensens 25
B ] ] U I I TR 26
2.5 DISCUSSION ...ttt te sttt ettt st e st s s e ae e et esaesaeseesesaessesensesseseeseeseesessessasensensenens 32
CHAPTER 3.ttt b etk et b et b b e bt e st e st s b et ek et et e st e b et ebe e esentesestenennes 39
Identification of bZIPC1 as a protein interactor of FT2 that affects spikelet number per spike in
WHIBAL ...ttt a bt bt st et et et e n e Rt Rt Rt he R e A et et e Rt e Rt en e e Re e bt ebentenbe s et ene e 39
B L ABSTRACT ...ttt ettt sttt sttt ettt et st e e s et et et e s e e e s e st ese s es et e s e e aes e teneeteneeaeneeseneesens 40
3.2 INTRODUCTION ..oiuietiietiieteiete ettt te et ste st e st e s esa s esessesassesessesassesessesessesessessssasensens 41
G I =1 U 1 I 1S TSRS 45
A DISCUSSION ...ttt ettt sttt ettt b e e et et e b et e s e st ese s enessesesbenesseneesenensens 68
3.5 MATERIAL AND METHODS ........ctieiietrieirie ettt sae e sa s sae e s e ssenessenessens 78
3.6 SUPPLEMENTAL DATA ..ottt sttt ettt sa s se st esassesessesessesassesessanensans 83
CONGCLUSION ...ttt ettt sttt e st s st e et e e et e s esessesessesessesesseseeseseeseseesensesensesesesessesessesesas 97
FUTURE DIRECTIONS ...ttt sttt e s et e e smt e e st e e e sate e e teeensaeeanteeesnaeesnneeans 100
FT-A2 ALO AHIEIE ...ttt ettt b et et st e s et e se e ese st eneneene e 100
074 1 = 31 OSSPSR 104



ABSTRACT

Identification, characterization and deployment of an FT-A2 allele for increased grain
number and of its interactor bZIPC1 in wheat (Triticum L.)

Chapter one of this thesis describes the discovery and validation of a natural
polymorphism in the A genome copy of the FLOWERING LOCUS T2 (FT2), a gene which
increases spikelet number per spike (SNS) in wheat. A previous study indicated that loss-of-
function mutations in FT2 increased SNS, but also decreased fertility, negating the positive
effects on grain yield. Fortunately, we found a natural amino acid change in the FT-A2 protein at
position 10 from aspartic acid (D) to alanine (A) (henceforth, D10A), that was associated with
increased SNS and no negative effects on fertility. We used a high-density genetic map to delimit
the candidate gene region to 28 genes, and then determined that among them only FT-A2 had a
non-synonymous polymorphism (D10A) consistent in all studied mapping populations. We
concluded that FT-A2 was likely the cause for the increased SNS and validated its effect in a
hexaploid spring and winter wheat population.

Investigating the frequency of the A10 allele, we found that while it was present in 56%
of the common wheat accessions, it was present in less than 1% of the durum accessions
analyzed. This rapid increase from durum wheat to common wheat suggests that the A10 allele
had undergone positive selection in common wheat and may be a useful target for improving
grain yield in durum and common wheat.

Chapter two of this thesis investigates the effects of the introgression of the FT-A2 A10
allele into four high-yielding durum wheat varieties. We found that all lines with the A10 allele
had significantly higher SNS with no significant decreases in fertility. However, due to variety x

FT-A2 interactions, grain number per spike (GNS) was significantly increased in only three of



the four varieties. Unfortunately, the increases in SNS and GNS were offset by a significant
decrease in kernel weight in all four varieties, resulting in no significant differences in spike
yield or grain yield per plot. There was a significant negative correlation between GNS and
thousand kernel weight (r = -0.42, P = 0.0006), which we hypothesize reflects source limitations
in our environment that resulted in incomplete filling of the extra grains. Incorporation of the FT-
A2 A10 allele into high bio-mass genotypes which are less source-limited and the evaluation of
sister isogenic lines in different environments will be necessary to test the usefulness of this
allele in durum breeding programs.

Chapter three of this thesis describes the identification and characterization of bZIPC1,
a bZIP-containing transcription factor from the C-subfamily, which we identified utilizing a
yeast-two hybrid screen with the FT2 protein as bait. Combined loss-of-functions mutations in
bZIPC-Al and bZIPC-B1 (bzipcl) in tetraploid wheat resulted in drastic reduction in SNS with a
limited effect on heading date. Expression studies revealed that genes previously known to affect
SNS were not significantly affected by the bzipcl mutations, suggesting that bZIPC1 may affect
SNS through a different pathway. Investigating the natural variation in the bZIPC-B1 region,
revealed three major haplotypes (H1-H3), with the H1 haplotype showing significantly higher
SNS, GNS, and spike yield than both the H2 and H3 haplotypes, as well as an increased
frequency from the ancestral tetraploids to the modern durum and common wheat varieties. We
developed markers of the two non-synonymous SNPs that differentiate the H1 haplotype from
H2 and H3 so the H1 haplotype can be identified, introgressed, and deployed in wheat breeding

programs.
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INTRODUCTION

Wheat domestication began approximately 10,000 years ago, with the domestication of
wild einkorn and emmer wheat in the Diyarbakir region in southeastern Turkey (Dubcovsky &
Dvorak, 2007). Gene exchanges between the northern domesticated emmer and the southern
emmer then resulted in a secondary center of domesticated emmer in southern Levan. Northeast
expansion of this domesticated emmer resulted in sympatry with Ae. tauschii, originating
common hexaploid wheat. During this process of domestication, the BRITTLE RACHIS allele
(Br) was replaced with non-brittle rachis allele (br) and the hulled grains were replaced with
naked grains that facilitate threshing (via recessive mutations at the TENACIOUS GLUME (tg)
loci and a dominant mutation at the Q locus) (Dubcovsky & Dvorak, 2007) . Since then, wheat
has spread across the globe and is produced in a variety of climates, markets, and production
systems with breeders selecting upon both quality and yield.

This thesis focuses on improving grain yield, as current gain rates (0.9% per year) need to
be increased to match the projected human population growth by 2050 (Ray et al., 2013). Wheat
contributes around 20% of the protein and calories consumed worldwide, with demand for wheat
expected to increase by 50% (wheat.org) in the next decades. If breeders are going to meet this
expectation, genetic gains need to be accelerated. The identification, characterization, and
deployment of alleles contributing to the improvement of different grain yield components can
assist in increasing wheat grain yield potential in diverse environments.

This task is complicated though by complex gene networks controlling yield and
influences from the environment (Reynolds et al., 2012). Grain yield has a lower heritability than
its comprised traits (Fethi & Gazzah Mohamed, 2010), so a systematic approach to increase our

understanding of grain yield is to dissect the gene networks regulating each of the individual
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yield components. Yield components include traits such as spikes per plant (tiller number per
plant), spikelet number per spike (SNS), kernel weight, grain number per spikelet (fertility), and
plants per m?, which together, are equivalent to the total yield (kg/ha).

SNS is determined during a short period in the early stages of plant reproductive
development and is not influenced by later environmental variability, resulting in high
heritability (h?> 0.8), which is why SNS is the yield component trai of focus for this thesis. The
spikelets are arranged on the spike’s main axis as two opposite rows and the final number is
determined with the initiation of the terminal spikelet at the tip of the spike at developmental
stage Zadok 3.0 (Zadoks et al., 1974, Pinthus & Millet, 1978). Wheat MADS box genes of the
Squamosa class (VERNALIZATION1 (VRN1), FRUITFULL2 (FUL2) and FRUITFULL3 (FUL3)
have been shown to be essential for this transition and for the formation of spikelets in general
(Lietal., 2019). In addition, wheat MADS-Box genes from the SVP clade were also found to
have a significant effect on SNS (Li et al., 2021).

The spikelet meristem is indeterminate and produces a variable number of florets (Hanif
& Langer, 1972), joined alternatively on opposite sides of the axis and encompassed by two
small bracts called glumes. The fertile florets within each spikelet then develop and determine
the total number of grains produced by each spikelet affecting the final GNS (Guo &
Schnurbusch, 2015; Screenivasulu & Schnurbush T, 2012). Early in development, a wheat
spikelet produces up to 12 floret primordia (Guo et al., 2016; Guo & Schnurbusch, 2015).
However, over 70% of the florets will abort throughout spikelet development (Guo et al., 2016;
Guo & Schnurbusch, 2015) leaving either 2-3 grains/spikelet in durum or 3-5 grains/spikelet in

common wheat (Shitsukawa et al., 2009).



Previous studies have indicated that in some cases, such as with ft2-null mutants,
increases in SNS can be associated with floret fertility, negating any positive effects on GNS
(Shaw et al., 2019). However, when fertility remains constant, increases in SNS are positively
correlated with GNS as with the FT-A2 A10 allele (Glenn et al., 2022). In addition, it has been
recently shown that variation at the GRAIN NUMBER INCREASE 1 (GNI1) gene can be used to
increase fertility in wheat and barley (Sakuma et al., 2019). Mutations that reduced the activity of
this homeodomain leucin zipper class | (HD-ZIP 1) gene have been shown to contribute to the
increased number of fertile florets per spikelet. Thus, by increasing SNS and maintaining or
increasing fertility one can potentially increase GNS (Sakuma et al., 2019).

Increasing GNS comes with its own caveats, as GNS often shows a negative correlation
with kernel weight, limiting the translation of the effects of increases in GNS to increases in
grain yield, as was the case with lines carrying dal mutants (Mora-Ramirez et al., 2021). One
possible strategy to reduce this negative correlation would be to intercross lines with high GNS
with lines with high biomass, that have the resources to fill the extra grains (Bustos et al., 2013;

Kuzay et al., 2019, 2022; Simmonds et al., 2016).

Thesis Goals and Rationale

Overall, my thesis work focuses on the identification, characterization, and deployment
of genes and their alleles which impact SNS. Previous studies revealed that ft2-null mutants
increased SNS, but deployment was hindered by its negative impact on fertility. Given that
breeders select for beneficial alleles, we explored the natural variation in FT2 and identified the
FT-A2 D10A polymorphism that showed a rapid increase in frequency in commercial hexaploid

wheat varieties. From there, we initiated a fine-mapping project to determine and narrow the



candidate region for QTLs. We also conducted a yeast-two hybrid screen to identify other genes
that encode proteins that interact with FT2 and impact SNS.

As part of my effort to increase our understanding of the SNS pathway and introgress
alleles for improved SNS, | identified and validated the effect of the natural D10A
polymorphism in FT-A2 on SNS (Chapter 1, presented in the original published format), the
effect of the A10 allele introgressed into high-yielding varieties on yield and yield-component
traits (Chapter 2), and identified and characterized a novel SNS gene, bZIPCL1 that encodes a
protein that interacts with FT2 (Chapter 3). | believe that this work will help elevate our
understanding of the genetic pathway impacting SNS and accelerate genetic gains to improve

wheat grain yield potential.
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CHAPTER 1

Identification and characterization of a natural polymorphism in FT-A2 associated with

increased number of grains per spike in wheat
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Abstract

Key message We discovered a natural FT-42 allele that increases grain number per spike in both pasta and bread
wheat with limited effect on heading time.

Abstract Increases in wheat grain yield are necessary to meet future global food demands. A previous study showed that
loss-of-function mutations in FLOWERING LOCUS T2 (FT2) increase spikelet number per spike (SNS), an important grain
yield component. However, these mutations were also associated with reduced fertility, offsetting the beneficial effect of
the increases in SNS on grain number. Here, we report a natural mutation resulting in an aspartic acid to alanine change at
position 10 (D10A) associated with significant increases in SNS and no negative effects on fertility. Using a high-density
genetic map, we delimited the SNS candidate region to a 5.2-Mb region on chromosome 3AS including 28 genes. Among
them, only F'7-AZ showed a non-synonymous polymorphism (D10A) present in two different populations segregating for
the SNS QTL on chromosome arm 3AS. These results, together with the known effect of the fz-A2 mutations on SNS, sug-
gest that variation in F7-42 is the most likely cause of the observed differences in SNS. We validated the positive effects of
the A10 allele on SNS, grain number, and grain yield per spike in near-isogenic tetraploid wheat lines and in an hexaploid
winter wheat population. The A10 allele is present at very low frequency in durum wheat and at much higher frequency in
hexaploid wheat, particularly in winter and fall-planted spring varieties. These results suggest that the #7-42 A10 allele may
be particularly useful for improving grain yield in durum wheat and fall-planted common wheat varieties.

Introduction

Wheat is a global crop of major economic value and nutri-
tional importance as it provides around 20% of the calories
and protein consumed by the human population (http://www.
Communicated by Aimin Zhang. fao.org/faostat/en/#data/FBS). However, with ever-changing
54 Jorge Dubcovsky environmental conditions and the rising human population,

jdubcovsky @ uedavis.edu it is critical to increase wheat grain yield to meet future
demands. Yield is a multifaceted trait that can be partitioned
into several yield components, including spikes per unit of
area, spikelet number per spike (SNS), grains per spikelet,
and grain weight. Several genes have been identified that

Department of Plant Sciences, University of California,
Davis, CA 35616, USA

2 USDA-ARS Plant Science Research, Raleigh, NC 27695,

i Usa o _ affect these grain yield components (Kuzay et al. 2019; Li
32?&3;?&“;’;1;;? ;néi 2570;1955‘”52?:3’ North Carolina State et al. 2019; Poursarebani et al. 2015; Sakuma et al. 2019;
. ’ T ’ Shaw et al. 2013; Simmonds et al. 2016; Wang et al. 2019).
Department of Plant Sciences and Plant Pathology, Montana Many of the genes affecting SNS also have strong effects

State University, Bozeman, MT, USA

5 Howard Hughes Medical Institute, Chevy Chase, MD 20815,
USA

on flowering time that can limit their use in variety devel-
opment. Flowering before or after the optimum flowering
time can result in yield penalties due to reduced fertility or

Department of Plant Pathology, Kansas State University, increased risks of frost or heat damage, respectively. The
Manhattan, KS 66506, USA

@ Springer
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vernalization gene VRN is a good example of a gene affect-
ing both flowering time and SNS. The vrr/-null mutant
significantly increases SNS by delaying the transition of
the inflorescence meristem to a terminal spikelet, but also
delays the transition of the vegetative meristem to inflores-
cence meristem, resulting in a very late heading time (Li
et al. 2019). Another good example is the main wheat pho-
toperiod gene PHOTOPERIODI (PPD1), which shows a
strong correlation between heading date and SNS in lines
carrying different dosages of PPD/ loss-of-function muta-
tions (R*=0.74) (Shaw et al. 2013). A correlation between
heading date and SNS has also been observed in genes regu-
lated by PPD such as the FLOWERING LOCUS TI gene
(FTI) (Brassac et al. 2021; Finnegan et al. 2018; Isham et al.
2021; Lv et al. 2014).

FT7 encodes a mobile protein that travels through the
phloem and carries environmental signals from the leaves
to the shoot apical meristem (SAM), where it forms a com-
plex with 14-3-3 and FD-like proteins (Florigen Activa-
tion Complex) (Taoka et al. 2011). This complex binds to
the promoter of the meristem identity gene VERNALIZA-
TION! (VRN1), promoting its expression and the transition
from the vegetative to the reproductive phase in wheat (Li
et al. 2015). Induction of F77 also results in the upregula-
tion of SUPPRESSOR OF OVEREXPRESSION OF CON-
STANSI-I (SOCH, LEAFY (LFY) and genes in the gibberel-
lin (GA) pathway that are essential for spike development
and stem elongation (Pearce et al. 2013). A deletion of F71-
B in hexaploid wheat delays the transition to reproductive
growth and increases SNS (Finnegan et al. 2018).

In addition to T, wheat has at least five F'T-[ike paral-
ogs designated as FT2 to F76 (Lv et al. 2014), which have
some overlapping functions but also varying degrees of sub-
functionalization (Halliwell et al. 2016; Lv et al. 2014). FT2
is the most similar paralog to F7'7 (78% protein identity), but
the two genes exhibit marked differences in transcription and
protein interaction profiles. Whereas the FT1 protein inter-
acts with five out of the six wheat 14-3-3 proteins tested so
far, FT'2 failed to interact with any of these members of the
Florigen Activation Complex (Li et al. 2015). The two genes
also differ in their temporal and spatial transcription profiles.
FT] transcript levels in the leaves are upregulated earlier
than F72 when plants are grown at room temperature, but
only F72 is induced when plants are grown for a long period
at4 °C (vernalization) (Shaw et al. 2019). Interestingly, #7172
is the only member of the wheat F1-like gene family that is
expressed directly in the shoot apical meristem (SAM) and
in the developing spike (Lv et al. 2014), in addition to leaves
and elongating stems (Fig. S1).

Loss-of-function mutations in F72, identified in a
sequenced mutant population of the tetraploid wheat variety
Kronos (Krasileva et al. 2017), resulted in limited differ-
ences in heading time but significantly increased SNS (Shaw

@ Springer

et al. 2019). Similar increases in SNS were observed in f#-52
natural mutants detected in hexaploid wheat (Gauley et al.
2021). The loss-of function mutation in the A-genome copy
of FT2 (FT-A2) in Kronos was associated with significantly
larger increases in SNS (10-15%) than the mutation in the
B-genome copy (F71-52, 2-5%). This difference in SNS was
associated with much higher transcript levels of F7T-AZ rela-
tive to F7-B2 in all tissues and developmental stages (Fig.
§$1). The increases in spikelet number in the double fi-A2
ft-B2 mutant (henceforth f#2-null) were significantly larger
than in the single f-A2 mutant confirming that the F7-52
gene still has a residual effect on SNS in spite of its lower
transcript levels.

The increase in SNS in the f#-A2 mutant was associated
with reduced fertility, offsetting the potential positive effects
of the increase in SNS on total grain yield (Shaw et al.
2019). This effect was observed in growth chambers under
optimal conditions suggesting that is not an indirect effect of
altered flowering time. We hypothesized that strong selec-
tion in cultivated wheat for grain yield might have selected
an F7-A2 variant with a positive effect on SNS, but without
the associated negative effect on fertility. Analysis of natu-
ral variation in F'71-A2 revealed an aspartic acid to alanine
change at position 10 (D10A) that was rare in tetraploid
wheat but frequent in modern common wheat varieties, sug-
gesting positive selection for the new allele. In this study,
we characterized the effect of the D10A polymorphism on
wheat heading time, SNS, grain number, and spike yield in
different wheat classes and performed a high-density genetic
mapping of the SNS QTL that identified F7-A2 as the most
likely candidate gene.

Material and methods

Analysis of the exome capture data generated by the Wheat-
CAP project using the assay developed by NimbleGen (Kra-
sileva et al. 2017) and deposited in the Wheat T3 database
(https://wheat.triticeaetoolbox.org/) revealed the existence of
an A to C SNP within the F7-A2 coding region that resulted
in the D10A polymorphism. We studied the effect of this
SNP on heading time, SNS, grain number, and spike yield
in two segregating populations in tetraploid and hexaploid
wheat.

Biparental mapping population in tetraploid wheat
(Triticum turgidum ssp. durum)

The tetraploid mapping population included 163 BCF, lines
from the cross Kronos *2/Gredho (designated KxG hereaf-
ter). Kronos (PI 576168, F1-A2 D10 allele) is a semi-dwarf
(Rhz-B1b), spring wheat with reduced photoperiod sensi-
tivity (Ppd-4la), whereas Gredho (PI 532239, FT-AZ A10
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allele) is a tall (RAs-Bla), photoperiod sensitive (Ppd-A1%)
spring landrace from Oman. We planted the KxG population
as headrows in the 2015-2016 season at the UC Experimen-
tal Field Station in Davis, CA, with each row including on
average five individual plants.

Near-isogenic lines of the FT-A2 A10 allele
from Gredho into Kronos

We also evaluated the effect of the F7-A2 alleles in two sets
of near-isogenic lines (NILs). For the first set, we selected
FT-A2 heterozygous BC,F, and BC|F, lines from the cross
Kronos #2/Gredho and selected two sets of homozygous
BCF, , homozygous A10 and D10 sister lines using the
FT-A2 marker (H2-14 and H2-23). These lines were semi-
dwarf and carried the Ppd-Algq allele for reduced photo-
period sensitivity and the Vin-A1 allele for spring growth
habit. We used the BC,F, ; grains produced by these plants
for two field experiments, one at the University of Califor-
nia, Davis (UCD) and the other one at Tulelake (California
northern intermountain region). Both field experiments were
organized in a complete randomized design with plants as
experimental units. Three to five spikes were measured per
plant and averaged for 10 plants per genotype at the UC
Davis experiment. In the Tulelake experiment, 23-27 spikes
per genotype were randomly collected and used as experi-
mental units in the statistical analyses.

In parallel, we backcrossed the A10 allele into Kronos for
three additional generations (Kronos *5/Gredho) and then
selected BC,F, NILs homozygous for the A10 and D10
alleles using the FT-A2 molecular marker. The BC,F; seed
was increased in the greenhouse in 2020, and the BC,F,
grains were used for field experiments at UCD and Tulelake
in 2021. These experiments used small plots (four 1-m rows,
1.1 m?) as experimental units, organized in a randomized
complete block design with 12 blocks. Grains of the BC,F,
Kronos isogenic line with the A10 allele were deposited in
the National Small Grain Collection as PI 699107,

Biparental mapping population in hexaploid winter
wheat

The hexaploid population included 358 F,-derived
recombinant inbred lines (RILs) from the cross between
soft-red winter wheat lines LA95135 (CL-850643/PIO-
NEER-2548//COKER9877/3/FL-302/COKER-762) x SS-
MVP57 (FFR555W/3/VABYS-22-52/TYLER/REDCOAT*2/
GAINES). LA95135 is semidwarf (Ras-D1F) and photoper-
iod sensitive (Ppd-DIb), whereas SS-MVP57 is tall (Rh:-
D/ig) and has reduced photoperiod sensitivity (Ppd-DJ1a)
(DeWitt et al. 2021). This winter wheat population was pre-
viously genotyped and phenotyped as 1-m rows in the field
at Raleigh, NC, and Kinston, NC, during the 2017-2018

season, and in Raleigh, Kinston, and Plains, GA, in the
2018-2019 season (DeWitt et al. 2021). These locations will
be referred to as Raleigh (Ral), Kinston (Kin), and Plains
(Pla) followed by the harvest year (18 or 19).

FT-A2 marker development and allelic frequencies

We targeted the FT-A2, DI10A SNP at position
124,172,909 bp (RefSeq v1.0) on chromosome 3A with a
Cleaved Amplified Polymorphic Sequence (CAPS) marker.
Primers FT-A2-D10A forward and reverse (Table S1)
amplify a fragment of 705 bp. After digestion with the
restriction enzyme Apql, the fragment amplified from the
D10 allele remained undigested, whereas the fragment
amplified from the A10 allele was digested into two frag-
ments of 448 and 257 bp.

We used this marker to determine the frequency of the
DI10A mutation in 89 T urartu, 82 T. turgidum ssp. dicoc-
coides, 32 T turgidum ssp. dicoccon, 417 1. turgidum ssp.
durum, and 705 T. aestivum accessions summarized in Sup-
plementary Appendix S1. Among the hexaploid lines, we
included a collection of 238 landraces and varieties (He et al.
2019) and a set of 126 winter wheats (T3/Wheat) genotyped
by exome capture and with data for the F7-42 D10A poly-
morphism. We also used the F7-A2 marker to genotype a
panel of 242 spring wheats with reduced photoperiod sen-
sitivity (Zhang et al. 2018) and a panel of 99 varieties and
modern breeding lines from the Montana State University
wheat breeding program (Supplementary Appendix S1).
Based on the planting season used in the area where the
spring varieties were developed, they were divided into
those developed under spring planting (hereafter "DuS") or
under fall planting (hereafter “DuF”). A previous study has
shown that DuS and DuF groups are genetically differenti-
ated using the 90 K SNP array (Zhang et al. 2018) (Supple-
mentary Appendix S1).

High resolution genetic map

The high-resolution map of the KxG population was devel-
oped in two phases. In the first phase, we identified two
BC,F; plants from the KxG BC,F, head rows, H2 and
D12, which were heterozygous for F7-A2 candidate region.
From these heterozygous lines, we generated large segre-
gating Heterogeneous Inbred Families (HIF) populations to
identify recombination events within the F7-A2 candidate
region. For phenotypic screenings, these recombinants were
space-planted at least three inches apart in a completely ran-
domized design. Additional markers in the candidate gene
region were developed for 11 genes on both sides of F7-
A2 covering a region of ~ 10 Mb using the exome capture
sequence data from Kronos and Gredho (Table S1).
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Statistical analysis

In the tetraploid biparental population, we analyzed
the effect of the FT7-42 alleles using a 3 X 2 factorial
ANOVA. This analysis included the genotypic variation
at PPD-A] and RHT-B1 as additional factors, since both
genes are known to have pleiotropic effects on head-
ing time and yield components. In the hexaploid winter
wheat population, we analyzed the effect of F7-AZ in a
4% 2 factorial ANOVA including the segregating genes
PPD-DI, RHT-DI, and WHEAT ORTHOLOG OF APOI
(WAPO-AD), which was previously shown to affect SNS
(Kuzay et al. 2019). Analysis of Variance was conducted
with the “Anova” function in R package “car” (Fox et al.
2019) with type 3 sum of squares.

Yeast two-hybrid assays

Modified Gateway (Invitrogen) bait/prey vectors
PLAWI10 and pLAW11 (Cantu et al. 2013) and yeast
strain Y2HGold (Clontech, Mountain View, CA, USA)
were used in the yeast two-hybrid assays. pPLAWI10 is
the Gateway version of pGBKT7 (GAL4 DNA-binding
domain, BD), and pLAWI11 is the Gateway version of
PGADT7 (GAL4 activation domain, AD). For all Gate-
way compatible cloning, pDONR/Zeo (Life Technolo-
gies, Grand Island, NY, USA) was used to generate the
entry vectors. All constructs were verified by sequenc-
ing. Yeast two-hybrid assays were performed according
to the manufacturer’s instructions (Clontech). Transfor-
mants were selected on SD medium lacking leucine (— L)
and tryptophan (— W) plates and re-plated on SD medinm
lacking L, —W, histidine (— H), and adenine (— A) to test
the interactions.

Results
Natural variation in FT-A2

We used exome capture data deposited in the T3/Wheat
database (https:/triticeaetoolbox.org/wheat/) to explore the
natural polvmorphisms in /7-42. We identified an A to C
SNP at position 124,172,909 in chromosome arm 3AS of
the Chinese Spring (CS) RefSeq v1.0, which resulted in
an amino acid change at position 10 of the FT-A?2 protein
from aspartic acid (D) to alanine (A) (henceforth, D10 and
A10 alleles). In the analyzed accessions of 7. wrartu, T.
furgidum ssp. dicoccoides, and T. furgidum ssp. dicoccon,
we detected only the D10 allele (Table 1). D10 was also
the only allele detected in all the other grass species we
analyzed including Lolium perenne (AMB21802), Oryza
sativa (XP_021310907), Zea meays (NP_001106251), and
Panicum virgoatum (APP89655), indicating that D10 is the
ancestral allele. In this study, we describe the change from
the ancestral to the derived allele (D10A) rather than relative
to the Chinese Spring (CS) reference genome that carries the
derived A10 allele,

We also screened a collection of 417 T' furgidum ssp.
durum accessions with a CAPS marker for the D10A pol-
ymorphism (see “Material and methods™) and found that
only 0.7% carried the A10 allele (Table 1). Two of the
three accessions with the A10 allele were from Oman (PI
532239 ="Gredho’ and P1 532242, ‘Musane and Byaza”) and
the other one was from Turkey (PI 167718), suggesting that
the A10 allele is almost absent from modern Western durum
germplasm.

We detected a higher frequency of the A10 allele (56.5%)
among 705 T. aestivum ssp. aestivum lines (Table 1). This
overall frequency was similar to that detected in a worldwide
collection of landraces and varieties combining winter and

Table 1 Frequency of the

e Species Ploidy No. acc Al0% D10% Al0 D10
FT-A2 alleles in different
germplasm collections T wrartu 2x 89 0.0% 100.0% 0 89
T. turgidum ssp. dicoccoides 4x 82 0.0% 100.0% 0 82
T. turgichum ssp. dicoccon 4x 32 0.0% 100.0% 0 32
T. turgidum ssp. durwm 4x 417 0.7% 99.3% 3 414
T. aestivim Exome capture® OX 238 59.7% 40.3% 142 96
T. aestivum US winter wheats” 6x 126 81.7% 18.3% 103 23
T. aestivim Spring DUF® 6x 149 58.4% 41.6% 87 62
T aestivigm Spring DUS? 6x 192 34.4% 63.6% 66 126

“He et al. (2019)
bT3Awheat
Zhang et al. (2018)

d Zhang et al. (2018)+ 9% breeding lines from MT
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spring lines (59.7%) (He et al. 2019). We also analyzed the
frequency of the D10A polymorphisms in two collections
with known growth habit and found a higher frequency of
the A10 allele among the winter lines (81.7%) than among
the spring lines (44.9%, Table 1). Among the 341 spring
wheat lines genotyped with the F7-A2 marker, we found
that varieties developed under fall-planting (DuF or long
cycle) had a significantly higher frequency of the A10 allele
(58.4%) than those developed under spring-planting (Du$ or
short cycle, 34,4%,)(2 P <0.001, Table 1). A complete list of
the accessions used in these calculations is available in Sup-
plementary Appendix 1, and a summary of the frequencies
is presented in Table 1.

Effect of the D10A polymorphism in tetraploid
wheat

To test the effect of the D10A polymorphism on SNS, we
used the diagnostic CAPS marker to screen 163 BC F,
plants from the KxG population segregating for this poly-
morphism. We also genotyped this population with markers
for the segregating RAI-B] (Guedira et al. 2010) and PPD-
Al (Wilhelm et al. 2009) genes, which can also affect SNS.
Plants were grown in the field in the 2015-2016 season in
Davis, CA, and were phenotyped for individual plant height
(HT), days to heading (DTH), and spikelet number per spike
(SNS, Table 2).

The three-way factorial ANOVAs including F7-A2, RHT-
Bl, and PPD-Al as factors showed significant effects for
SNS, HT, and DTH and no significant interactions for any of
the traits. As expected, RHT-BI showed the strongest effect
on plant height and PPD-A7 on heading time, although both
genes affected both traits (Table 2). The strongest effect on
SNS was detected for PPD-A/, but a significant effect was
also detected for F1-A2 (Table 2), with plants homozygous

for A10 showing 6.4% higher SNS than those homozygous
for D10 allele (Table 2). The differences in SNS between
the FT-AZ alleles were larger in the late flowering plants
homozygous for the photoperiod sensitive allele from
Gredho (2.3 spikelets/spike) than in the early flowering
plants homozygous for the Kronos allele for reduced photo-
period sensitivity (1.0 spikelets per spike), but the interac-
tion was not significant.

Effect of the FT-A2 alleles in Kronos near-isogenic
lines

To analyze the effect of the D10A polymorphism indepen-
dently of the variability generated by other major genes, we
evaluated two sets of near-isogenic lines in field experiments
in 2020 (BC,F, - sister lines) and 2021 (BC,F, , sister lines,
see “Material and methods™) at UCD and Tulelake. In the
2020 experiment at UCD, lines with the A10 allele showed
large and significant increases in SNS (13.8%), grain number
per spike (GNS, 31.7%), grains per spikelet (16.1%, also
referred to as fertility), and grain yield per spike (33.0%)
relative to the sister lines homozygous for the D10 allele
(Table 3). The results from this experiment were consistent
between two independent pairs of BC,F, ; sister lines (H2-
14 and H2-23, Table 3). The 2020 experiment in Tulelake
(Northern California, spring planting) using BC,F; 5 sister
lines from family H2-14 also showed a significant increase
in SNS (4.0%), but the increases in GNS, grains per spikelet,
and grain vield per spike were not significant (Table 3).
For the 2021 UCD experiment using 1.1-m? small plots
as experimental units (12 replications), BC,F, , lines with
the A10 allele headed on average 0.8 d later than the sister
lines with the D10 allele (P =0.0252) and showed signifi-
cant increases in SNS (5.7%, P=0.0011) and GNS (6.3%,
P=0.0168, Table 3). In this experiment, we did not detect

Table2 FEffects of FT-AZ, PPD-
AT and RHT-R on plant height

Plant height (HT, cm) Days to heading  Spikelet

. (DTH) no./spike

HT), cllays to heading (DTH), (SNS)

and spikelet number per spike

(SNS) FT-A2 Kronos (D10) 113.4x3.2 130.5+0.9 25.1+05
LSmean +s.¢.m Gredho (A10) 1183+2.2 130.6+0.6 26.7+0.3
Three-way ANOVA P value ns ns *
PPD-Al Kronos 108.1+2.3 120.8 0.6 22,604
L3mean +s.e.m Gredho 121.6£2.6 141.0£07 20.6+0.4
Three-way ANOVA P value wAE kA ok
Rhi-B1 Kronos 97.1+£25 131.5+£0.7 26.2+0.5
LSmean+s.e.m Gredho 131.4+2.8 130.2+0.8 25.8+0.4
Three-way ANOVA P value FEE ¥ ns
Three-way ANOVA with P values of the main effects and least-square means (L.Smeans)
ns not significant, *P < 0.03, **P < 0.01, ***P < 0.001

All the interactions were non-significant
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Table 3 Comparisons of near-isogenic lines with the F7-A2 A10 and D10 alleles in field experiments at UC Davis and Tulelake in 2020 and

2021. All % changes are relative to D10

Allele N SN3 GN Grains/spikelat GW mg Yield/spike g Yield/plotg
Davis 2020
H2-14 D10 10* (54 spikes) 20.27 59.22 2.92 55.81 3.31 NA
H2-14 AlO 10% (38 spikes) 21.92 70.77 3.23 56.78 4.07 NA
A10% change B.1%* 19.6%+* 10.6%% 1.8 ns 22.G%%
H2-23 1o 10 (39 spikes) 19.36 56.31 2.89 54.47 3.07 NA
H2-23 AlOD 10* (38 spikes) 23.11 81.06 3.51 54.21 4.41 NA
Al10% change 19.4%%4% 44,0k 21,584 —0.6ns 43, 6%k
Tulelake 2020
H2-14 D10 27 spikes 17.15 44.11 257 3826 1.69 NA
H2-14 AlOD 23 spikes 17.83 46.48 2.61 40.4¢ 1.88 NA
A10% change 4.0% 4% 5.4 ns 1.4 ns 5.8 ns 11.2 ns
Davis 2021
BC,F.., D10 12° (96 spikes) 1852 67.85 3.67 60.34 4.09 1254
BC,F.., AlOD 127 (96 spikes) 19.58 72.15 3.69 55.61 4.01 1251
A10% change 5.7 #* 6.3 * 0.5 ns —7.8 k¥ —2.0ns —0.2 ns
Tulelake 2021
BC,F,., 1o 128 (96 spikes) 15.39 41.48 2.69 58.34 2.43 T46
BCF,, A0 12° (96 spikes) 16.02 44.02 275 59.45 2.62 854
Null 12° (96 spikes) 16.54 40.39 2.44 54.07 2.20 789
A10% change 4.1 %% 6.1%% 2.1 ns 1.9ns 7.8 14.5 ns
S2-null % change 7.5k -2.6 ns =0, 4% %% =7 3%k =0 5%k 5.8 ns

*Experimental units were 1 m rows, with 3-5 spikes measured per row

bExperimental units were 4 row plots (1.1 m®), with 8 spikes measured per plot

significant differences in grains per spikelet (P =0.7919).
We observed a negative correlation between average GNS
and grain weight across the 24 plots (R=— 0.61) and a sig-
nificant negative effect of the A10 allele on kernel weight
(—7.8%, P=0.0002). The negative effect on grain weight
offset the positive effect of the A10 allele on grain number
resulting in non-significant differences in grain weight per
spike or per plot (Table 3).

For the 2021 Tulelake experiment using 1.1-m? small
plots (12 replications), we included the Kronos lines with
trunecation mutations in #7-AZ2 and F7-52 (fi2-null, hence-
forth) developed before (Shaw et al. 2019) in addition to
the BC,F, ., Kronos lines with the D10 and A10 alleles.
The lines with the A10 allele showed highly significant
increases in SNS (4.1%), GNS (6.1%), and grain yield per
spike (7.7%) that were of similar magnitude to the ones
observed in the 2020 Tulelake experiment (Table 3). The
null line also showed a significant increase in SNS (7.5%)
relative to the wildtype Kronos (D10), but the negative
impact of the F72 loss-of-function mutations in grains
per spikelet (—=9.4%) and grain weight (-7.3%) resulted
in a significant reduction in grain yield per spike (—9.3%,
Table 3). No significant differences in grain vield per plot
were detected among the three lines.

@ Springer
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The A10 allele has a positive effect on SNS and spike
yield in winter wheat

To analyze the effect of the D10A FT-A2 alleles in win-
ter wheat, we used phenotypic data available from 358
F,-derived RILs from the cross between soft-red winter
wheat lines LA95135 and SS-MVP57 (DeWitt et al. 2021)
and genotypic data for the F7T-A2 marker developed in this
study. This population was also segregating for PPD-DJ,
RHI-D1, and WAPO-A I, which were included as factors
together with F7-A2 in a 4 X 2 factorial ANOVA.

Plants carrying the F7-42 allele A10 (SS-MVP57)
headed on average 1.7 days later (P < 0.001, Fig. 1a) and
had 0.6 more spikelet per spike (5.1% increase, P <0.001,
Fig. 1b) than plants carrying the D10 allele (1LA95135).
The differences in SNS were significant in all tested loca-
tions. The A10 allele was also associated with a significant
increase in GNS in the overall ANOVA (P <0.001), but the
separate analyses of the two locations showed significant dif-
ferences only at Pla19 (4.4 more grains per spike, P < 0.001,
Fig. 1c). No significant effects were detected on fertility
(Fig. 1d). A significant increase in spike vield was associated
with the A10 allele in the overall ANOVA (average 4.6%,
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P <0.001), and two out of the three tested locations were
significant in the analyses by location (P < 0.001, Fig. le).

High resolution mapping of the SNS QTL
on chromosome 3AS

The previous results showed that the haplotypes associated
with the #7-A2 D10 and A10 alleles have a significant effect
on SNS. To narrow down the candidate gene region and
explore the linkage between the F7-A2 D10A polymorphism
and the differences in SNS, we generated a high-density map
of the 3AS chromosome region in tetraploid wheat using a
total of 3,161 BC,F;, BC,F,, and BC,F; plants derived from
the KxG population. These plants were screened in separate
batches over three years using flanking markers 3A-117.83
and 3A-127.82 (numbers indicate coordinates in RefSeq
v1.0 in Mb). Within this 9.9-Mb region including F7-A2
(124.17 Mb), we identified 76 recombination events cor-
responding to a genetic distance of 1.58 ¢M (6.26 Mb per
c¢M). One of these recombination events (H2-6-#14-5) was
detected in the progeny test of primary recombinant H2-#6,
which explains the presence of two close recombination
events in this line (Table 4}.

In addition to the molecular marker for the F7-A2 D10A
SNP and the two flanking markers, we developed eight more
KASP and CAPS markers in the candidate region (Table S1)

Table 4 Critical recombinant BC,F; from Davis 2019-2020 field seasons

and used them to genotype plants carrying recombination
events in the region. The lines with the 10 closest recom-
bination events to #7-A2 are presented in Table 4 together
with the results of the field progeny tests for SNS. Progenies
of the lines H2-#6 and H2-14#17-2 heterozygous for FT-AZ2
showed significant differences in SNS (£ <0.01) between
lines homozygous for the two parental alleles, whereas prog-
eny tests for the eight lines homozygous for F7-A2 did not
show significant difference in SNS between parental alleles
in the heterozygous flanking regions (Table 4). Average SNS
were as expected, with the lines homozygous for the A10
allele having 1.3 more spikelets on average than the lines
homozygous for the D10 allele.

The phenotype of the critical recombinant line #18-3 with
the closest distal recombination event to F7-A2 was vali-
dated in a separate experiment in Davis in 2021 (Table S2).
In this experiment, control lines showed highly significant
differences in SNS (P < 0.0001) confirming that the differ-
ences in SNS were detectable in this experiment. By con-
trast, there was no significant difference between the sister
lines with and without the recombination event #18-3, with
both lines showing SNS values similar to the control line
with the Gredho allele (Table §2). Taken together, these
results confirmed that the causal gene for the 3AS QTL for
SNS was proximal to the marker located at CS RefSeq v1.0
coordinate 120,227,651 (Table 4).

H2 H2-6 H2-14 H2-23 Di211-1
Marker Chr. 3AS CS

#6 #14-5 #1712 #1-3 #18-5  #47-1 #4750 #5340 #7110 #73-1
3A-117.83 117,828,272 H H H H K H H H K
3A-120.23 120,227,651 H G H K H K K G K K
3A-121.48 121,482,459 H G H K G K K G K K
3A-121.65 121,646,195 H G H K G K K G K K
3A-122.54 122,540,617 H G H K G K K G K K
FT-A2-L4 122,542,102 H G H K G K K G K K
FT-42 SNP D10A 124,172,909 H G H K G K K G K K
SNS PHENOTYPE H G H K G K K G K K
FT-A2-R1 125,094,949 H G H K G K K G K K
3A-125.40 125,402,254 H G H K G K K G K K
3A-126.57 126,567,437 K K H K G K K G K K
3A-127.82 127,821,835 K K K K G H K G K H
Number of plants in PT 34 83 71 72 79 70 74 75 80 81
SNS Avg. Gredho allele (G) 221 23.9 235 22.4 242 224 22.7 241 223 231
SNS Avg. Krones allele (K) 2L.6 232 217 225 23.0 21.9 224 243 217 224
PvaluesKvs G 3e-05 NS 0.004 NS NS§ NS NS NS NS NS

All lines except recombinant H2 #6 were evaluated in the 2020 field season. Comparisons of SNS for statistical significance are only between

sister lines segregating for the heterozygous region
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S X T T

BC,F,; homozygous sister lines #28-4-1  #28-4-3  #17-2-18  #17-2-22

from recombinant line H2-18

#28_4 in Tulelake 2020 3A-117.82 117,828,272 G G K G
3A-1202 120,227,651 G G K G
3A-1214 121,482,459 G G K G
3A-121.64 121,646,195 G G K G
3A-122.540 122,540,617 G G K G
FT-A2-14 122,542,102 G G K G
FT-A2SNPD10A 124,172,909 G G K G
SNS PHENOYPE G G K G
FT-A2-R1 125,094,949 G G K G
3A-1254 125,402,254 K G K G
3A-126.5 126,567,437 K G K G
3A-127.8 127,821,835 K G K K
Number of plants 40 42 43 40
SNS Avg 17.68 17.87 16.94 17.94
P values 0.287 1.78E-09

Sister line #28-4-#1 carried a proximal Kronos chromosome segment and sister line #28-
4-#3 a proximal Gredho chromosome segment. Lines #17-2-18 (FT-AZ D10) and #17-2-22
(FI-AZ A10) were included as controls

Later, we identified an additional line (BC,F, H2-18
#28-4) with a closer recombination event to F7-A2 in the
proximal region between F7-A2-R7 and 3A-125.4, which
we planted in a separate field experiment at Tulelake in
the spring of 2020. This experiment included homozygous
sister lines #28-4-1 and #28-4-3 fixed for either the Kro-
nos or Gredho alleles in the segregating proximal region
(Table 3) and as controls sister lines derived from plant
#17-2 (Table 4) that were either homozygous for the Fi-
A2 D10 (#17-2-18) or A10 allele (#17-2-22, Table 5).
These two lines showed highly significant differences in
SNS (P <0.0001, Table 5) confirming that it was possible
to detect differences between the two FT-A2 alleles in this
experiment. By contrast, there was no significant difference
between the H2-18 #28-4 recombinant sister lines, con-
firming that the candidate gene was still linked to FT-42
(Table 5). Based on this result, we established a closer proxi-
mal flanking marker (3A-125.4) and reduced the candidate
region for the 3AS QTL to a 5.2 Mb interval between coor-
dinates 120,227,651 and 125,402,254 (Table 5).

Genes in the candidate gene region for the 3AS QTL
for SNS

The annotated Chinese Spring reference genome region
(RefSeq v1.1) between the two flanking markers defined

in the previous section encompasses 28 high-confidence
genes (including flanking genes TraesCSIAD2G 141000 and
TraesCS3A02G 1453700). The exome capture data revealed
non-synonymous SNPs between Kronos and Gredho in only
three out of the 28 genes, including the D10A polymorphism
in F7T-AZ2. The other two genes are described briefly below.
TraesCSTA02G 142200 encodes a leucine-rich repeat
receptor-like protein kinase, so it is difficult to predict its
potential effects. The predicted R872H amino acid change
in Kronos (RefSeq v1.1 3AS 121,646,195) is in a con-
served region close to the end of the protein (893 amino
acids) and has a BLOSUMO62 score of 0, predictive of a
low probability of changes in protein structure or function.
The R872H polymorphism was not detected in the parental
lines LA95135 and SS-MVP57 of the hexaploid winter
wheat populations segregating for the 3AS SNS QTL.
TraesCSTAO2G 143600 encodes a short peptide (104
amino acids) with a polymorphism in Kronos that gen-
erates a premature stop codon (§59*, RefSeq v1.1 3AS
125,094,949 C to A). However, the predicted protein in
Gredho also seems to be truncated since it is much shorter
(104 amino acids) than the orthologous protein in wild
emmer (XP_037404892.1, 483 amino acids) or I urartu
(EMS53367.1, 348 amino acids). In addition, the 104
amino acids in Gredho showed no similarity to other plant
proteins in the GenBank nr database in species outside
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the genus Trificum, suggesting that Traes CSTA02G143600
encodes a non-functional protein in both Kronos and
Gredho. Similar to R872H, the S59* polymorphism was
not detected in winter lines LA95135 and SS-MVP57.
The QTLs in the KxG and 1.A95135 x S5-MVP57 segre-
gating populations are co-located and affect the same traits, so
we hypothesized that they should have mutations in the same
gene. Therefore, we prioritized genes carrying mutations in
both populations. The predicted R872H amino acid change in
TraesCSIA02G 142200 was polymorphic in the KxG population
but not in the winter wheat population, and the same was true
for the S59* premature stop codon in Traes CSIA02G 143600,
By contrast, the D10A polymorphism in FT-A2 (TraesC-
S3A02G143100) was detected in both mapping populations.
The R872H and §59* polymorphisms were found in tetra-
ploid wheat but were not detected in any of the sequenced
hexaploid wheats in the wheat PanGenome project (Walkow-
iak et al. 2020). By contrast, FT-A2 was polymorphic in
the same group of varieties, with CDC Landmark, Lancer,
and Spelt carrying the D10 allele and CS, Julius, Jagger,
CDC Stanley, Arinal RFor, Mace, Norin 61, and SY Mattis
carrying the F71-A2 A10 allele. The previous observations,
together with the known effect of FT2 mutations on SNS
(Shaw et al. 2019), suggest that F'7-42 is the most likely can-
didate gene in this region. However, we cannot rule out the
possibility of polymorphisms shared between the two popu-
lations in the regulatory regions of other candidate genes.

Effect of the D10A polymorphism on FT-A2
interactions with 14-3-3 proteins

Previous results have shown positive interactions between FT'1
and six of the seven 14-3-3 proteins tested, whereas FT-A2 did
not interact with any of the 14-3-3 proteins (Li et al. 2015).
This was a puzzling result because all other four FT-like genes
showed positive interactions with at least one 14-3-3 protein.
Since the original study was done using only the FT-A2 D10
allele, we decided to explore the effect of the Al0 allele. In this
study, both the FT-A2-D10 and FT-A2-A10 proteins failed to
interact with any of the six tested 14-3-3 proteins, whereas the
FT1 positive control showed a strong interaction signal (Fig. S2).
No autoactivation was observed in the negative controls. Given
the lack of interactions between both FT-A?2 alleles and any of
the tested 14-3-3 protein, we have initiated Y 2H screens to test
if there are other protein partners of FT-A2.

Discussion
Candidate gene and causal polymorphism

In this study, we focused on SNS for the high-density map-
ping because this trait has a higher heritability (2> 0.8)
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than other yield components (Kuzay et al. 2019; Zhang
et al. 2018). Spikelet number per spike is determined early
after the transition from the vegetative to the reproductive
phase, when the spike meristem transitions into a terminal
spikelet (Li et al. 2019). This limits the influence of later
environmental variability on SNS relative to GNS or grain
weight, which are affected by fertility, grain abortions, and
conditions affecting grain filling until the end of the season.

The high heritability of SNS helped us to Mendelize the
QTL (using large progeny tests) and to generate a high-
density map of the SNS QTL on chromosome arm 3AS.
We established a 5.2 Mb candidate gene region on chro-
mosome arm 3AS including 28 annotated high-confidence
genes in C§, including three with non-synonymous polymor-
phisms between Kronos (D10) and Gredho (A10): TraesC-
SIA02GI43100 (D10A), TraesCS3A02G142200 (R8T2H),
and TraesCS3A02G 143600 (§59%). The last two polymor-
phism were detected in the Kronos x Gredho population but
not in the LA95135 (D10) and SS-MVP57 (A10) suggesting
that they are unlikely candidate genes for the SNS QTL.
In additions, the $59* and R872H polymorphisms were
not detected among the varieties sequenced in the wheat
pangenome (Walkowiak et al. 2020), which suggests that
they originated in durum wheat and that the A10 mutation
occurred in a haplotype different from the one present in
modern durum wheat varieties (S39*%-R872H haplotype).

After the elimination of these two genes, F7-A2 is the
only gene in the candidate region that has a non-synonymous
polymorphism (D10A) linked to the differences in SNS in
both mapping populations. Although we cannot rule out
the possibility of polymorphisms in regulatory regions of
other candidate genes affecting SNS in both populations, the
genetic data presented here, together with the known effect
of the loss-of-function mutations in F7-42 on SNS (Shaw
et al. 2019), point to F'7-A2 as the most likely candidate gene
for the SNS QTL.

The D10A amino acid change in FT-A2 has a BLOSUM
62 score of -2 and is located in a conserved region of the pro-
tein, suggesting a high probability of an effect on either pro-
tein structure or function. To test if any other polymorphisims
in FT-A2 were associated with the D10A polymorphism, we
compared the available exons, introns, 5° upstream region
(5000 bp) and 3’ downstream region (2000 bp) of FT-A2 in
genomic sequences of hexaploid wheat (Walkowiak et al.
2020). We did not find any additional SNPs that differentiate
the varieties with the D10 allele (CDC Landmark, Lancer
and Spelta) from those carrying the A10 allele (CS, Julius,
Jagger, CDC Stanley, Arinal RFor, Mace, Norin 61, and SY
Mattis) in the analyzed regions. Although we cannot com-
pletely rule out the possibility of polymorphisms located
in regulatory regions outside the investigated region, the
available evidence points to D10A as the most likely causal
polymorphism. A conclusive test of this hypothesis will
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require the editing of the A124,172,909C, but this is not
simple because this is a transversion, and currently available
plant gene editors are not efficient to edit transversions. New
prime editing technologies (Anzalone et al. 2019) may solve
this problem once they become more efficient in plants (Lin
et al. 2020).

Differential recombination rates
within the candidate gene region

The distribution of recombination events (RE) in the 10-Mb
region between the flanking markers used in this study was
not uniform. In the 2.4 Mb distal to the candidate gene
region (117.8 to 120.2 Mb, 14 genes), we detected 56 RE
resulting in an average of 23.3 RE/Mb or 4.0 RE/gene. In the
2.4 Mb proximal to the candidate region (125.4 to 127.8 Mb,
13 genes), we detected 20 RE resulting in a frequency of
8.3 RE /Mb or 1.5 RE/gene. Surprisingly, not a single RE
was detected in the 5.2-Mb central candidate region (120.2
to 125.4 Mb, 28 genes), despite being twice as large and
including twice the number of genes as the flanking regions.
Recombination events occur mainly in gene regions (Darrier
et al. 2017), so we would have expected to find 39 of the
76 RE within the candidate region if RE were distributed
proportionally to the number of genes. The same number
would be expected if RE were distributed proportionally to
the physical length of the interval.

To explore if this lack of recombination in the central
region was caused by a structural rearrangement, we used
the sequenced genome of the tetraploid variety Svevo (Mac-
caferri et al. 2019) that showed the same SNPs as the Kro-
nos exome capture across the candidate gene region. Since
Gredho showed very few polymorphisms with CS across
the candidate gene region, we compared the genomes of CS
(A10) and Svevo (D10) in this region. In Svevo, we found
orthologs to the 28 high confidence genes present in CS,
with the exception of TraesCSIAO2G 142500 that was pre-
sent in the correct position and strand in Svevo (100% identi-
cal over all its length) but was not annotated. All the genes
were in the same orientation in CS and Svevo, and the total
length of the region was similar in both species (5.2 Mb),
suggesting that no major structural rearrangements occurred
in the candidate gene region.

Finally, we did a BLAST comparison of all the Svevo
genes to a Kronos scaffold assembly from the Earlham Insti-
tute, UK, and were able to detect 27 of the 28 genes with
100% identity. The only exception was TRITD3AvIG056250
{ortholog of CS TraesCSIA02G142600), for which we
only detected the B-genome homeolog in Kronos. These
results suggest the Kronos genome is not very different
from Svevo in this region. We currently do not know the
cause of the reduced recombination frequency between
121.5 and 125.1 Mb in the KxG population, but since no
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pseudomolecnle assembly of Kronos or Gredho is available,
we cannot rule out the possibility of structural rearrange-
ments in this region in one of these two varieties.

Effect of FT-A2 D10A polymorphism on heading time
and fertility

Wheat varieties are selected to flower within a narrow time
window to maximize grain productivity. This limits the
introgression of loss-of-function alleles that have beneficial
effects on SNS but generate large delays in heading time,
such as those in VRNI (Liet al. 2019) or PPD/ (Shaw et al.
2013). By contrast, the F7-A2 A10 allele has a positive effect
on SNS and limited effect on heading time. Even when loss-
of-function mutations in fi-AZ and f#-52 were combined in
Kronos, the delay in heading time was only 2-4 days (Shaw
et al. 2019). In this study, the D10A polymorphism showed
small effects on DTH in different genetic backgrounds, rang-
ing from a non-significant difference in the initial Kronos x
Gredho population (Table 2), a marginally non-significant
difference of 0.8 d (P=0.053) in the 2021 field experiment
comparing Kronos isogenic lines, and an average difference
of 1.7 d in the winter wheat population (Fig. 1A).

An important limitation for the utilization of the fz-A2
loss-of-function mutation for wheat improvement was its
negative effect on fertility (Shaw et al. 2019), which offset
its positive effect on SNS, as confirmed in the 2021 Tulelake
experiment in this study (Table 3). This motivated our initial
search for F7-A2 natural variants that separated the positive
effects on SNS from the negative effects on fertility. Results
presented in this study show that the positive effect of the
A10 polymorphism on SNS were translated into positive
effects on GNS in both the winter wheat population (Fig. 1e)
and in the spring NILs (Table 3). In addition, this allele was
not associated with negative effects on the number of grains
per spikelet in any of the studied populations, suggesting
that the A10 allele has no negative effect on fertility. These
results provide a good example of the value of using natural
variants selected by breeders to identify mutations that opti-
mize specific traits with limited negative pleiotropic effects.

FT-A2 effects on SNS, GNS, grain weight and spike
yield

It was encouraging to see that the positive effect of the A10
allele on SNS and GNS was expressed in both winter (Fig. 1)
and spring wheats (Table 3), and among the latter in both
spring and fall planted spring wheats. However, the magni-
tude of the increases in SNS, GNS, and spike yield associ-
ated with the A10 allele varied among experiments, suggest-
ing that the effects of this F7-A2 polymorphisms on these
traits are modulated by the environment. We also observed
variable effects of the A10 polymorphisms on grain weight.
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Whereas no significant effects were detected for this trait in
the experiments performed at UCD in 2020 and at Tulelake
in 2020 and 2021, we detected a significant reduction in
grain weight in the field experiment performed at UCD in
2021, which offset the gains in GNS (Table 3).

Similar observations have been reported for WAPO-A1,
the causal gene of a wheat SNS QTL on the long arm of
chromosome 7AL (Kuzay et al. 2019). Increases in SNS
associated with the favorable Wapo-A7b allele were trans-
lated into significant increases in grain yield only when the
favorable WAPO-A7 allele was present in high-yielding/
high-biomass genetic backgrounds and the plants were
grown in a favorable environment. When the Wapo-Alh
allele was present in poorly adapted varieties or when the
lines were grown under water-limiting conditions, the plants
did not have enough resources to fill the extra grains, result-
ing in a negative correlation between grain number and grain
weight that limited the gains in grain vield (Kuzay et al.
2019). A study with elite CIMY'T lines also highlighted the
importance of genetic-by-environment interactions on the
trade-offs between grain mumber and grain weight (Quin-
tero et al. 2018). We hypothesize that environmental dif-
ferences between our 2020 and 2021 field trials may have
contributed to the observed differences in grain weight, in
spite of the positive effects of the A10 allele on SNS and
GNS detected in both years (Table 3). We also hypothesize
that the introgression of the F1-A2 A10 allele into more
productive durum wheat varieties than Kronos may result
in significant increases in total grain yield.

FT-A2 as a candidate gene for previously published
SNS QTLs on chromosome arm 3AS

A QTL for DTH (Onecb. HD-3A) was previously mapped on
chromosome 3A within a 400 Mb interval including FT-A2
(DeWitt et al. 2021) in the LA95135 x SS-MVP47 popula-
tion. We found in this study that T.LA95135 carries the D10
allele and SS-MVP47 the A10 allele, and after genotyping
the population with the F7-A2 marker, we found that the
Al0 allele was associated not only with a slight delay in
heading time but also with higher SNS, GN, and grain yield
per spike (Fig. 1). The similar pleiotropic effects of the SNS
QTL in the winter wheat population and the KxG popula-
tion, together with the overlapping mapping regions, suggest
that the F7-A2 D10A polymorphism may have contributed
to the Oneb. HD-3A identified in the LA95133 X SS-MVP47
population.

An additional QTL for DTH was identified in the Ava-
lon x Cadenza population (U.K.) on chromosome arm 3AS
around the peak marker BS00021976 (169 Mb RefSeq
v1.0) (Martinez et al. 2021). This QTL interval (60 Mb at
each side of BS00021976) includes 536 annotated genes,
among which the authors proposed F7-A2 as a candidate
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of particular interest. Using our F7-A2 marker, we estab-
lished that both Avalon and Cadenza carry the A10 allele, so
we conclude that the D10A polymorphism is not the cause
for the observed QTL for DTH on 3AS in this population.
Martinez et al. (2021) suggested that differences in F7-A2
transcript levels may contribute to the differences in DTH,
but more precise mapping of this QTL will be necessary to
support this hypothesis.

Several QTLs for grain yield components have been
reported in different regions of chromosome 3AS in a recom-
binant inbred chromosome line from the cross between cul-
tivar Cheyenne and a substitution of chromosome 3A of
Wichita in Cheyenne (CNN(Wichita-3A)) (Ali et al. 2011;
Campbell et al. 2003; Dilbirligi et al. 2006). QTLs for grain
yield and grain number per square meter were mapped
in a region between markers bparc86 and barc67 (54.4 to
464.3 Mb RefSeq v1.0, “Region 2”) which encompasses the
FI-A2 locus. However, both Cheyenne and CNN(Wichita-
3A) have the Al10 allele of FT-A2 (Supplementary Appendix
S1), suggesting that a different gene (or a different polymor-
phism in F7-AZ2) was the cause of this QTL.

FT-A2 allele frequencies and breeding applications

The FT-AZ2 alleles show contrasting frequencies in durum
and common wheat, with the A10 allele present in less than
1% of the durum accessions and in 36% of the common
wheat varieties analyzed in this study (Table 1). We cur-
rently do not know if the A10 allele originated in the few
durum accessions carrying this allele in Oman and Turkey,
or if these represent later introgressions from hexaploid to
tetraploid wheat. Independently of its origin, the frequency
of the A10 allele increased rapidly since its introgression
or origin in common wheat, suggesting that this allele was
favored by common wheat breeders.

The low frequency of the A10 allele in durum wheat
could be a result of infrequent gene flow from hexaploid
wheat to tetraploid wheat. However, it can also be the result
of selection for larger grains and indirect selection for
reduced GNS in environments showing a negative correla-
tion between these two traits. Similar to F7-A2, the Wapo-
Ala allele for low SNS is almost fixed in durum wheat,
whereas the Wapo-A 15 allele for high-SNS is found at high
frequencies in hexaploid wheat (Kuzay et al. 2019). We
interpret this similar asymmetric distribution of WAPQO-Al
and /7-A2 alleles for SNS in common and durum wheat as
indirect support for the hypothesis that selection for larger
grains may have resulted in indirect selection for reduced
SNS in durum wheat.

Among hexaploid spring wheats, we also observed signif-
icant differences in the distribution of the F7-A2 alleles, with
a larger frequency of the A10 allele among spring varieties
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developed under a long growing cycle (DuF, 58.4%) than
among those developed under a short growing cycle (DuS,
34.4%). We speculate that longer cycles may provide more
resources to fill the extra grains associated with the A10
allele, facilitating the translation of the difference in SNS
into differences in grain yield. This in turn may result in
a positive selection pressure for the A10 allele in the fall-
planted programs. This idea is indirectly supported by the
high frequency of the A10 allele among the US winter wheat
varieties (Table 1, 81.7%). Additional experiments with D10
and A10 NILs in different genetic backgrounds tested in
different spring-planted and fall-planted locations will be
necessary to test this hypothesis.

The high frequency of the A10 allele in the winter wheats
and fall-planted spring wheats provides additional evidence
that this allele has positive effects in the regions where these
cultivars are grown. However, as the frequency of the A10
allele increases, the number of varieties that can benefit
from its introgression decreases. By contrast, the A10 allele
is almost absent from modern durum wheat breeding pro-
grams, providing an opportunity to benefit a large proportion
of these varieties. To facilitate the testing and introgression
of the A10 allele into durum wheat breeding programs, we
deposited the Kronos NIL with the A10 allele in the NSGC
(PI1 699107). Kronos is a modern durum wheat variety with
excellent pasta quality, which makes it a better donor parent
than Gredho.

Our preliminary results suggest that the A10 allele may
be more beneficial in fall planted than in the spring planted
durum wheat programs, but additional experiments are nec-
essary to test this hypothesis. It will be also interesting to
investigate the combined effect of the A10 allele with alleles
from other genes that also result in increases in SNS such
as Wapo-ATb (Kuzay et al. 2019) and the Eif3 allele from 7.
monococcum (Alvarez et al. 2016).

In summary, the genetic information provided in this
study, together with the previous mutant information, pro-
vides strong evidence that F7-AZ is the causal gene for the
differences in SNS, GNS, and spike yield associated with
this region on chromosome arm 3AS. The identification
of the likely causal polymorphism (D10A) and the devel-
opment of a perfect marker for this polymorphism in this
study can accelerate the deployment of this favorable allele
in wheat breeding programs worldwide.
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2.1 ABSTRACT

Previous results revealed that knock-out mutants in FLOWERING LOCUS T2 (FT2)
significantly increased spikelet number per spike (SNS), but also decreased fertility. Fortunately,
a natural mutation discovered in FT-A2 that resulted in a change from Aspartic Acid to Alanine
at position 10 (D10A), was associated with increased SNS and grain number per spike (GNS)
with no significant impacts on fertility. The favorable A10 allele was present in less than 1% of
the durum accessions analyzed while in 56% of the common wheat accessions, suggesting that it
had undergone positive selection in common wheat. To determine if the A10 allele can be used
to increase yield in durum wheat, we introgressed the FT-A2 A10 allele into four high-yielding
genetic backgrounds and evaluated them in replicated field trials. We found that the lines with
the A10 allele had significantly higher SNS than the respective sister lines with the D10 allele in
all four genetic backgrounds and no significant differences in fertility. The A10 allele was also
associated with a higher number of grains per spike, but the differences were significant only for
three of the four varieties. Unfortunately, the increases in grain number were offset by significant
decreases in kernel weight in all four varieties, resulting in no significant differences in spike
weight or grain yield per plot. We hypothesize that the significant negative correlation between
grain number and individual kernel weight (r = -0.42, P = 0.0006) reflects source limitations to
fill the extra grains in these varieties in this environment. Incorporation of the FT-A2 A10 allele
into high biomass varieties and evaluation of sister isogenic lines in different environments will

be necessary to test the usefulness of this allele in durum breeding programs.

22



2.2 INTRODUCTION

Previous results revealed that knock-out mutants in FLOWERING LOCUS T2 (FT2)
significantly increased spikelet number per spike (SNS) in wheat with minor effects on days to
headings (2-4 days) (Shaw et al., 2019). However, the introgression of these loss-of-function
alleles also resulted in reduced fertility that offset and sometimes reverted the positive effect of
increased SNS on grain number per spike (GNS) (Shaw et al., 2019). Fortunately, we discovered
a natural mutation in FT-A2 that resulted in a change from Aspartic Acid to Alanine at position
10 (D10A). This non-synonymous mutation was associated with increased SNS and grain
number per spike (GNS) with no significant impacts on fertility (Glenn et al., 2022).

The A10 allele was not detected in the diploid ancestor of the A genome (T. urartu) nor
in the ancestral tetraploids T. turgidum subsp. dicoccoides and T. turgidum subsp. dicoccon
indicating that D10 is the ancestral allele and A10 the derived one. Interestingly, these FT-A2
alleles show contrasting frequencies in durum and common wheat, with the A10 allele present in
less than 1% of the durum accession and in 56% of the common wheat varieties analyzed (Glenn
et al., 2022). The high frequency of the A10 allele in common wheat and its positive effect on
grain yield components suggests that this allele has undergone positive selection. The positive
effect of the FT-A2 A10 allele on SNS and GNS in hexaploid wheat was previously shown in a
segregating population from the cross between winter lines LA95135 x SS-MBP57 (DeWitt et
al., 2021). Reanalysis of the data from that population using the FT-A2 marker showed no impact
on fertility (Glenn et al., 2022). Although TKW was not recorded in that study, average spike
yield was significantly increased in two of the three locations (Glenn et al., 2022), indicating that
either TKW was not diminished or the impact on yield of the increased GNS was not completely

offset by a decrease in TKW.
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The A10 allele is present at a extremely low frequency in modern commercial durum
wheat varieties, but we previously introgressed this allele into the commercial durum variety
Kronos (Pl 576168) and tested it in the field in different environments. Although the presence of
the A10 allele was consistently associated with increases in SNS, the differences in GNS, TKW,
and spike yield varied among experiments (Glenn et al., 2022). These results suggest that the
effects of the FT-A2 polymorphism on these traits was modulated by the environment. The
importance of genetic-by-environment interactions between grain number and kernel weight has
been highlighted as well in a study of elite CIMMYT lines (Quintero et al., 2018) and a similar
observation was reported in WAPO-AL, the causal gene of a wheat SNS QTL on chromosome
7TAL (Kuzay et al., 2019, 2022). Results indicated that grain yield can be increased by the
introgressing of the favorable Wapo-Alb allele. However, these increases were only significant
when this allele was present in high yielding varieties or high biomass varieties. In addition, if
the lines were grown under stressful/non-optimal conditions, the plants did not have enough
resources to fill the extra grains associated with the increased SNS, thus resulting in a decrease in
TKW and negating any net positive effect on yield (Kuzay et al., 2019).

To further explore the potential of the FT-A2 A10 allele in durum wheat, we introgressed
it into three more modern and highly productive durum wheat varieties including the UC Davis
varieties Miwok and Desert Gold and the high yielding breeding line UC1771. We increased
seeds of these three pairs of near isogenic lines, together with the Kronos FT-A2 near isogenic
lines, planted them in a field experiment with 8 replications at UC Davis and characterized them
for grain yield and different grain yield components. This chapter presents and discusses the

results of this experiment.
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2.3 MATERIALS & METHODS

Plant Materials

Durum variety Kronos (Pl 576168) was developed by Arizona Plant Breeders in 1992
and was the dominant variety planted in California because of its renowned pasta

quality (goldenstategrains.com). However, it later became susceptible to stripe rust and

was replaced by resistant varieties with similar quality and higher yield. One such line is Desert
King (PVP 2005-00187), which was developed by the UC Davis wheat breeding program to be
resistant to the current races of leaf rust, stripe rust, and barley yellow dwarf virus with superior
yields than Kronos. UC-Desert Gold is the result of the introgression of three loci in Desert King
using marker-assisted backcrossing. These genes include the low cadmium allele for

the Cdul gene (Wiebe et al., 2010) that was transferred from the UC breeding line UC1848 and
two QTL for high yellow pigment content derived from durum variety ‘Kofa’ (Zhang et al.,
2008). Miwok (PVP 2014-00031) was also developed by the UC Davis wheat breeding program
from the cross WWW D6523 / UC1308. This variety carries the Cdul allele for reduced
cadmium content and has high yield potential. Miwok is grown mainly in the Imperial and San
Joaquin Valleys of California. Finally, UC1771 is a durum breeding line developed by the UC
Davis wheat breeding program from the cross Kofa/UC1113//Platinum. This is a high yielding
line with excellent pasta quality that is being considered as a potential variety release. More
extensive descriptions of the UC Davis released varieties can be found

at https://fsp.ucdavis.edu/seed-catalog/wheat-varieties.

The durum variety Gredho (Pl 532239) from Oman, was used as the donor of the FT-A2
A10 allele. The F1 plants were backcrossed to their respective recurrent parents for four

generations using the FT-A2 molecular marker to select the plants carrying the A10 allele (Glenn
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et al., 2022). In the BaF2 generation, we selected near isogenic sister lines (NILs) homozygous
for the A10 and D10 alleles using the same molecular marker.

The BaF2:3 seed of Desert Gold, Miwok, and UC1771 was increased in Tulelake 2021 and
the BC4F2:4 grains were used for yield trails at UCD in 2022. Kronos BsF2:3 seed was increased in
Davis 2021 was used to plant a BCsF2:4 trial in Tulelake 2021 as reported in Glenn et al 2022.
The BC4F2:5 grains were then used for the 2022 UCD trials.

Yield trials were organized in a split-plot design with eight replications, with varieties as
the main plots and the FT-A2 alleles as subplots randomized within each main plot. Average
kernel weight from the previous generation was used to plant all plots at the same seed rate of
1.0 M seeds / acre. Plots were 1.37 meters wide and ranged from 3.05 to 3.29 meters in length.
Yield was calculated using the calculated plot area and expressed in kg/ha. Four spikes were
measured per plot for spikelet number per spike (SNS), grain number per spike (GNS), fertility
(grain number / SNS), thousand kernel weight (TKW in g), and spike yield (weight in grams of

the grains only).

2.4 RESULTS

In this field experiment the plots were provided abundant irrigation and fertilization
which resulted in very high grain yields. These yields varied from 9,353 kg/ha in Kronos to
11,460 kg/ha in UC1171 and were intermediate for Desert Gold (10,298 kg/ha) and Miwok
(10,254 kg/ha). These results suggest that plant growth was not limited by major abiotic or biotic
stresses.

We first explored the correlations among the different traits that are summarized in Table

1. We observed highly significant (P < 0.001) positive correlations among SNS, GNS and spike
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weight (r = 0.59 to 0.76). However, the correlations between these three parameters and total
grain yield were weaker (r = 0.111 to 0.285) and either less significant (P < 0.05 for GNS and
spike weight) or not significant (for SNS). This may be explained, at least in part, by the highly
significant and negative correlation observed between GNS and TKW (r =-0.417, P < 0.001)
which contributed to a negative correlation between SNS and TKW as well (r = -0.325). Fertility
was not correlated with TKW or SNS but it showed a positive and significant correlation with
GNS (r =0.597) and Spike Yield (r = 0.284), but not with Plot Yield (NS).

Taken together, these results suggest that increases in both SNS and Fertility contributed
to the increases in GNS, but also that increases in grain number were associated with a decrease

in individual kernel weight.

Table 1. Correlation between yield component traits. Negative correlations are red. ns = not
significant * =P < 0.05, ** = P < 0.01, *** = P < 0.001

CORREL SNS GN FERT TKW Spike Yield Plot Yield

SNS 0.771  -0.047  -0.325 0.582 0.111

GN ok 0.597  -0.417 0.762 0.284

Fert ns roAk -0.253 0.458 0.285

TKW * koxk ns 0.262 -0.033
Spike Yield ~ *** roAk *AK * 0.247
Plot Yield ns * * ns *

We then performed a randomized complete block design split-plot ANOVA for the six
traits across the four varieties summarized in Table 2. We found significant differences in FT-A2
for SNS, GNS and TKW, but not for Fertility, Spike Yield or Plot Yield. The A10 allele was
associated with positive effects on SNS (+13.5%) and GNS (+10.4%), but with negative effects
of the same magnitude in TKW (-9.8%). These opposite effects offset each other, contributing to

the absence of significant differences in Spike Yield and Plot Yield.
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Table 2. ANOVAs for the RCBD- Split Plot field experiment at UC Davis 2022 across the four
varieties.

. Variety x Avg. Avg. %
P values Block Variety FT-A2 T A); Al% Dl% change
SNS 0.3491 <0.0001 <0.0001 0.1055 22.77 20.07 13.5%
GNS 0.8422 <0.0001 <0.0001 0.0034 70.74 64.05 10.4%
Fertility 0.8859 <0.0001 0.1361 0.1495 311 3.19 -2.5%
TKW 0.9632 <0.0001 <0.0001 0.0395 53.96 59.84 -9.8%
Spike weight 0.8933 <0.0001 0.9505 0.3308 3.822 3.827 -0.1%
Plot Weight <0.0001 <0.0001 0.5956 0.0567 10,312 10,369 -0.5%

Some of the traits showed significant interactions between FT-A2 and genotype so we
also analyzed the effects of the A10 and D10 alleles for each of the four varieties separately.
Regarding SNS, all the varieties show a significant increase in this trait for the A10 allele,
resulting in a non-significant Variety x FT-A2 interaction (P = 0.1055). There were, however,
some differences in the magnitude of the differences, which varied from 2.0 (8.7%) additional

spikelets in Desert Gold to 3.3 additional spikelets in Miwok (16.4%, Figure 1A and Table 3).
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Table 3. Effect of the FT-A2 A10 allele on yield and yield components in different genetic
backgrounds. Plot Yield was measured per plot. All other parameters are the averages of four
spikes per plot.

Plot Spike
A. Desert Gold (BC4F2:4) SNS (kg/ha) Fertility GNS TKW (g) Yield (9)
A10 24.63 10082.05 3.12 76.66 53.41 4.10
D10 22.66 10513.95 3.38 76.53 57.18 4.38
Diff A10-D10 1.97 -43190 -0.26 0.13 -3.76 -0.27
%inc/D10 8.7% -4.1% -1.7% 0.2% -6.6% -6.2%
ANOVA P 0.0048  0.0821 0.0604  0.9530 0.0721 0.2213
B. Kronos (BC4F2:s)
A10 20.63 9396.24  3.03 62.34 53.57 3.35
D10 18.06 9309.93 3.13 56.59 57.35 3.27
Diff A10-D10 2.56 86.31 -0.11 5.75 -3.78 0.08
%inc/D10 142%  0.9% -3.4% 10.2% -6.6% 2.6%
ANOVA P <0.0001 0.6844 0.3688  0.0184 0.1137 0.6427
C. Miwok (BCaF2:4)
A10 23.44 10124.09 294 69.03 57.06 3.95
D10 20.16 10383.11 2.89 58.34 67.11 3.93
Diff A10-D10 3.28 -250.02  0.05 10.69 -10.05 0.02
%inc/D10 16.4%  -2.5% 1.7% 18.3% -15.0% 0.6%
ANOVA P 0.0001  0.2139 0.6093  0.0039 0.0004 0.9062
D. UC1771 (BCaF2:4)
A10 22.41 11647.78 3.34 74.94 51.80 3.88
D10 19.41 1127298 3.34 64.72 57.72 3.74
Diff A10-D10 3.00 374.80 0.01 10.22 -5.92 0.15
%inc/D10 155%  3.3% 0.2% 15.8% -10.3% 3.9%
ANOVA P <0.0001 0.1715 0.9376  0.0004 0.0006 0.2554

Grain number per spike showed a significant interaction between FT-A2 and genotype (P
=0.0034, Table 2) indicating different responses across varieties. Indeed, whereas Kronos,
Miwok, and UC1771 showed significant increase in GNS associated with the A10 allele (10.2-
18.3%), Desert Gold showed no significant increase in GNS despite its significant increase in
SNS. This is likely the result of a combination between the smaller increase in SNS in Desert
Gold relative to the other varieties and its larger decrease in Fertility (-7.7%, NS, Figure 1B and

Table 3).
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Kernel weight also showed a significant FT-A2 x genotype interaction (P = 0.0395, Table
2). Even though the FT-A2 A10 allele was associated with significant decreases in TKW in all
four varieties, the differences were significant in Miwok (-15.0%) and UC1771 (-10.3%) but not
in Desert Gold (-6.6%) and Kronos (-6.6%) (Table 3, Figure 1C), contributing to the significant
interaction. Consistent with the overall ANOVAS, the separate analyses by variety for Fertility,
Spike Yield and Plot Yield failed to reveal any significant differences between FT-A2 alleles.

Based on the significant interactions between traits and varieties and the differences
among varieties described above, we decided to investigate the correlation between traits within
varieties. The correlation between SNS and GNS was significant for Kronos, Miwok, and
UC1771 (P =0.011, <0.001, and <0.001) but not for Desert Gold (Figure 2A). This may be the
result of the slightly reduced fertility associated with FT-A2 A10 allele in this genotype (Table
3).

The negative correlation between GNS and TKW was only significant in Miwok and
UC1771 (P =0.002 and 0.009, Figure 2B) while the negative correlation between SNS and TKW
was significant in Kronos, Miwok, and UC1771 (P = 0.045, < 0.001, 0.002, Figure 2C). Taken
together, these results indicate that the introgression of the FT-A2 A10 allele in these durum
wheat varieties resulted in increases in SNS and GNS that were offset by decreases of the same

magnitude in TKW, and that the relative magnitude of these effects varied among varieties.
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Figure 2. Correlation between yield components traits by varieties. A) Spikelet number per spike x Grain
number B) Grain number x Thousand kernel weight C) Spikelet number per spike x Thousand kernel weight.
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2.5 DISCUSSION

Wheat breeders select for yield and quality. Of these two, we focused on yield since
current rates of increase (0.9%) are insufficient to match the projected growth of the human
population by 2050 (Ray et al., 2013). Breeding for yield, however, is complicated due to its
multifaceted nature. Yield is determined by multiple genes, along with their epistatic interactions
and environmental influences (Reynolds et al., 2012). Total grain yield, however, can be divided
into several yield components including total number of spikes/tillers, grains per spike (which
can be further separated into spikelet number per spike and grains per spikelet), and thousand
kernel weight.

To contribute to our understanding of the genetic networks controlling these grain yield
components, our laboratory works on the identification of genes contributing to the regulation of
SNS and its effects on other yield components. As part of these efforts, we have previously
identified FT-A2 as an active gene regulating SNS. Loss-of-function mutations in both FT2
homoeologs result in significant increases in SNS (Shaw et al., 2019), suggesting that FT2 acts
as a promoter of the transition of the inflorescence meristem into a terminal spikelet. According
to this hypothesis, the mutants delay this transition, providing more time for the inflorescence
meristem to form additional lateral spikelets.

Although the loss-of-function mutations have a positive effect on SNS, they also have a
negative effect on fertility, resulting in no gains in GNS (Shaw et al., 2019). These results
indicate that FT-A2 plays additional roles in spikelet or floral development that contribute to
fertility and limits the utilization of the loss-of-function mutations in breeding applications. This

limitation led to the search for FT2 natural variants associated with increases in SNS but without
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pleiotropic effects on fertility, and to the discovery and characterization of the D10A mutations
described in Chapter 1 of this thesis (Glenn et al., 2022).

This study showed that the beneficial A10 allele was not present in the ancestral wheat
tetraploid species and was in extremely low frequency (0.7%) in a collection of 417 commercial
durum wheat varieties. By contrast the A10 allele was found in more than half of the 705
hexaploid accessions analyzed in the study (Glenn et al., 2022). This rapid increase in gene
frequency in the ~10,000 years since the origin of hexaploid wheat suggests that the A10 allele
may have a beneficial effect on grain yield or in adaptation to particular environments.

We currently do not know if the A10 allele originated in tetraploid wheat or hexaploid
wheat. One possibility is that the A10 allele originated in hexaploid wheat, where its frequency
increased rapidly due to positive selection, and was transferred later to a few tetraploid wheats by
some rare crosses between hexaploid and tetraploid wheat. The other alternative is that A10
originated in durum wheat and was transferred from there to hexaploid wheat, and that different
selection pressures resulted in its increase in hexaploid wheat (based on a positive effect on grain
yield), but to its decrease in tetraploid wheat due to selection for large grains and indirectly for
fewer grains and reduced SNS. If the first hypothesis is correct, it will implicate a good
opportunity to improve grain yield in durum wheat. This motivated our interest in testing the
effect of the A10 allele in different durum wheat backgrounds on grain yield components and

total grain yield.

Effect of genetic background on FT-A2 effects on SNS and fertility
It was encouraging to see that the FT-A2 A10 allele significantly increased SNS in each

of the elite varieties it was introgressed into, although the magnitude of the effect of the FT-A2
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alleles on SNS varied almost 70% among the four genetic backgrounds (from 2.0 to 3.3
additional spikelets). The lowest increase in SNS was observed in Desert Gold, which is the
variety that already has the highest number of SNS among the isogenic lines carrying the
wildtype D10 allele. Desert Gold has 2.5 more spikelets than Miwok (P =0.003), 3.3 higher than
UC1771 (P < 0.001) and 4.6 higher than Kronos (P < 0.001). We hypothesize that the presence
of additional genes increasing SNS in Desert Gold relative to the other genetic backgrounds may
have interfered or limited the effect of the FT-A2 A10 allele on SNS.

Desert Gold showed not only the lowest increases in SNS associated with the A10 allele,
but also the highest reduction in fertility associated with this allele (although still not significant).
We hypothesize that the reduced effect on SNS together with the higher reduction in fertility
contributed to the absence of significant increases in GNS in Desert Gold.

Taken together, these results suggest that the effects of FT-A2 on SNS and fertility may

be modulated by the genetic background.

Effect of FT-A2 on GNS and TKW

We found that in Kronos, Miwok and UC1771 the A10 allele was associated with
significant increases in GNS, but also that those increases did not result in gains in Spike Yield
or total Plot Yield due to associated negative effects on kernel weight of a similar magnitude. We
discuss below two non-mutually exclusive hypotheses that may explain these results.

The simplest hypothesis is that the observed negative correlation between GNS and TKW
was the result of interactions between ‘source’ (e.g. biomass) and ‘sink’ (e.g. grains) organs. If
our varieties are source-limited, they would be unable to fill the additional grains generated by

the A10 allele, leading to smaller and/or wrinkled grains. The varieties tested here have a high
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yield potential, as demonstrated by the yields obtained in this experiment, but we still do not
know if their yield potential is source- or sink-limited. The negative correlation between grain
number and weight may also explain the lower SNS observed in durum wheat compared with
common wheat varieties, which correlates with larger grains in durum wheat. If farmers and
breeders selected for larger seeds in durum wheat, they would have indirectly selected for
reduced SNS in source-limited plants or environments.

An alternative explanation for the limited effects of the A10 allele on Spike Yield or Plot
Yield and its low frequency in tetraploid wheat could be that the A10 allele itself has a negative
effect on grain development in tetraploid wheat. Gene networks controlling grain size are
complex and include multiple genes, so it is possible that strong epistatic interactions among
these genes result in the selection of different allele combinations in tetraploid and hexaploid
wheat. Under this hypothesis, for FT-A2 to have a positive effect on tetraploid wheat, it would
need to be transferred together with other compatible alleles. This hypothesis may also explain
the different frequencies of the A10 allele among different hexaploid classes. We have observed
higher frequencies of A10 among the winter wheats (81.7%) than among the spring wheat
(44.9%), and within the spring wheats among the accessions developed under fall planting
conditions (Glenn et al., 2022), which suggest that the beneficial effects of the A10 allele may be

modulated by the genetic background and/or the environment.

The breeding utility of FT-A2 A10 allele
The lack of significant effects of the A10 introgression on Spike Yield or Plot Yield was
a disappointing but not completely surprising result. Although it showed that a simple backcross

introgression of the A10 in our durum breeding program may not have the desired positive
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impact on grain yield, we cannot rule out positive effects in other genetic backgrounds or
environments. Given the high frequency of the A10 allele among the hexaploid winter wheats, it
would be interesting to test the effect of the A10 allele introgression in winter durum wheat
varieties grown in their local environments.

If the limitations in source were the cause of the negative correlation detected in our
experiment between GNS and TKW, future experiments could attempt to introgress the A10 into
high-biomass durum varieties or varieties known by other methods to be sink limited. An
alternative approach could include the introgression of alleles or genes to increase the source,
once those are identified in wheat. However, if the A10 itself interacts poorly with other genes
involved in grain development in tetraploid wheat, a possible strategy will be to combine FT-A2
with other genes from hexaploid wheat known to have a positive effect on grain size.

An interesting combination will be between the A10 allele and the loss-of-function
mutants in the A genome homoeolog of the E3 ubiquitin ligase GRAIN WEIGHT2 (gw-A2). The
gw-A2 mutation was shown to be associated with consistent increase in grain size and weight in
both tetraploid and hexaploid wheat (Simmonds et al., 2016). Another interesting combination
would be the FT-A2 A10 allele with the natural GS-A3 allele associated with increased grain size
in hexaploid wheat (Yang et al., 2019; Zhang et al., 2014).

In addition, it would be interesting to generate lines combining the A10 allele with alleles
from other genes that also result in increases in SNS such as WAPO-A1b (Kuzay et al., 2019,
2022), Elf3 allele from T. monococcum (Alvarez et al., 2016), or COL5 (Zhang et al., 2022) to
test their epistatic interactions. Introgression of the FT-A2 A10 allele (or other genes that
increase SNS) may also provide a useful tool to determine in which varieties the yield potential

is source or sink limited.
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In summary, this study provides valuable information for the utilization of the A10 allele
in durum wheat programs, by suggesting that simple backcross introgression of this allele in fall-
planted spring durum varieties may have a limited impact on grain yield in spite of the positive
effects on SNS and GNS. It also points to missing research areas required for a more complete

evaluation of the potential value of the A10 allele to improve grain yield in tetraploid wheat.
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3.1 ABSTRACT
Loss-of-function mutations and natural variation in the wheat gene FLOWERING LOCUS T2

(FT2) have previously been shown to affect spikelet number per spike (SNS). However, while
other FT-like wheat proteins genes interact with bZIP-containing transcription factors from the
A-group, FT2 does not interact with any of them. In this study, we used a yeast-two-hybrid
(Y2H) screen with FT2 as bait and identified a grass-specific bZIP-containing transcription
factor from the C-group, designated here as bZIPC1. Within the C-group, we identified four
clades including wheat proteins that show Y2H interactions with different sets of FT- and CEN-
like encoded proteins. Combined loss-of-function mutations in bZIPC-A1 and bZIPC-B1
(bzipcl) in tetraploid wheat resulted in a drastic reduction in SNS with a limited effect on
heading date. Transcript levels of genes previously shown to affect SNS showed no significant
differences between bzipcl and wildtype, suggesting that bZIPC1 may affect SNS through a
different pathway. Analysis of natural variation in the bZIPC-B1 (TraesCS5B02G444100) region
revealed three major haplotypes (H1-H3), with the H1 haplotype showing significantly higher
SNS, grain number per spike and kernel weight per spike than both the H2 and H3 haplotypes.
The favorable effect of the H1 haplotype was also supported by its increased frequency from the
ancestral tetraploids to the modern durum and common wheat varieties. We developed markers
for the two non-synonymous SNPs that result in N151K and V166M amino acid changes that
differentiate the bZIPC-B1b allele in the H1 haplotype (KM) from the ancestral bZIPC-Bla
allele present in all other haplotypes (VN). These diagnostic markers will be useful to accelerate

the deployment of the favorable bZIPC-B1b allele in pasta and bread wheat breeding programs.
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3.2 INTRODUCTION

Wheat contributes to almost 20% of the world caloric intake, with approximately 772
million tons produced annually across the globe (fao.org, marketing year of 2020/21). Current
rates of yield increase (0.9%) are insufficient to match the projected growth of the human
population by 2050 (Ray et al., 2013), which has generated a renewed interest in understanding
and improving this trait. However, yield is multifaceted, determined by multiple genes and
complex epistatic interactions among them and with the environment that complicate its study
(Reynolds et al., 2012). To facilitate its genetic dissection, total grain yield can be divided into
several yield components, including number of spikes per surface unit, grains per spike (GNS)
and thousand kernel weight (TKW). The number of grains per spike can be further divided into
spikelet number per spike (SNS) and grains per spikelet (also known as fertility).

Of the different yield components, SNS has the highest heritability (Zhang et al., 2018)
which facilitates its genetic characterization. The number of spikelets per spike is determined
when the inflorescence meristem stops producing lateral meristems and transitions into a
terminal spikelet. This transition occurs early after the initiation of the reproductive phase,
limiting the influence of the environment later in the growing season and resulting in a higher
heritability than other grain yield components that are affected by the environment throughout
the growing season. Increases in SNS have been associated with increases in grain yield in
productive genotypes grown in optimum environments (Boden et al., 2015; Dobrovolskaya et al.,
2014; Hai et al., 2008; Kuzay et al., 2019; Wolde et al., 2019). However, in suboptimal
environments or in source limited genotypes the increases in SNS are no longer associated with

yield increases due to reductions in fertility and/or kernel weight (Kuzay et al., 2019).
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In wheat, SNS has been shown to be strongly influenced by flowering time, with
genotypes flowering earlier usually having lower SNS than those flowering later (Shaw et al.,
2013). Flowering time in wheat is mainly regulated by the vernalization (long exposures to low
temperatures providing the competency to flower) and photoperiod pathways (requirement for
long days), which converge on the regulation of FT1 (Distelfeld et al., 2009), the wheat homolog
of Arabidopsis thaliana (A. thaliana) FLOWRING LOCUS T (FT) and Oryza sativa (rice)
HEADING DATE 3 (HD3) (Corbesier et al., 2007; Distelfeld et al., 2009; Tamaki et al., 2007).
The FT encoded protein, often referred to as florigen, has been shown to be a mobile signal
transported through the plant phloem from the leaves to the shoot apical meristem (SAM) in both
A. thaliana and rice (Corbesier et al., 2007; Tamaki et al., 2007). In wheat, FT1 is also a strong
promoter of flowering that is expressed in the leaves and not in the SAM, so it is also assumed to
be a mobile signal in wheat (Lv et al., 2014; Yan et al., 2006). Natural variation in FT1 in wheat
and barley has been associated with differences in both heading time and SNS (Brassac et al.,
2021; Chen et al., 2020; Isham et al., 2021; Nitcher et al., 2014; Yan et al., 2006; Zhang et al.,
2022). In the absence of FT1 expression (e.g., under short days in photoperiod sensitive wheats
or under continuous cold temperatures), the SAM transitions to the reproductive phase but spike
development is arrested, and the spikes fail to emerge from the leaf sheaths or head extremely
late.

In rice, it has been shown that HD3 activates the expression of MADS-box meristem
identity genes by forming complexes with 14-3-3 and FD-like proteins (Florigen Activation
Complex), which bind to the MADS-box gene promoters (Taoka et al., 2011). In wheat, FT1 has
also been shown to interact with the bZIP transcription factor FDL1 and a variety of 14-3-3

proteins which are thought to act as a bridge facilitating the interaction between FT and FD-like
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proteins (Li et al., 2015; Li & Dubcovsky, 2008). Once FT1 arrives at the SAM, the floral
activation complex plays a critical role in accelerating the transition from the vegetative to the
reproductive phase by activating floral homeotic genes such as VERNALIZATION1 (VRN1) (Li
et al., 2015). In addition, FT1 plays a central role in early spike development and elongation by
upregulating the SUPPRESSOR OF OVEREXPRESSION OF CONSTANSL1 (SOC1), LEAFY
(LFY), and the genes in the gibberellin (GA) biosynthetic pathway (Pearce et al., 2013). These
genes are essential for the elongation of the stem and emergence of the spike, which is called
heading (Pearce et al., 2013). FT1 also interacts with TEOSINTE BRANCHEDL1 (TBI), which
impacts the formation of paired spikelets but has limited effects on wheat heading time (Dixon et
al., 2018).

The expansion of the FT-like gene family in monocot and eudicot species has led to the
diversification of FT functions (Ballerini & Kramer, 2011; Chardon & Damerval, 2005; Higgins
etal., 2010; Lv et al., 2014). For example, in beet (Beta vulgaris ssp. vulgaris), the regulation of
flowering time is controlled by two FT paralogs with antagonistic functions. BVvFT2 is
functionally conserved with FT and essential for flowering, while BvFT1 represses flowering and
its down-regulation is crucial for the vernalization response (Pin et al., 2010). In potato an FT-
like protein StSP6A was identified as a major component of potato tuber formation (Teo et al.,
2017); whereas in Brachypodium distachyon (B. distachyon), FTL9 (closely related to FT3/FT5
in wheat) is essential for short day (SD) vernalization, which provides un-vernalized winter
plants competency to flower after exposure to SD (Woods et al., 2019). In wheat, twelve
different FT-like genes have been identified (Halliwell et al., 2016; Lv et al., 2014) and examples
of sub-functionalization have been also described. For example, FT3 and FT5 have a more

critical role in the induction of flowering under SD than other LD expressed FT-like genes
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(Casao et al., 2011; Faure et al., 2007; Kikuchi et al., 2009; Lv et al., 2014; Zikhali et al., 2017).
In addition, FT2 was shown to have a more predominant influence on SNS than on heading time
(Glenn et al., 2022; Shaw et al., 2019).

The functional differences in FT2 are particularly interesting, because this gene is the
closest paralog of FT1 (78% identical at the protein level) and the only FT-like gene in wheat
that has been shown to be transcribed directly in the SAM and developing spike (Shaw et al.,
2019). Loss-of-function mutations in both homoeologs of FT2 (henceforth ft2) result in small
differences in heading time but significant increases in SNS. However, the ft2 mutant also shows
reduced fertility precluding its utilization in breeding applications (Shaw et al., 2019).
Fortunately, a natural variant of FT-A2, resulting in an Aspartic Acid (D) change to Alanine (A)
at position 10 (henceforth, D10A), has been recently associated with increases in SNS, grain
number per spike and total spike weight indicating no negative impacts on fertility (Glenn et al.,
2022). The beneficial A10 allele was almost absent in tetraploid wheat but was present in more
than half of the analyzed common wheat varieties suggesting that this allele has been favored by
selection for improved grain yield in common wheat (Glenn et al., 2022).

The functional differentiation of FT1 and FT2 was paralleled by differences in their
protein-protein interactions. Whereas FT1 was able to interact in yeast-two-hybrid (Y2H) assays
with five of the six tested 14-3-3 proteins, FT2 showed no interactions with any of them (Li et
al., 2015). The two proteins also differed in their interactions with FDL proteins. Specifically,
FT1 showed positive Y2H interactions with FDL2 and FDLS6, in contrast FT2 showed a positive
interaction with FDL13 (Li & Dubcovsky, 2008). However, later it was found that FDL13 was

an alternative splice form of FDL15 with a retained intron and a premature stop codon (Li et al.,
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2015), and the complete FDL15 did not interact with FT2. In summary, no protein interactors of
FT2 were identified before this study.

Here, we explored the proteins FT2 can interact with by performing Y2H screens and
identified a bZIP-containing transcription factor from the grass-specific C-group that we
designated as bZIPC1. We show that bZIPC1 and three other members of the C-group can
interact with FT- and CEN-like encoded wheat proteins, a function that was previously shown
only for bZIP members of the A-group (FDL2, FDL6 and FDL15) (Li et al., 2015). Functional
characterization of bZIPC1 mutants revealed that this gene impacts spikelet number per spike but
has limited effect on heading time. Finally, we characterized natural variation in this gene and
identified variants associated with differences in SNS that may be of value for wheat breeding

applications.

3.3 RESULTS

Identification of FT2 interactors by yeast-two-hybrid (Y2H) screening

To identify proteins that interact with FT2, we performed Y2H screens (details described
in the Material and Methods section) using the wheat Chinese Spring FT-A2 protein
(TraesCS3A02G143100) as bait and a B. distachyon photoperiod cDNA library developed from
harvesting whole plants across a diurnal cycle in long and short photoperiods (Cao et al., 2011)
as prey. In the three screens performed against the photoperiod library (transformation
efficiencies of 4.5x10°, 4.6X10° and 4.1x10°), we detected 121 positive colonies corresponding
to 26 different genes (Table S1). Among them the one represented by the largest number of
colonies (67) was Bradi1g35230 (annotated as a kinectin-related protein with motor activity).
The second most abundant gene from the photoperiod library screens was Bradilg05480, which
was detected in 29 colonies. This gene was annotated as an uncharacterized bZIP transcription
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factor. We decided to prioritize this bZIP for functional analyses because it was the only
interactor detected in all three Y2H screens and also because of the known protein-protein
interactions between FT1 and other distantly related bZIP proteins (Li et al., 2015). The
complete list of detected interactors identified in the Y2H screens, and their functional

annotation is presented in Table S1.

Phylogenetic analyses of bZIPC-like genes

The large family of bZIP domain transcription factors includes 14 subfamilies (Agarwal
et al., 2019; Guedes Corréa et al., 2008; Peviani et al., 2016). Reciprocal BLASTS between
Bradi1g05480 and A. thaliana did not reveal a clear one-to-one orthologous relationship but
were sufficient to place Bradilg05480 within the C-group (Fig. 1), which includes A. thaliana
genes bZIP63 (At5g28770), bZIP10 (At4902640), and bZIP25 (At3g54620). To reflect
Bradi1g05480 phylogenetic relationship within the C-group of this large and diverse family of
bZIP transcription factors, we decided to incorporate the letter identifying the bZIP group within
the gene name and designated this gene as bZIPC1.

To understand the evolutionary history within the bZIP C-group and identify the closest
genes to Bradilg05480 in other species, we selected 58 bZIP-C class proteins spanning
flowering plant diversification from BLASTN searches (Fig. 1). Relationships among these
bZIP-C class proteins were estimated using Bayesian phylogenetic methods on an alignment of
the highly conserved bZIP DNA binding motif and other conserved regions within the protein
(Fig. S1). Using a Bayesian phylogenetic analysis, we estimated a >0.95 posterior probability for
the bZIPC1 clade, which comprised only grass species (Fig. 1). The closest clade to bZIPC1,
which we are designating as bZIPC2, also comprised only grass species. (Fig. 1). The nearest

grass relative, Joinvillea ascendens, showed a single sequence associated with the grass bZIPC1
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and bZIPC2 clades, suggesting that these two clades are the result of a grass specific duplication
event, which is consistent with the known whole genome duplication event at the base of the
grasses (Paterson et al., 2004).
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Fig. 1: Bayesian consensus phylogram of 58 group C-group bZIP domain containing proteins based on 169
alignable amino acids. Posterior probabilities (PP) are indicated only for the branching points supported at PP
values <98. All other branching points are supported at PP values > 98. “G” above the branch indicates a grass-
specific duplication. Scale bar indicates substitutions per site, excluding the root node which is shrunken for
viewability. Genes discussed in the manuscript are labeled in bold font. At=Arabidopsis thaliana, Os=Oryza
sativa, Zm=Zea mays, Cl=Chasmanthium laxum, Sb=Sorghum bicolor, Si=Setaria italica, Hv=Hordeum vulgare,
Ta=Triticum aestivum, Bd= Brachypodium distachyon, PI=Pharus latifolius, Ja=Joinvillea ascendens.
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The bZIP C-group includes two additional monocot-specific clades, designated here as
bZIPC3 and bZIPC4, which are more distantly related to bZIPC1 and bZIPC2 (Fig. 1). The
closest A. thaliana bZIP members of the C-group to these four monocot-specific clusters,
bZIP10, bZIP25 and bZIP63, cluster together with other eudicot members of this group
suggesting independent duplications events in the A. thaliana and the grass lineages (Fig. 1).
Thus, while bZIPC1 shares sequence similarity to bZIP63, bZIP25 and bZIP10 from A. thaliana,
these bZIPC duplicated genes have independent evolutionary histories in the grasses and the

Brassicales.

Interactions between bZIPC-like and FT-like proteins

The B. distachyon clones identified in the Y2H library were not full-length genes based
on BLASTN and BLASTP comparisons. To validate the interaction with full length bZIPC1, we
conducted direct Y2H assays using the full-length wheat bZIPC1 protein
(TraesCS5A02G440400.1, 392 amino acids). Since there are two different natural variants in
FT2 known to impact SNS (D10 and A10) (Glenn et al., 2022), we tested both protein variants in
the direct Y2H assays. We found that bZIPC1 can interact with both FT2 protein variants in
yeast when used as either bait or prey, confirming the initial Y2H screen results (Table 1; Fig. 2).

To explore if bZIPC1 can interact with other FT-like proteins, we also performed
pairwise Y2H assays between bZIPC1 and FT-Al (TraesCS7A02G115400), FT-B3
(TraesCS1B02G351100), FT-B5 (TraesCS4B02G379100), CEN-B2 (TraesCS2B02G310700),
CEN-A4 (TraesCS4A02G409200) and CEN-AS (TraesCS5A02G128600). We found that in
addition to FT2, bZIPC1 can interact with FT3 and weakly with FT5, however we did not

observe positive interactions with any of the other FT-like genes tested (Table 1, Fig. 2).
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Table 1: Y2H screen results between bZIPC1 and paralogs to FT-like proteins.

Prey pDEST 22
Bait pDEST32 bZIPC1 bzZIPC2 bZIPC3 bzZIPC4
FT1 NO WEAK NO WEAK
FT2-D10 YES WEAK NO NO
FT2-A10 YES NA NA NA
FT3 YES WEAK YES NO
FT5 WEAK YES WEAK NO
CEN2 NO YES NO NO
CEN4 NO WEAK NO WEAK
CENS WEAK NO YES NO
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bZIPC-B2 was synthesized and tested alongside bZIPC-A1l in a large set of Y2H pairwise tests.
We found that bZIPC2 interacted strongly with FT5 and CEN2 while interacting only weakly
with the other genes, excluding CENS, which showed no detectable interaction. bZIPC3 only
interacted with FT2 and CENS and weakly with FT5; whereas the bZIPC4 protein only

interacted weakly with FT1 and CEN4. (Table 1, Fig. 2).

Loss of function mutations in bZIPC1 are associated with reduced spikelet number per
spike (SNS)

To determine the function of bZIPC1, we combined loss-of-function mutants in the two
homoeologs of this gene in tetraploid wheat Kronos. We identified one tilling mutant line with a
loss-of-function mutation in the A genome homoeolog bZIPC-Al (TraesCS5A02G440400) and
three in the B genome homoeolog bZIPC-B1 (TraesCS5B02G444100). The G to A mutation in
bZIPC-Al (CS RefSeq v.1, chromosome 5A position 621,763,602) in the Kronos mutant K3308
results in a premature stop codon at position 97 (Q97%*). In bZIPC-B1, surprisingly, we identified
two independent mutants with identical C to T mutations (K3532 and K2991) in chromosome 5B
position 616,654,824 at the acceptor splicing site at the end of intron one (Fig. 3a). To confirm
that this mutation does impact the splicing of the bZIPC-B1 gene, we sequenced the mRNA
products of both bZIPC-B1 mutant alleles in K2991 and K3532. We found that the splice site
mutations resulted in the second exon (94 bp) being spliced out, generating a reading frame shift
resulting in a premature stop codon (Fig. 3b). We also identified a premature stop codon in
Kronos mutant line K2038, where a C to T mutation in chromosome 5B at position 616,655,991

results in a premature stop codon (W117%).
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We designed KASP markers for each of the EMS induced mutations (Table S2) to trace
the mutations during crosses and backcrosses. We made crosses between (K3308) (A genome
premature stop) and the three different B genome mutations and designated the different
combined homozygous mutant alleles as bzipcl-1 (K3308 + K3532), bzipcl-2 (K3308+ K2991),
and bzipcl1-3 (K3308 + K2038) (Fig. 3a). Plants heterozygous for the mutant alleles in both
homoeologs in the F1 hybrids and homozygous in their progeny were confirmed in the three
mutant combinations using the KASP markers (Table S2).

Visual comparison of the spikes (Fig. 3c) showed no obvious differences in the spikelets
between the combined mutants and the WT. However, all three double mutants had significantly
reduced SNS in two independent experiments compared to the WT, with an average reduction of
5.8 spikelets in the greenhouse experiment and 6.9 in the growth chamber (P < 0.001, Fig. 3d).
We found no significant differences in days to heading (DTH) or leaf number (LN) in both
experiments, indicating that bZIPC1 has a limited effect on both the timing of the transition
between the vegetative and reproductive phase stages and the duration of the elongation phase
(Fig. 3e-3f). The single bzipc-Al and bzipc-B1 mutants showed no significant differences with
the wild-type for SNS, DTH, and LN phenotypes (Fig. 3d-f), suggesting that both homoeologs
have redundant functions. The F2 results are presented in Fig. 3d-f, and their validation using F3

plants in Fig. S2.

Expression of bZIPC1 and FT2 overlap in the developing spikelet

We took advantage of published RNAseq data in Chinese Spring from five different

tissues at three developmental stages (Choulet et al., 2014) to evaluate the expression levels of
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the different bZIPC1 homoeologs. In CS, bZIPC1 transcripts were detected across all tissues for

the three homoeologs (Fig. 4a).
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Fig. 4: Relative expression of bZIPC1 across tissues. (a) Transcripts per million (TPM) of the three bZIPC1
homoeologs from previously published Chinese Spring RNAseq expression across five tissues and three
developmental stages (Choulet et al., 2014). TraesCS5A02G44044 = bZIPC-A1, TraesCS5B02G444100 = bZIPC-
B1, and TraesCS5D02G447500 = bZIPC-D1. (b) Expression of bZIPC-Al and bZIPC-B1 in tetraploid wheat

Kronos across the early stages of spike development (n = 4). (c) Expression of FT-A2 and FT-B2 in tetraploid wheat
Kronos across the early stages of spike development (n = 4).

Root tissue had the highest expression levels of bZIPC1, which was fairly consistent

across the three developmental stages included in the study. The spike tissue also showed high
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and relatively consistent expression levels of all three bZIPC1 homoeologs across the three
timepoints, which were all collected after the initiation of the elongation phase (Zadoks scale
Z32, Z39 and Z65 (Zadoks et al., 1974). bZIPC1 showed a relatively constant low expression
level in the leaves, while in the stem the expression was comparable to that in the spike at stage
Z30, although it decreased at later stages (Z32 and Z65). In the grain, bZIPC1 was expressed at
stage Z71 but then decreased greatly in Z75 before rising again slightly in Z85.

To study the expression of bZIPC1 earlier in spike development, we took advantage of an
RNAseq study in tetraploid wheat Kronos including samples collected at the vegetative (W1.0),
double ridge (W2.0), glume primordia (W3.0), lemma primordia (W3.25), and floret primordia
(W3.5) stages (VanGessel et al., 2022), with W values based on the Waddington spike
developmental scale (Waddington et al., 1983). Overall expression was similar between the A
and B genome, with expression levels increasing from W1.0 to W3.0 and remaining constant
through W3.5 (Fig. 4b). FT2 expression levels in the same RNAseq samples were extremely low
in W1.0 but then rose significantly in W2.0 to W3.0 before stabilizing (Fig. 4c). Thus, bZIPC1
and FT2 are expressed in the same organ at the same developmental stages.

Previously, FT2 has been shown to have different transcription profiles under LD and
SD. Under LD, FT2 expression in the leaves of seven-week-old plants was relatively high with a
peak close to 3-fold ACTIN at Zeitgeber time 8 (ZT8= 8 h after the lights were turned on), while
under SD FT2 expression was low throughout the diurnal cycle (Shaw et al., 2019). To explore if
bZIPCL1 expression changes between LD and SD are similar to FT2, we performed a real-time
quantitative reverse transcription PCR (QRT-PCR) analysis on bZIPCL1 in leaf samples collected
every four hours throughout the day from tetraploid wheat Kronos plants grown under SD (8h

light and 16 h darkness) and LD conditions (16 h light and 8 h darkness). Transcript profiles of
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bZIPC1 under LD and SD were more similar to each other than in FT2 (Shaw et al. 2019).
Transcript levels at both photoperiods were similar at ZTO0, decreased during the day and
increased during the night, although they reached higher levels in the last night time point under

the long nights of SD than under the shorter nights of LD (Fig. 5a and b).
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To determine if the diurnal expression cycling of bZIPC1 is clock regulated as has been
shown in other bZIPC-like genes in A. thaliana (Frank et al., 2018), we collected leaf samples
every four hours from Kronos plants under continuous light for 48 hours. Plants were grown
under LD for four weeks and then transferred to continuous light (free running). bZIPC1 showed

circadian oscillations with a peak at ZT28 h after the initiation of the continuous light period
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(Fig. 5¢). We also included in the study samples of a loss-of-function mutant of PHOTOPERIOD
1 (combined ppd-Al and ppd-B1, henceforth ppd1) in the same Kronos background, since this
gene is a known positive regulator of FT2 under LD. However, there were no significant
differences between the WT and ppd1 mutants at any time point, suggesting that while bZIPC1 is
regulated by the circadian clock, its transcript levels are not impacted by PPD1 (Fig. 5¢), which

agrees with the limited differences between LD and SD described above (Fig. 5 a and b).

Effect of the bzipcl mutant on the transcript levels of genes involved in spike development
Since the bzipcl mutants exhibited a significant reduction in SNS, we compared the
expression of genes previously known to be involved in the control of SNS in two of the three
mutants (bzipcl-1 and bzipcl-2) and their respective wildtype sister lines. Specifically, we tested
the expression of VRN1, FUL2, FUL3, WAPQO1, LFY, PPD1 (= PRR37), FT2, SEP1-6 (ortholog
of rice MADS34), CEN2, CEN4, CENS5, PRR73, FLC2 (MADS51), and AG1 (ortholog of rice
MADS58) via qRT-PCR at the double ridge (W2.5) and glume primordia (W3.0) developmental
stages. We did not find significant differences for any of these genes that were consistent
between loss-of-function mutants bzipcl-1 and bzipcl-2, (Table 2, Fig. 6a). These results suggest
that bZIPC1 is not controlling SNS through the modulation of expression of these genes at the
tested stages. However, we cannot currently rule out effects on the expression of these genes at

other spike developmental stages.
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Table 2: Transcript levels of genes known to be involved in spike development in bzipcl mutant
and wild type (WT) sister lines. Transcript levels were calculated using the 22t method using
IF4A as endogenous control.

bzipcl-2 bzipcl-1
Gene Stage Mutant WT P value Mutant WT P value @
LFY W2.5°  0.002713 0.004204 0.06 0.002814 0.002562 ns
W3.0 0.002235 0.003983 0.07 0.00505 0.005461 ns
FUL2 W2.5 0.008892 0.011719 ns 0.014926 0.005968 0.07
W3.0 0.016907 0.045001 * 0.021374 0.019443 ns
VRN1 W2.5 0.093737 0.100668 ns 0.13067 0.099647 ns
W3.0 0.073094 0.130994 0.09 0.154238 0.114678 ns
MADS34 W2.5 0.00408 0.009783 * 0.005794 0.003841 ns
W3.0 0.010519 0.017487 0.08 0.01408 0.01284 ns
CEN2 W2.5 0.029902 0.04925 ns 0.043705 0.02868 0.07
Wa3.0 0.012279 0.021746 ns 0.026776 0.021089 ns
CEN5 W2.5 0.044676 0.041554 ns 0.081628 0.021158 *
Wa3.0 0.020352 0.028069 ns 0.045873 0.033324 ns
CEN4-A W2.5 0.015671 0.011644 ns 0.013048 0.006435 ns
W3.0 0.007858 0.012705 ns 0.015146 0.009866 ns
FUL3 W2.5 0.050587 0.04894 ns 0.039389 0.023576 ns
W3.0 0.041085 0.051989 ns 0.066782 0.073974 ns
MADS51 W2.5 5.6E-05 0.00012 ns 5.49E-05 6.54E-05 ns
W3.0 0.000334 0.000223 ns 0.00023 0.00089 ns
MADS58 W2.5 7.91E-05 0.000166 ns 0.000165 0.000118 ns
W3.0 0.000173 0.000467 ns 0.000305 0.000301 ns
WAPO1 W2.5 0.000177 0.000219 ns 0.000153 0.000132 ns
Wa3.0 5.58E-05 0.00011 ns 6.41E-05 7.91E-05 ns
PPD1 W2.5 0.001311 0.001881 ns 0.000881 0.001719 ns
W3.0 0.000602 0.000851 ns 0.000472 0.00053 ns
PRR73 W2.5 0.004928 0.005259 ns 0.005948 0.004962 ns
W3.0 0.003086 0.004676 ns 0.003809 0.004424 ns

& ns = not significant, * = P < 0.05, ** = P < 0.01, *** =P < 0.001, n = 4.
b W2.5= double ridge and W3.0 = glume primordia spike developmental stages in Waddington scale.
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Fig. 6. Effect of mutations in bzipC1, wapol, vrnl and ful2 on the expression of bZIPC1. Transcript levels of
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RNA-Seq study (Li et al. 2019) in (c) Kronos and vrnl ful2 mutant sister lines, and (d) Kronos and vrnl mutant
sister lines.

Transcript levels of bZIPC1 homoeologs in the bzipcl-1 and bzipcl-2 combined mutants
were at least 3-fold lower than in the WT (qRT-PCR, Fig. 6a), suggesting reduced stability of the

MRNAS carrying the premature stop codon, possibly via the nonsense mediated decay pathway

(Nickless et al., 2017).

To further explore if genes involved in SNS development were involved in the
transcriptional regulation of bZIPC1, we measured the combined bZIPC1 mRNA levels from the
A and B genome in null mutants from genes previously shown to impact SNS such as wapol

(Kuzay et al., 2022), vrnl and vrnl ful2 mutants (Kuzay et al., 2022; Li et al., 2020). In both
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cases, bZIPC1 expression was not significantly altered in the mutant genetic backgrounds (Fig.
6b-d). Thus, bZIPC1 transcript levels do not appear to be modulated by these genes.

Given the limited impact of bZIPC1 mutations on the transcript levels of genes known to
affect spike development, we initiated a Quant-Seq experiment to explore other pathways
affected by bZIPC1. We extracted RNA from developing spikes at double ridge (W2.5) and
glume primordia (W3.0) stages from two independent loss-of-function bzipcl mutants (bzipcl-1
and -2). As biological replications, we used 4 pools of 4 dissected developing spikes at the same
developmental stage for each genotype at each developmental stage. These future transcriptomic
results should allow us to identify the transcriptomic changes associated with the mutant

phenotype, and the genes and pathways regulated by bZIPC1.

Natural variation in bZIPC1

The significant differences in SNS observed in the bzipC1 mutants motivated us to look
at the natural variation in both bZIPC1 homoeologs in a set of 55 tetraploid and hexaploid wheat
accessions from the Wheat T3 database (Blake et al., 2016) sequenced by exome capture (Fig.
7). We found two non-synonymous SNPs in bZIPC-B1 (TraesCS5B02G444100) but none in
bZIPC-Al (TraesCS5A02G440400) or bZIPC-D1 (TraesCS5D02G447500) in hexaploid wheat,
so we focused our haplotype analysis in a 1.3 Mb region on chromosome 5B flanking bZIPC-B1
(CS RefSeq v1.1 615,695,210 to 617,038,639).

A cluster analysis based on the 242 SNPs detected in the exome capture data of the 55
accessions in this region revealed four haplotypes designated here as H1 to H4 (Fig. 6). The H1
haplotype was the most frequent (72.7%) among these accessions and was more closely related

to H2 than to the other haplotypes. Haplotypes H3 and H4 were related to each other, but since
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H4 included only a single tetraploid accession (280-1-Yr15) used for the introgression of Yr15

from T. turgidum subsp. dicoccoides (Yaniv et al., 2015), we did not characterize it further.
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Fig. 7: Haplotypes in the bZIPC1 region. Cluster analysis based on 242 SNPs detected in chromosome 5B (CS
RefSeq v1.1 615,695,210 to 617,038,639 bp) in exome capture data extracted from T3/Wheat
(https://wheat.triticeaetoolbox.org/). Blue arrows indicate spring lines from haplotypes H2 and H3 used as
parental lines in crosses Berkut (H1). Red arrows indicate winter lines used as parental lines in the soft red
winter mapping population (Dewitt et al 2022).

We identified one historical recombination event between H1 and H3 at position
615,736,949-615,951,042 in line 26R61, with bZIPC1 located within the H3 haplotype region.
Another historical recombination event was detected between H1 and H2 at position
617,038,639-617,049,421 in tetraploid lines Kronos and Gredho. Common wheat winter line
LA95135 showed a recombination event at the same position but between H1 and an unknown
haplotype in the distal region. In these four lines with historic recombination events in the
region, the bZIPC-B1 gene is located within the H1 haplotype.

We then compared the four haplotypes for polymorphisms within the bZIPC-B1 coding
region and identified one synonymous SNP at position 616,652,860 that differentiated H3 from

all other three haplotypes, and two non-synonymous SNPs at positions 616,654,272 (N151K)
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and 616,654,229 (V166M) that differentiate the H1 haplotype (Table 3). The linked amino acids
K151 and M166 (KM henceforth) were found only in the H1 haplotypes whereas the N151 and
V166 linked changes (NV henceforth) were found in the other three bZIPC-B1 haplotypes,
bZIPC-Al, bZIPC-D1, and Hordeum vulgare, suggesting that NV is the ancestral state and KM
(H1) is a derived state. In addition, while we observed variation at position 166 (Table 3), the
N151 amino acid was conserved in B. distachyon, rice, Setaria, and Panicum supporting the

previous hypothesis.

Table 3: Distribution of bZIPC-B1 non -synonymous SNPs among wheat haplotypes, wheat
homoeologs bZIPC-Al (A) and bZIPC-D1 (D), and other grass species. bZIPC-B1
(TraesCS5B02G444100) is located in the minus strand. DNA changes are described based on the
plus strand.

RefSeqv1.15B H1 H2/3/4 H1 H2/3/4 A B Barley Brachy Rice Setaria  Panicum

616,654,229 T Cc M166 V166 V V \Y E S S E

616,654,272 o A K151 N151 N N N N N N N

Analysis of the N151K and V166M polymorphisms in the sequenced genomes of
tetraploid wheat revealed that both Svevo (Maccaferri et al., 2019) and Kronos (‘Kronos EI v1°,
https://opendata.earlham.ac.uk/opendata/data/Triticum_turgidum/El/v1/) carry the H1 haplotype,
whereas Zavitan (T. turgidum subsp. dicoccoides) has the H2 haplotype (Avni et al., 2017). The
H1 haplotype was also frequent among the sequenced hexaploid wheats in the PanGenome
project (Walkowiak et al., 2020), including Chinese Spring, Lancer, SY Mattis, Stanley, Jagger,
and CDC Landmark. A comparison of the promoter region including the 1,500 bp upstream of
the start codon revealed no polymorphisms among these accessions, supporting the hypothesis
that H1 is a relatively recent haplotype. The ancestral NV combination was detected in the

genomes of Norin61, Spelt, Mace, and Rubigus carrying the H3 haplotype and in the genomes of
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ArinaLrFor, Julius, Cadenza, Paragon, and Clair carrying the H2 haplotypes. A comparison of
the bZIPC-B1 promoter region (1500 bp) between Chinese Spring (H1) and Norin 61 (H3)
revealed 19 SNPs and two indels, whereas the same region showed 9 SNPs and 4 indel between
the H1 and H2 haplotypes, confirming the closer relationship between H1 and H2 relative to H3.

To explore the variation of the bZIPC-B1 haplotypes in time, we screened a collection of
63 T. turgidum subsp. dicoccoides, 77 T. turgidum subsp. dicoccon, and 328 T. turgidum subsp.
durum with KASP markers for the K151N and M166V SNPs (see “Material and methods”). We
found that 35 % of the T. turgidum subsp. dicoccoides accessions and 4 % of the T. turgidum
subsp. dicoccon accessions have the derived KM allele (Table 4). For the T. turgidum subsp.
durum, we split the group into old landraces and more modern cultivars and breeding lines. Of
the 175 landraces, we found that 37% had the derived KM allele while of the 153 cultivars and
breeding lines, 54% carried the KM allele (Table 4), indicating an increased frequency of the
derived allele in the modern cultivated durum wheats.

A similar analysis of exome capture data from 456 T. aestivum subsp. aestivum
accessions (He et al., 2019) revealed that 73 % of the accessions have the derived bZIPC-B1 KM
allele and only 27% the ancestral haplotype (Table 4). Taken together, these results suggest
positive selection for the KM derived allele. To explore this possibility further, we tested the

effect of the bZIPC-B1 KM allele in four segregating populations.

Table 4: bZIPC-B1 allele distribution in wild and cultivated tetraploid and hexaploid wheat.

NV (ancestral) KM (derived) NV % KM %

T. turgidum subsp. dicoccoides 41 22 65% 35%
T. turgidum subsp. dicoccon 74 3 96% 4%
T. turgidum subsp. durum Landraces 110 65 63% 37%
T. turgidum subsp. durum cvs. & breeding lines 70 83 46% 54%
T. aestivum subsp. aestivum 125 331 27% 73%
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Effect of bZIPC1 alleles on grain yield components

The haplotype analysis revealed that the group of varieties with the H1 haplotype
included the spring wheat variety Berkut, which is the central parent in the spring wheat Nested
Association Mapping (NAM) population (Blake et al., 2019). We previously characterized
populations generated from crosses between Berkut and spring common wheat accessions Dhar-
war (H2), RS15 (H3) and PATWIN-515HP (H3) for SNS and other grain yield components in
multiples locations and under two watering regimes (Zhang, Gizaw, Bossolini, et al., 2018).

These populations were previously genotyped with the Illumina 90K SNP chip (Jordan et
al., 2015), and among these SNPs we identified IWB56221 (RefSeq v1.1 5B 616,652,623) as the
closest diagnostic marker for the H1 haplotype (H1= T, H2, H3 and H4 = C). Using this marker,
we performed t-tests between the two alleles for the different traits in the different environments
(Table 5).

The comparison between the H1 and H3 haplotypes in the crosses Berkut x PATWIN-
515HP and Berkut x RSI5 showed that the H1 haplotype (=KM bZIPC-B1 allele) was associated
with significant increases relative to H3 (NV) in the number of total and fertile spikelets per
spike (3.1 to 6.1%), grain number per spike (11.0 to 11.5% increase), and kernel weight per spike
(10.6% to 11.9%, Table 5) in multiple locations. The H1 haplotype was also associated with
significant increase in grain number per spike (7.3%) and kernel weight per spike (10.6%, Table
5) relative to the H2 haplotype (NV) in the cross Berkut x Dhar-war. Although the number of
total and fertile spikelets per spike was not significant in this population, it showed the same

trend as in the other two populations, with higher values in H1 (1.1 to 1.7%) relative to H2.
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Table 5: Effect of marker IWB56221 tightly linked to bZIPC-B1 on total and fertile spikelet
number per spike (SNS), grain number per spike (GNS) and kernel weight per spike (KWS) in
spring wheat NAM populations. Only environments showing significant effects are presented
(complete information is available in Supplemental Appendix 2). Imp = Imperial Valley,
California, Dav= Davis, Sacramento Valley, California, 15= 2015, 16=2016, I= normal
irrigation, and D= without last irrigation. Data is from Zhang et al. 2018.

A. Berkut x PATWIN-515HP

Fertile SNS SNS GNS KWS
Imp15_D Imp15_1 Imp15_D Imp15_1 Davl5 D Impl5_| Davl5 D Impl5_D Imp15_1
Avg Berkut 18.44 18.21 21.79 2121 71.92 57.71 2.72 117 1.85
Avg PATWIN- 17.49 17.05 21.10 20.53 65.71 50.81 2.49 1.05 1.61
515HP
t-Test 0.0006 0.0001 0.016 0.017 0.040 0.008 0.011 0.06 0.002
Diff 0.95 1.16 0.69 0.67 6.21 6.90 0.23 0.12 0.24
% Diff 5.4% 6.8% 3.3% 3.3% 9.4% 13.6% 9.4% 11.6% 14.7%
Avg. Diff. 1.05 0.68 6.55 0.20
% change 6.1% 3.3% 11.5% 11.9%
N= 69
B. Berkut x RSI5
Fertile SNS SNS GNS KWS
Dav16_D Imp15_D Imp15_1 Imp15_D Imp15_1I Davi15_| Imp15_1I Imp15_1

Avg. Berkut 17.67 17.34 17.43 19.65 19.73 55.62 53.23 1.88
Avg. RSI5 17.15 16.64 16.71 19.27 18.94 50.93 47.16 1.70
t-Test 0.0344 0.0155 0.0616 0.0712 0.0795 0.0954 0.0072 0.0134
Diff 0.52 0.70 0.72 0.37 0.80 4.69 6.07 0.18
% Diff 3.0% 4.2% 4.3% 1.9% 4.2% 9.2% 12.9% 10.6%
Avg. 0.65 0.58 5.38 0.18
Avg. 3.8% 3.1% 11.0% 10.6%

N= 64
C. Berkut x Dhar-war

GNS KWS
Davl5_D Davl5_D
Avg. Berkut 63.42 1.88
Avg.Dhar-war 59.09 1.70
t-Test 0.035 0.013
Diff 4.33 0.18
% Diff 7.3% 10.6%

N=734

We also explored the effect of the H1 haplotype relative to H3 in the winter wheat
population LA95135 (H1) x SS-mvp57 (H3) evaluated in five different environments in North

Carolina, USA (DeWitt et al., 2021). In addition to bZIPC-B1, this population segregates for
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another four genes affecting SNS including: PPD-D1, RHT-D1, FT-A2 (Glenn et al., 2022), and
WAPO-AL (Kuzay et al., 2019). We inferred the bZIPC-B1 genotype from the consensus of two
SNPs flanking this gene at 616,367,516 and 616,955,782, and used it together with the genotypes
of the other four genes in a factorial ANOVA including the five genes as factors, all the possible
two-way interactions among genes, and environments as blocks.

The combined ANOVA across environments, explained 43.4% of the variation in SNS
and revealed highly significant differences in SNS for all five genes including bZIPC-B1 (P <
0.0001, Table 6). PPD-D1 and WAPO-AL1 showed the strongest effects, whereas bZIPC-B1 had
the weakest effect, with the Berkut allele showing on average a 1.4% increase in SNS (0.3
spikelets, Table 6). The differences in SNS for bZIPC-B1 were significant in three out of the five
environments when the ANOVAs were performed separately by environment. None of the two-
way interactions involving bZIPC-B1 with the other four genes were significant (only RHT-D1
interactions with PPD-D1 and WAPO-A1 were significant, Table 6).

In addition, we analyzed the effect of bZIPC-B1 on fertility, grain number per spike
(GNS), days to heading (DTH) and spike grain yield. We found no significant differences for
fertility associated with bZPIC1 except for a marginally significant interaction with PPD-D1, so
it was not surprising that the significant differences in SNS associated with bZIPC1 were
paralleled by significant differences in GNS. We also detected significant differences in fertility
for PPD-D1, RHT-D1, and WAPO-A1 and for GNS for FT-A2, and RHT-D1 and for the RHT-D1
x WAPOQO-AL interaction (Table 6). Lines which carried the bZIPC1 H1 haplotype on average had

1.31 more grains than the H3 haplotype (2.6%, Table 6).
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Table 6: Factorial ANOVA for SNS, GN, Fertility, DTH, and Spike Yield including 5 genes
(factors), two alleles (levels), and environments (blocks).

SNS Fertility GNS DTH Spike Yield
Env <.0001 0.6608 0.0001 <.0001 <.0001
WAPO-A1 <.0001 0.0339 0.1460 0.1501 0.2597
PPD-D1 <.0001 0.0080 0.2935 <.0001 0.0769
FT-A2 <.0001 0.0772 <.0001 <.0001 <.0001
RHT-D1 <.0001 <.0001 <.0001 <.0001 <.0001
bZIPC1 <.0001 0.5311 0.0431 <.0001 0.0107
Two-way interactions
PPD-D1*FT-A2 0.6972 0.9239 0.9780 0.2954 0.4778
PPD-D1*bZIPC1 0.5463 0.0414 0.1157 0.6935 0.0511
FT-A2*bZIPC1 0.1060 0.1056 0.2489 0.0813 0.1682
PPD-D1*RHT-D1 0.0236 0.1088 0.3442 0.8272 0.6681
FT-A2*RHT-D1 0.0964 0.5089 0.2742 0.0650 0.7315
bZIPC1*RHT-D1 0.2871 0.6282 0.5759 0.1394 0.4894
PPD-D1*WAPO-Al 0.1071 0.6038 0.9115 0.9042 0.101
FT-A2*WAPO-Al 0.4229 0.9551 0.6043 0.2298 0.9133
bZIPC1*WAPO-Al 0.6649 0.4243 0.5732 0.0016 0.2449
RHT-D1*WAPO-Al <.0001 0.2099 0.0333 0.8634 0.0539
No. of environments 5 2 2 4 3
Avg. bZIPC1 LA95135 (H1) 21.23 2.38 51.65 107.52 12.0919912
Avg. bZIPC1 SS-MVP57 (H3) 20.94 2.36 50.34 107.98 11.7403914
% change 1.41% 0.76% 2.60% -0.43% 2.99%

On average, the H1 haplotype showed a significant 0.5-day delay in heading date relative
to H3, which is consistent with the H1 positive effect on SNS. There was also a significant
interaction between bZIPC-B1 and WAPO-A1 (P = 0.0016) so we analyzed the four possible
simple effects. We found that the H1 haplotype was significantly different from H3 (0.93 d, P <
0.0001) within the Wapo-Alb allele (associated with high SNS and late heading) but not
significant within the Wapo-Alc allele (0.04 d, P = 0.12 Fig. 8). The differences between the
WAPO-AL allele were significant within the bZIPC-B1 H1 (P = 0.0151) haplotype but not within
the H3 haplotype (P = 0.9982). These results suggest that bZIPC1 and WAPO1 may affect

heading time through a common pathway.
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Fig. 8: bZIPC-B1 x WAPO-AL interaction for days to heading (DTH). ns= not significant, * = P <0.05, ** = P <
0.01, *** = P < 0.001

Finally, we detected significant differences in spike grain yield for bZIPC-B1, FT-A2 and
RHT-D1, but none of the two-way interactions for this trait were significant (Table 6). On
average, the spike grain yield associated with the bZIPC-B1 H1 haplotype was 0.35 g greater
than the H3 haplotype (2.99 % increase, Table 6), which is a promising result.

It is also interesting to note, that there were only two significant interactions for SNS
between these genes (RHT-D1 with PPD-D1 and WAPO-A1), and only a spattering of two-way
interactions amongst them for the other yield-component traits, indicating that these SNS genes
may operate mainly as additive factors in the determination of SNS.

Taken together, these results indicate that the bZIPC-B1 KM allele (H1 haplotype) is
associated with beneficial effects on SNS, GNS, and kernel weight per spike relative to the
ancestral VN allele, providing a plausible explanation for the rapid increased in the frequency of

the derived KM allele during wheat domestication and wheat improvement (Table 4).
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3.4 DISCUSSION

bZIP transcription factors are a large and functionally diversified family
The basic leucine zipper (bZIP) transcription factors (TF) are a large and diverse family

present in eukaryotes from Saccharomyces cerevisiae to Homo sapiens (Agarwal et al., 2019).
They are characterized by two conserved domains. The first one is a DNA-binding domain rich
in basic amino acids, which is followed by a leucine zipper consisting of several heptad repeats
of hydrophobic amino acids (Hurst, 1995). This last region favors the formation of homodimers
or heterodimers, resulting in multiple combinations with unique effects on transcriptional
regulation (Deppmann et al., 2006). In plants, the bZIP transcription factors have a variety of
roles ranging from hormonal responses, light signaling, nitrogen/carbon metabolism, biotic and
abiotic stress, flower induction, development, and seed storage and maturation (Agarwal et al.,
2019; Alonso et al., 2009; Alves et al., 2013; Baena-Gonzalez et al., 2007; Choi et al., 2000;
Fujita et al., 2005; Jakoby et al., 2002; Schiitze et al., 2008).

In A. thaliana, 78 bZIP TFs have been identified and divided into 10 subfamilies (A to |
and S) based on their similar motifs. The bZIP proteins from the C-group, which is the focus of
this study, preferentially form heterodimers with other members of the C-group as well as with
members of the S1-group (Ehlert et al., 2006). Known as the “C/S1 network”, this network has
been shown to be involved in amino acid metabolism, stress response, and energy homeostasis

(Alonso et al., 2009; Droge-Laser & Weiste, 2018; Feng et al., 2021).

C-group bZIP transcription factors have diversified in the grasses
In A. thaliana the C-group includes four members (AtbZIP-9, -10, -25, and -63) which
participate in a wide range of functions. For example, AtbZIP63 has been demonstrated to

regulate the starvation response (Mair et al., 2015) and to play an important role in fine-tuning of
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ABA-mediated, sugar dependent abiotic stress responses (Matiolli et al., 2011). bZIP10 was
identified to modulate basal defense and cell death in A. thaliana (Kaminaka et al., 2006) and to
work with glutathione to induce various heat shock proteins (Kumar & Chattopadhyay, 2018)
Searching for interactions with TaFT2, our screening of the B. distachyon cDNA libraries
isolated the uncharacterized bZIP transcription factor, Bradilg05480, which is closely related to
A. thaliana bZIP63 (At5g28770), bZIP10 (At4g02640), and bZIP25 (At3g54620) of the bZIP C-
group. In the monocots, the C-group includes four main clusters, two of which include only grass
species. To generate a more comprehensive nomenclature for the large family of wheat bZIP
transcription factors that better reflects their evolutionary relationships, we propose to
incorporate the group name to the bZIP gene name and designate the wheat bZIP genes from C-

group as bZIPC1, bZIPC2, bZIPC3, and bZIPC4 (Table 7).

Table 7: Proposed nomenclature for bZIP wheat genes from C-group

Synonyms and

Gene name Homoeologs Gene ID (RefSeq v1.1) barley orthologs
bZIPC-Al TraesCS5A02G440400 TaSPH
bZIPC1 bZIPC-B1 TraesCS5B02G444100.1 HVBLZ1
bZIPC-D1 TraesCS5D02G447500
bZIPC-A2 TraesCS1A02G329900 TaSPA
bZIPC2 bZIPC-B2 TraesCS1B02G343500 HYBLZ2
bZIPC-D2 TraesCS1D02G332200
bZIPC-A3 TraesCS5A02G057500
bZIPC3 bZIPC-B3 TraesCS5B02G059200
bZIPC-D3 TraesCS5D02G068800
bZIPC-A4 TraesCS6A02G154600
bZIPC4 bZIPC-B4 TraesCS6B02G182500
bZIPC-D4 TraesCS6D02G144400
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Functional characterization of bZIPC1 and bZIPC2 genes

The bZIPC1 cluster includes previously studied proteins such as wheat TaSHP (Boudet et
al., 2019), barley BLZ1 (Vicente-Carbajosa et al., 1998) and maize OHP1 (Pysh et al., 1993),
whereas the bZIPC2 cluster includes wheat TaSPA (Albani et al., 1997) barley BLZ2 (Onfate et
al., 1999), and maize OPAQUE2 (Pysh et al., 1993). The bZIPC3 and bZIPC4 subgroups are
more distantly related and less studied.

The first wheat protein described for the bZIP C-group, the STORAGE PROTEIN
ACTIVATOR (TaSPA = bZIPC2), was first shown to be involved in the regulation of grain
storage proteins (Albani et al., 1997) and later in starch accumulation (Guo et al., 2020). This
protein is orthologous to the barley protein BLZ2, which interacts in Y2H with the bZIP protein
BLZ1 (Onate et al., 1999). Since both BLZ1 and BLZ2 were shown to be involved in the
regulation of seed storage proteins (Vicente-Carbajosa et al., 1998), the wheat ortholog of BLZ1,
TraesCS5B02G44410.1, was cloned and named SPA HETERODIMERIZING PROTEIN
(TaSHP) (Boudet et al., 2019). Although this name was based on the known interaction of the
barley orthologs BLZ1 and BLZ2, this interaction was not validated in wheat in the previous
study.

The maize ortholog of bZIPC2, OPAQUE2 (02), was initially identified as a positive
regulator of grain storage protein (Pysh et al., 1993), and a similar function has been proposed
for the rice ortholog RISBZ1 (OsbZIP58) (Kawakatsu et al., 2009). Similarly, the orthologs of
bZIPC1 in barley (BLZ1) and maize (OPAQUE2 HETERODIMERIZING PROTEINs OHP1
and OHP1b) have been shown to bind to the promoters of the genes encoding storage proteins
promoting their activation (Vicente-Carbajosa et al., 1998; Zhang et al., 2015). TaSHP (=

bZIPCL1), however, has been shown to act as a repressor of glutenin storage proteins synthesis in
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wheat (Boudet et al., 2019). These results suggest that bZIP genes are involved in the regulation
of storage proteins and can act both as transcriptional activators or repressors, likely depending
on complex interactions with other bZIP genes in the different genetic backgrounds.

In addition to their role in the regulation of grass storage proteins, bZIPC1 and bZIPC2
genes have been shown to have additional functions. The rice ortholog of bZIPC1, OsbZIP33
(Os03g58250), is reported to be involved in the resistance of abiotic stresses via ABA-dependent
stress signal transduction (Rabbani et al., 2003; Zeller et al., 2009), with transgenic rice plants
overexpressing OsbZIP33 showing significantly higher survival rates than their wild-type
counterparts after dehydration treatment (Chen et al., 2015). Similarly, the maize ortholog of
bZIPC1, ZmbZIP41, was identified as related to drought in a drought re-watering transcriptome
dataset but no functional characterization was completed (Cao et al., 2019). The significant
reduction in SNS detected in our bzipcl wheat mutants demonstrates a previously unknown role
of this gene in the regulation of spike development.

Given the additional functions of the bZIPC1 genes described in the literature, it would
be interesting to test the effect of the wheat bzipcl mutants on the relative abundance of different
classes of grain storage proteins and on survivability compared to their wild-type sister lines in
drought and re-watering experiments. In addition, given that the expression of bZIPC1 was
greatest in the roots, further analyses of root architecture and biomass in the wheat bzipcl

mutants and wildtype sister lines are worth pursuing in future studies.

Functional characterization of bZIPC3 and bZIPC4 genes
The bZIPC3 and bZIPC4 genes have been less characterized than bZIPC1 and bZIPC2, to

which they are more distantly related (Fig. 1). The wheat genes bZIPC-B3
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(TraesCS5B02G059200) was upregulated in response to cold in a study of wheat responses to
freezing temperatures, (Tian et al., 2022), but no additional characterization has been completed
for this gene or its homoeologs (Table 7). The maize ortholog of bZIPC3, ZmbZIP11
(Zm00001d030995), was upregulated during the induced systemic resistance activation by
Trichoderma atroviride (Agostini et al., 2019), and the rice orthologous protein OsbZIP88
(Os12g40920) was shown to form heterodimers with Group-S1 member, OsbZIP71, which is an
important regulator in ABA-mediate drought and salt stress response in rice (Liu et al., 2014).
Overall, the few bZIPC3 genes characterized so far affect traits encompassing a broad spectrum
of stress related features.

None of the three wheat bZIPC4 homoeologs (Table 7) has been functionally
characterized, but the bZIPC-D4 (TraesCS6D02G144400) gene showed higher transcript levels
after drought and heat treatments (Liu et al., 2015). The maize bZIPC4 ortholog (ZmbZI1P104)
has been shown to be regulated by OPAQUE?2 in a study of the maize endosperm transcriptome
(Zhan et al., 2018). The rice bZIPC4 ortholog (RISBZ5 = OsbZIP52) has been proposed to
function as a negative regulator in cold and drought stress environments, with rice plants
overexpressing RISBZ5 showing significant increases in cold and drought stress sensitivity (Liu
etal., 2014)

Although additional functional characterization studies are necessary to understand the
different roles of the bZIPC3 and bZIPC4 genes, the available information for the four bZIP C-
group clades is indicative of some degree of sub-functionalization. This sub-functionalization is
reflected in our Y2H results (Table 1), which showed that each of the four wheat bZIP proteins
of the C-group interacts with a different set of FT- and CEN-like encoded proteins, supporting

the diversification of these clades.
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bZIPC1 interacts with FT2 and regulates SNS via an unknown mechanism

In spite of its sequence similarity with FT1, FT2 shows some unique characteristics that
set it apart from other FT-like genes. FT2 is the only FT-like gene in wheat that is expressed
directly in the developing spike and the only one that encodes a protein that does not interacts
with any of the known bZIP proteins of the A-group (FDL2, FDL6, and FDL15) or the known
14-3-3 proteins that interact with the other FT-like proteins. In addition, it is the only one that
shows significant effects on SNS with limited effects on heading time. These unique
characteristics motivated us to look for its protein interactors.

We identified bZIPC1 as a novel interactor of FT2, and since we were not aware of
previous reports of C-group bZIP proteins interacting with FT-like proteins, we decided to
pursue its functional characterization. We hypothesized that knock-out mutants in bZIPC1 would
limit the ability of FT2 to accelerate the formation of the terminal spikelet and would also result
in an increase in SNS. Surprisingly, all three bzipcl mutant alleles in tetraploid wheat showed a
significant decrease in SNS.

Although this clearly demonstrates that our initial hypothesis was false, the mechanism to
explain why the loss of function of bZIPC1 results in reduced SNS remains elusive. The qRT-
PCR analysis of developing spikes in the wildtype and bzipcl mutants showed no consistent
difference in expression in FT2 suggesting that the bZIPC1 effect on SNS was not mediated by
the transcriptional regulation of FT2. Since bZIPC1 can also interact with FT3, we cannot
currently rule out the hypothesis that the bzipcl mutant effect on SNS was mediated by FT3.
Combined ft3 bzipcl will be required to test this hypothesis.

Finally, an alternative possibility is that the bZIPC1 protein interaction with FT2 results

in a non-functional complex that competes with other FT2 interactors required for FT2 function.
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bZIP proteins from the C-group are known to form heterodimers with other members of the C-
group and with members of the S1-group generating a complex network of potential competitive
interactions (Ehlert et al., 2006). Under this scenario, the bzipcl mutant could result in reduced
competition with an interactor required for FT2 function, increased FT2 activity, and reduced
SNS. Testing the interaction between bZIPC1 and other bZIP proteins from the C- and S1-
groups could be an initial step to test this hypothesis.

The absence of significant differences in expression between the bzipcl mutants and the
wildtype for several spike development genes suggests that these genes are likely not part of the
mechanism by which bZIPC1 regulates SNS. The tested genes with known effects on wheat SNS
that showed no expression differences included PHOTOPERIODL1 (PPD1) (Shaw et al., 2013),
FLOWERING LOCUS T1 (FT1) (Lv etal., 2014), WHEAT ORTHOLOG OF APO1 (WAPO-A1)
(Kuzay et al., 2019, 2022), and the meristem identity genes VRN1, FUL2 and FUL3 (L. et al.,
2019). Therefore, these genes are unlikely targets of a bZIPC1 mediated transcriptional
activation at the tested developmental stages (W2.5 and W3.0). These developmental stages were
selected because they precede the formation of the terminal spikelet, and also because expression
analyses showed that bZIPC1 and FT2 expression overlapped at these stages. However, we
cannot completely rule out the possibility that the expression of these genes is affected by
bZIPC1 at a different time point of spike development.

Furthermore, no significant differences in bZIPC1 expression were observed between the
Kronos wildtype and the vrnl, vrnl ful2, wapol, and ppd1 mutants in the same backgrounds
suggesting that bZIPC1 transcription is not regulated by these genes. The expression of bZIPC1
in the developing spike at the same stages as FT2 in the same set of RNASeq samples indicates

that these two genes are expressed in the same organ at the same time before the formation of the
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terminal spikelet. These results support the hypothesis that the bZIPC1-FT2 interactions
observed in yeast may be biologically relevant.

We show that bZIPC1 oscillates throughout the day under continuous light indicating that
this gene is regulated by the circadian clock. This agrees with results from other species, where
bZIP genes from the C-group have also been shown to be clock regulated (e.g. Frank et al.,
2018). In A. thaliana the cycling of bZIP63 plays an important role in the regulation of PRR7
(PPD1 homolog) in response to sugar levels and can itself impact clock function (Frank et al.,
2018).

In contrast with FT2, whose transcript levels are significantly downregulated under SD,
bZIPC1 showed similar profiles under SD and LD, although higher transcript levels were
detected in the last time point sampled during the long nights of SD than under LD. Consistent
with the previous results, loss-of-function mutation in the main wheat photoperiodic gene PPD1
did not significantly affect the transcriptional profile of bZPC1 under continuous light.

Another possibility is that bZIPC1 impacts SNS via stress or sugar related pathways. The
bZIPC1 paralogs in A. thaliana have been implicated in both abiotic stress and sugar responses
(Frank et al., 2018; Kaminaka et al., 2006; Kumar & Chattopadhyay, 2018; Matiolli et al., 2011).
For example, bZIP63 impacts the overall energy metabolism in plants (Frank et al., 2018;
Matiolli et al., 2011). Moreover, overexpression of the bZIPC1 gene in rice, OsbZIP33, impacts
ABA-dependent stress signal transduction (Rabbani et al., 2003; Zeller et al., 2009) and the
bZIPCL1 gene in maize, ZmbZIP41, was also identified in a drought-stress transcriptome dataset
(Cao et al., 2019). In addition, the bZIP C/S1 network has been shown to be involved in stress
response and energy homeostasis in A. thaliana (Ehlert et al., 2006). Under starvation conditions,

the C/S1 network reprograms metabolic gene expression to support survival while, in prevailing
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energy supply, controls plant growth, development and stress responses by fine tuning carbon
and nitrogen responses (Droge-Laser & Weiste, 2018). Our experimental plants were grown
under a non-stressed environment, but it is possible that the bzipcl mutants were interfering with
regulation of plant growth and development. It will be interesting to test if bZIPCL1 is able to
interact with any S1 group proteins. Additionally, the planned transcriptomic work between
bzipcl versus wild type should reveal if any stress related pathways are affected by the bzipcl

mutation.

Natural variation in bZIPC1 and potential applications to plant breeding

Analysis of natural variation in the bZIPC-B1 region revealed three major haplotypes
(H1-H3) with bZIPCL1 protein in the H1 haplotype being distinguished from H2/H3 by two SNPs
resulting in amino acid changes K151N and M166V. Based on comparison with other grasses we
determined that the bZIPC1 NV combination corresponds to the ancestral allele, and that the
frequency of the derived KM genotype was low in T. turgidum subsp. dicoccoides, T. turgidum
subsp. dicoccon. Among the durum accessions, the frequency of the derived KM allele increased
from 37% in the durum landraces to over 50% in the cultivated and breeding durum lines. In
addition, the frequency increased to 73% in common wheat lines. These changes suggest that the
H1 haplotype might have been favored by positive selection, and that there is still a significant
number of varieties (27% in hexaploid wheat) that can potentially benefit from the incorporation
of the H1 allele.

The K151N and M166V mutations are located outside the conserved basic region and
leucine zipper domains and have relatively high BLOSUMG62 scores (0 and 1 respectively),

predicting a limited effect on protein structure and/or function of the individual mutations.
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However, a more detailed structural analysis of the proteins will be required to predict the effect
of the combined mutations. It is also possible that the multiple SNPs and indels we detected
between the H1 and H2/H3 haplotypes in the bZIPC1 promoter regions contribute to differences
in expression and in phenotype between haplotypes. A detailed comparative study of the
expression profiles of the different haplotypes in an isogenic background during spike
development will be necessary to see if differences in expression contribute to the phenotypic
differences observed among the bZIPC-B1 alleles.

Finally, we cannot rule out the possibility that selection for other genes tightly linked to
bZIPC-B1 within the H1 haplotype contributed to its increased frequency in hexaploid wheat.
We have initiated a fine mapping project to narrow down the candidate region of the H1
haplotype and the number of potential candidate genes for the reduced SNS phenotype. Given
the effect of the bZIPC1 null mutants on SNS, bZIPC-B1 stands as a strong gene candidate for
the observed differences in SNS.

Overall, the H1 haplotype showed significantly higher SNS, grain number per spike, and
kernel weight per spike than both the H2 and H3 haplotypes in multiple locations and in spring
and winter wheat. These significant increases in kernel weight per spike in all three spring wheat
populations and the winter wheat population are encouraging, because they show that the
increases in grain number were not completely offset by a decrease in kernel weight. Replicated
field experiments using near isogenic lines for the bZIPC1 haplotypes in highly productive
genotypes grown in optimum environments will be necessary to test if the positive impacts
observed in the yield components is translated into positive effects on total grain yield.

The magnitude of the bZIPC-B1 H1 haplotype effect on these yield components varied

across environments, similarly to what has been reported previously for other wheat genes
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affecting SNS such as FT-A2 (Glenn et al., 2022) and WAPO-AL (Kuzay et al., 2019, 2022).
Therefore, before adoption of this gene into breeding programs, it would be prudent to test the
effects of the bZIPC-B1 haplotypes into local genetic backgrounds and environments.
Fortunately, the H1 haplotype seems to be frequent in wheat germplasm from different parts of
the world, which together with the haplotype analysis presented here, will facilitate the
evaluation of its effects if SNP information is available. The two molecular markers developed in
this study are diagnostic for the beneficial H1 haplotype and the associated KM polymorphism
and can be used to differentiate H1 from the other three haplotypes carrying the NV
polymorphism. Therefore, breeders can screen first their germplasm with these two markers to
determine which lines have the H1 haplotype and which ones can benefit by its introgression.
The sequences of these markers are publicly available to facilitate the deployment of this

potentially beneficial bZIPC-B1 allele.

3.5 MATERIAL AND METHODS

Plant materials

We identified the bZIPC1 orthologs in the durum wheat cultivar Kronos using the sequences
from Chinese Spring bZIPC-A1 (TraesCS5B02g444100) and bZIPC-B1 (TraesCS5A02G440400)
and identified loss of function mutations in the sequenced Kronos mutant population (Krasileva
et al., 2017). We then combined mutations in the A and B homoeologs from each gene to
generate three loss-of-function lines designated as bzipcl1-1, bzipcl-2 and bzipcl-3. We
backcrossed each of the three mutant alleles to Kronos twice and when possible phenotyped the

mutant and segregating wild-type allele for bZIPC1.
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Plant growth conditions

bZIPC1 mutant lines were initially grown in growth chambers at 16 hour long-day with
temperatures oscillating between 22 and 18 °C during the day and night respectively. After
heading and phenotyping, plants were moved to a greenhouse for drying and seed increases.
Seed increases were grown in long-day greenhouses given supplemental lighting during the

winter.

Phylogenetic analysis

Phylogenetic analyses of bZIP C-group genes were performed using BdbZIPC1,
AtbZIP63, AtbZIP10 and AtbZIP25 as seed sequences for BLAST searches using Phytozome
and NCBI as described previously (Woods et al., 2011). Amino acid sequences were aligned
using MUSCLE (Edgar, 2004), before manual alignment of amino acid sequences in Mesquite
(Maddison & Maddison, 2007; Fig. S1). Unalignable regions were pruned from the analysis in
order to minimize noise in the phylogenetic signal. Maximum-likelihood analyses were
conducted using SeaView version 5.0.4 using the LG model (Gouy et al., 2010). Bayesian
phylogenetic analyses used MrBayes v3.2.6 x64 (Ronquist & Huelsenbeck, 2003) on the FARM
cluster at the University of California Davis with 10 million generations, using the GTR+G
model as determined by Mr. Model Test version 2.3 (Nylander, 2004). After convergence had
been reached, the first 25% of trees were removed as burn-in and clade credibility values
estimated using MrBayes. Trees were imaged using FigTree version 1.4.4 and further annotated

in Adobe Illustrator 2021.
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Statistical analysis
Analysis of Variance was conducted with the “Anova” function in R package “car” (Fox
& Weisberg, 2020) with type 3 sum of squares and LS Means to accommodate unbalanced

designs.

Marker Development
We used the available exome capture sequence from Berkut and PATWIN-515HP
(Wheat/T3) to develop KASP markers for the bZIPC1 SNPs, N151K and V166M. We also

created KASP markers for the tilling mutant alleles. (Table S2).

Yeast two hybrid assays

The full-length coding region of FT2 (TraesCS3A02G143100) was cloned from Chinese
Spring as described in Li et al 2015. The FT2 coding region was recombined into pPDONRzeo
using Life Technologies BP Clonase following the manufacturer’s protocol. FT2 in pPDONRzeo
was subsequently recombined into the pDEST32 and pDEST?22 yeast destination vectors using
Life Technologies LR Clonase II following the manufacturer’s protocol. Clones were verified by
sequencing at each cloning step to ensure sequence integrity. All direct assays and library
screens were performed using the MaV203 yeast strain as described in the ProQuest manual
(Invitrogen). Before screening the cDNA libraries, we confirmed that FT2 was not auto-activated
when used as prey or bait by testing it against the empty vector.

We screened a cDNA “photoperiod” library previously developed in B. distachyon (Cao
etal., 2011). The photoperiod library was generated from shoots of two-week-old plants

collected over 24 h grown under long (20 h light) and short day (8 h light) photoperiods (Cao et
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al., 2011). For the screen, transformants were selected on plates with SD medium lacking leucine
(L) and tryptophan (W) and were replica plated on SD medium lacking L, W and uracil (U) to
identify putative FT2 interactors. Yeast colony PCR was done using the Phire polymerase
following manufacturer’s instructions (Thermo Fisher).

To confirm the Y2H screen results, we cloned the full-length coding sequence from
Bradilg05480 using a pooled cDNA mixture derived from young leaf and developing spikes
from early double ridge (W2.0) to floret primordia present (W3.5) developmental stages
(Waddington et al., 1983). The bZIPC1 coding region was amplified using primers at the start
and end of the coding region of bZIPC1 and cloned into the pJET vector following the
manufacturer’s protocol (ThermoFisher). Primers are described in Table S2. Once bZIPC1 was
in pJET, this was used as a template to amplify the bZIPC1 coding region using bZIPC1 BP
primers (Table S2) and recombining into pPDONRzeo using Life Technologies BP clonase
following the manufacturer’s protocol. The pPDONRzeo vector containing the desired bZIPC1
coding region was recombined into pDEST22 and pDEST32 using Life Technologies LR
Clonase II following the manufacturer’s protocol. Clones were verified by sequencing at each
cloning step. We also cloned the wheat bZIPC1 paralogs bZIC3 and bZIPC4, and genes CEN4,
CENS, FT2, FT3 and FT5 using the same cloning strategy described for bZIPC1 (Table S2),
whereas bZIPC2 was synthesized and cloned. bZIPC1 and all genes used in the directed Y2H
assays were confirmed to not auto-activate when either used as prey or bait. FT1 and CEN2 were
previously cloned (Li et al., 2015) and these were transferred into pDEST22 and pDEST32 using

the same strategy described for bZIPC1.
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Gene expression studies

Plants were grown in 4.5 L pots placed in CONVIRON growth chambers under 16 h light
at 22 C (330 mol intensity) and 8 h darkness at 17 C for 25-30 days. To compare the transcript
levels of bZIPC1 and several genes known to affect SNS between bzipcl-1 and bzipcl-2 mutant
plants and their corresponding wildtype sister lines, we pooled 4 developing meristems when
they reached the W2.0 and W3.0 stages (Waddington et al., 1983). RNA extraction and
expression analyses were done as described previously (Shaw et al., 2020). Real-time PCR
primers were utilized that amplify both the A and B genome homoeologs from the following
genes: FUL2, VRN1, SEP1-6 (=MADS34), FLC2 (MADS51), AG1 (MADS58) (Li et al., 2021),
WAPOL1 (Kuzay et al., 2022), CEN2, CEN4-A, CEN5 (Li et al., 2019), PPD1, PRR72 (Chen et
al., 2014), FUL3 (Li et al., 2019), and bZIPC1 (Table S2). INITIATION FACTOR 44 (IF4A) and

ACTIN were used as endogenous controls for the gqRT-PCR experiments.
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3.6 SUPPLEMENTAL DATA

Table S1. List of detected interactors identified in the yeast two hybrid (Y2H) screens. Total
of 26 unique genes. Bradi1g35230 was detected in 67 colonies. Bradilg05480 was detected

Screen Gene No. |Gene ID Gene Description
Pl Bradilg5480 bZIP transcription factor; bZIP transcription factor RISBZ2
P2 Bradilg05480 bZIP transcription factor RISBZ2
P2 Bradilg05480 bZIP transcription factor RISBZ2
P2 Bradilg05480 bZIP transcription factor RISBZ2
P2 Bradilg05480 bZIP transcription factor RISBZ2
p2 Bradilg05480 bZIP transcription factor RISBZ2
P2 Bradilg05480 bZIP transcription factor RISBZ2
P2 Bradilg035480 bZIP transcription factor
p2 Bradilg05450 bZIP transcription factor; bZIP transcription factor RISBZ2
p2 Bradilg05480 bZIP transcription factor RISBZ2
P2 Bradilg05480 bZIP transcription factor RISBZ2
p2 Bradilg05480 BZIP transcription factor RISBZ2
P2 Bradilgli5480 bZIP transcription factor RISBZ2
p2 Bradilg05480 bZIP transcription factor RISBZ2
P2 1 Bradilg5480 BZIP transcription factor RISBZ2
P2 Bradilg5480 bZIP transcription factor RISBZ2
p2 Bradilg05480 bZIP transcription factor RISBZ2
P2 Bradilg05480 bZIP transcription factor RISBZ2
P2 Bradilg05480 bZIP transcription factor RISBZ2
p2 Bradilg05480 bZIP transcription factor RISBZ2
P2 Bradilg05480 bZIP transcription factor RISBZ2
P2 Bradilg05480 bZIP transcription factor RISBZ2
P2 Bradilgh5480 bZIP transcription factor RISBZ2
P2 Bradilg05480 bZIP transcription factor RISBZ2
p2 Bradilg05480 bZIP transcription factor RISBZ2
P3 Bradilg03480 bZIP transcription factor; bZIP transcription factor RISBZ2
P3 Bradilg05450 bZIP transcription factor RISBZ2
P3 Bradilg5480 bZIP transcription factor RISBZ2
P3 Bradilg5480 bZIP transcription factor RISBZ2
- 2 BradilgI4170 dnrwancy—aﬁsncia‘[ed prf.Jtein 1; DO[’mf:ll'le/ﬂllXil'l associated protein (Auxin_repressed);Component
of nitrate treatment specific coexpression subnetwork
P2 3 Bradilgi5730 flll.lg)lbc zf;i]ﬂzs&l:jz;!i;}Dlffcrcntlally upregulated in above ground in 20d 18lgt 6dark condition
P2 4 BradilgI8780 PROTI;IN }.iARLY R.J:ISPONSIVE TO DEHYDRATlON 15; Coexpressed along with genes
“ transcribed in shoot tissue during day; protein EARLY RESPONSIVE TO DEHYDRATION 15
p2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
p2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 5 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
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P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradilg35230) Motor activity; uncharacterized LOC100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC 100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
p2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradiig35230 Motor activity;uncharacterized LOC100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradilg35230 Motor activity; uncharacterized LOC100838451
P3 Bradilg35230 Motor activity; uncharacterized LOC100838451
P3 Bradilg35230 Motor activity; uncharacterized LOC100838451
P3 Bradilg35230 Motor activity; uncharacterized LOC100838451
P3 Bradilg35230 Motor activity; uncharacterized LOC100838451
P3 Bradilg35230 Motor activity; uncharacterized LOC100838451
P3 Bradilg35230 Motor activity; uncharacterized LOC100838451
P3 Bradilg35230 Motor activity; uncharacterized LOC100838451
P3 Bradilg35230 Motor activity; uncharacterized LOC100838451
P3 Bradilg35230 Motor activity; uncharacterized LOC100838451
P3 Bradilg35230 Motor activity; uncharacterized LOC100838451
P3 Bradilg35230 Motor activity; uncharacterized LOC100838451
P3 Bradilg35230 Motor activity; uncharacterized LOC100838451
P3 Bradilg35230 Motor activity; uncharacterized LOC100838451
P3 Bradilg35230 Motor activity; uncharacterized LOC100838451
P3 Bradilg35230 Motor activity; uncharacterized LOC100838451
P3 Bradilg35230 Motor activity; uncharacterized LOC 100838451
P3 Bradilg35230 Motor activity; uncharacterized LOC100838451
P3 Bradilg35230 Motor activity; uncharacterized LOC100838451
P3 Bradilg35230 Motor activity; uncharacterized LOC100838451
P2 Bradilgd7367 (I!l{)}-type Chromatin—remAOdeling factor PI.CKLH; HELICASE PR.O.THI'N MOMI1-RELATED:; .
“ Differentially upregulated in above ground in 20d 18lgt 6dark condition in DS.Allvs1Hr comparison
p2 Bradi2gO7070 Homologous to Rice Flowering Time Locus T -Likel
P2 Bradi2g09120 arachidonic acid binding; syntaxin-22
P2 Bradi2gl 1080 MYB transcrition factor; ranscription factor MYB61
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P2 10 Bradizel 1940 LATE EMBRYOGENESIS ABUNDANT 3 (LEA3) FAMILY PROTEIN;protein SENESCENCE-
aateg ASSOCIATED GENE 21, mitochondrial
o SUMO-specific protease activity; Differentially upregulated in above ground in 20d 18lgt 6dark
P2 1 Bradi2gl2720 condition in DS.Allvs1Hr comparison; ubiquitin-like-specific protease ESD4
P 12 Bradi2e30400 PROTI?IN k.’LASTlD. TRAN b‘CRIPTIONAl.‘LY A.CTth 16.;C.oexprcsseq along with gcnes.
“ transcribed in shoot tissue during day; protein plastid transcriptionally active 16, chloroplastic
P2 13 Bradi2g31070 proactivator polypeptide-like 1;SAPOSIN-RELATED
P2 14 Bradi3g23520 F-box/kelch-repeat protein SKIP11
X protein PHY TOCHROME KINASE SUBSTRATE 1;PROTEIN PHYTOCHROME KINASE
P2 15 Bradi3g24760 SUBSTRATE 3
P1 16 Bradi3g48170 Plant protein of unknown function (DUF247); Highly expressed in root;
P2 17 Bradi3g48800 uncharacterized protein
P2 18 Bradi3e52680 Z.eaxanlhm 7,8-:;11‘(\xygenase / Zea.xamhm 7,8(7',8")-cleavage dioxygenase;9-cis-epoxycarotenoid
dioxygenase NCED, chloroplastic
P3 19 Bradi3g53327 Coexpressed with genes downregulated during drought stress
P2 20 Bradi3g56560 ADP-ribosylation factor GTPase-activating protein AGD12; Rac GTPase activator activity
" . SKP1-like protein 1; SKP1, subfamily Skpl family, putative, similar to ASK2 (ARABIDOPSIS
P3 21 Bradi4gl19510 SKPI-LIKE 2)
. probable beta-D-xylosidase 7; PERIPLASMIC BETA-GLUCOSIDASE-RELATED //
P3 22 Bradidg20197 SUBFAMILY NOT NAMED
P2 23 Bradi4g26366 Permease of the major facilitator superfamily
p2 24 Bradi4g39260 isoflavone reductase homolog; (+)-pinoresinol reductase / Pinoresinol/lariciresinol reductase
P3 25 Bradisg01720 peptidyl-prolyl cis-trans isomerase Pinl; phosphoserine binding, phosphothreonine binding
P 2% Bradisgi 5050 F-Box Protein; D11fer.enually downregulated in above ground in 20d 18lgt 6dark condition in
CS.Allvs1Hr comparison

Table S2. List of markers utilized throughout the study.

Marker Position Primers Allele
KASP FAM VIC CoM Kronos Mut
Kr-3308' 621,763,602 ptacaacgcecatgetcaagC gtacaacgecatgetcaagT ggagcacgecgCagTattc FAM VIC
Kr-2991/3532' 616,654,824 tcatgtcattttegtecgeaG teatgteattttcgtecgeaA CacaATCgttcattcectaccA FAM VIC
Kr-2038 616,655,991 agetgacggtegtacectC agetgacggtegtaccetT atgctcaagcagaagcetg FAM VIC
Berkut ucC1419
bZIPC1-4229° 616,654,229 ctgTiggegeaaglggg A ctgTtggegeaaglggeG ceceatteccagtgateteG FAM VIC
bZIPC1-4272° 616,654,272  gcttttggacacatattaggCaaG gettttggacacatattaggCaaT gacalcccacttgegecaA FAM VIC
CAPS 5B-1.1F 5B-5.1R Restriction enzyme Kronos Mut
5B-Splicin g3 NA catgctcaageagaagetg gecttaacagtgaggagttttc NA High Low
Real-time PCR bZIPC1-AB-qPCR-F1 bZIPC1-AB-qPCR-R1
bZIPC1 NA cggaggaggaagceaatce ggtgaagggeatgetgag

1 94 °C for 15 min, 10 cycles of: 94 °C 20's, -0.8 °C touch down from 65 to 57 °C 1 min, and 30 cycles of: 94 °C 20s, 57 °C 1 min.

1 94 °C for 15 min, 10 cycles of: 94 °C 20 s, -0.6 °C touch down from 61 to 35 °C 1 min, and 30 cycles of: 94 °C 20s, 55 °C 1 min.
3 94°C for 5 min, 45 cycles of: 94 °C 30 s, 55 °C 305, 72 °C 30 s, and a final cycle of: 72 °C for 5 min
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Figure S1. Amino acid sequence alignment of bZIP C subfamily proteins used for the phylogenetic
analysis in Figure 1. The alignment was visualized using SeaView (Gouy et al., 2010). Arrows indicate
places in which regions of the bZIPC1 protein were deleted to include only alignable regions within the
protein across all taxa and paralogs
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CONCLUSION

Our results suggest that the FT-A2 D10A polymorphism is associated with increases in
spikelet number per spike (SNS) and grain number per spike (GNS). While the preceding ft2-null
mutants decreased fertility, we found that in all four of our introgressed durum varieties, the
sister lines with the FT-A2 A10 allele, had significantly higher SNS with no significant decreases
in fertility. The consistency in fertility and improved SNS contributed to a positive correlation
between SNS and GNS, leading to a significantly higher GNS overall. Interestingly, we found
that the magnitude of increased SNS by the A10 allele, significantly differed between varieties
with the highest SNS variety, Desert Gold, increasing the least.

However, there was also a significant negative correlation between GNS and thousand
kernel weight (TKW). While the reduction in TKW differed in magnitude depending on the
variety as well, overall, it negated the positive effects from increased GNS, leading to no
differences in spike yield or plot yield. This negative correlation limits the value of deploying the
FT-A2 A10 allele into durum wheat. However, it is still possible that in different genetic
backgrounds with higher biomass or in different environments this allele can have a positive
contribution to grain yield.

In spite of the importance of FT2 in the regulation of SNS, nothing is currently known
about its interactions with other proteins. While FT2 is the closest FT-like paralog to FT1 with
78% protein identity, unlike FT1, it did not interact with any of the previously tested 14-3-3 nor
FD-like proteins. So, utilizing a yeast-2-hybrid (Y2H) screen we discovered the first protein
interactor of FT2, a bZIP-containing transcription factor from the C-group, which we dubbed

bZIPC1. Interaction studies between bZIPC1 and FT2 revealed that bZIPC1 interacted with FT2
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proteins carrying both the D10 and A10 alleles. We also discovered that in addition to FT2,
bZIPC1 can interact with FT3 and weakly with FT5.

To understand the evolutionary history of the C-group proteins, we performed a Bayesian
phylogenetic analysis utilizing proteins spanning flowering plant diversification and identified
four clades, dubbed bZIPC1 — C4. We then tested if the wheat paralogs within these clades could
interact with FT-like proteins as well and found that each of the C-group clades interacted with a
different set of FT- and CEN-like encoded proteins. These different protein-protein interaction
profiles are consistent with the different functions reported for the bZIP proteins of the different
C-group clades.

To explore the function of bZIPC1 in wheat, we developed knock-out mutants of both
homoeologs in tetraploid wheat (bzipc-Al bzipc-B1). Previous ft2-null mutants had increased
SNS and given the interaction between FT2 and bZIPC1 proteins, we expected a similar
phenotype for the combined bzipcl mutant. Surprisingly however, the double bzipcl mutants
instead significantly reduced SNS, with a limited effect on heading date. These truncated bzipcl
mutants also showed significantly reduced bZIPC1 expression compared to their WT sister lines.
However, we could not find significant differences in expression levels for any of the known
SNS developmental genes tested in our study, indicating that bZIPC1 may be influencing SNS
through a different pathway. We could not find any reports of bZIP genes from the C-group
affecting grass inflorescence development, indicating that the effect of bZIPC1 on wheat spike
development likely represents a novel result.

We then investigated the natural variation within bZIPC1 and found four haplotypes in
the bZIPC1 region. The bZIPC1 protein associated with the derived H1 haplotype had two amino

acid changes which differentiated it from the other haplotypes. The H1 haplotype was associated
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with increased SNS, GNS and Spike Yield, which is encouraging, since it shows that the
increases in GNS were not completely offset by a decrease in TKW. In addition, the frequency of
the H1 haplotype increased from 37% in the durum landraces to over 50% in the breeding durum
lines, and to 73% in common wheat lines, suggesting positive selection and supporting a positive
effect of this gene on grain yield. These results suggest that both durum and common varieties
can potentially benefit from the incorporation of the H1 allele.

In conclusion, this thesis identified, characterized, and/or introgressed two genes, FT-A2
and bZIPC1, which impacts SNS, and provides valuable alleles for breeders to select upon in the

quest for increasing GNS and overall yield.
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FUTURE DIRECTIONS

FT-A2 A10 allele

Current evidence points to the FT-A2 D10A SNP as the most likely causal polymorphism
(Glenn et al., 2022). A conclusive test of this hypothesis would require the editing of position
124,172,909 from C to A (alanine to cytosine). Unfortunately, this is a transversion, and current
plant gene editors are not efficient in editing transversions. New prime editing technologies
(Anzalone et al., 2019) may help solve this problem once they become more efficient in plants
(Lin et al., 2020). Until then, a potentially informative experiment could include the generation
of transgenic plants expressing different combinations of the D10 and A10 coding regions, each
combined with both natural promoters. Characterization of SNS in multiple independent
transgenic plants generated for each of the four possible combinations will inform us if it is the
D10A polymorphism, the promoter region, or both the allele and promoter which are causing the
observed differences.

Regardless of the causal polymorphisms, the isogenic lines developed in this study
allowed us to test the combined effect of the promoter and coding region SNPs on grain yield
components in durum wheat. While the FT-A2 A10 allele showed a positive effect on SNS and
GNS, it did not have a significant effect on total grain yield in our four varieties. For future
studies, it would be interesting to test if the introgression of the A10 allele in durum varieties that
are not source limited can result in increases in grain yield. In addition, we observed a higher
frequency of the A10 allele among winter wheats (Glenn et al., 2022), suggesting winter
varieties may benefit more than spring varieties from the A10 introgression. To test this
hypothesis, it would be interesting to test the effect of the A10 allele in winter durum wheat

varieties.
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It is also possible that the limited effect of A10 on grain yield in durum wheat may be
determined by its epistatic interactions with other gene combinations fixed in durum wheat. With
this in mind, it will be interesting to combine the FT-A2 A10 allele with other known genes
which may counteract its negative correlation with thousand kernel weight (TKW).

Some studies have suggested that wheat grain yield is more affected by variation in GNS
than by TKW (Feng et al., 2018; Lynch et al., 2017). If this is the case, one route to maximize
the impact of SNS on GNS is by increasing floret fertility. Previous studies have demonstrated
that the locus Grain Number Increase 1 (GNI1) is an important contributor to floret fertility with
mutants carrying the impaired GN1-Al 105Y allele having one more grain per spikelet on
average and higher grain yields than the WT lines in both durum and common wheat (Sakuma et
al., 2019). This is an encouraging result, since it suggests that in some backgrounds the increases
in gran number can be translated into increases in grain yield. A similar positive effect of an
increase in SNS and GNS on grain yield was reported for the WAPO-AL allele (Kuzay et al.
2019). Thus, combining the FT-A2 A10 allele with the GNI1 105Y allele may further increase
GNS and increase grain yield in genotypes that are not source-limited.

Another alternative is to mitigate the negative impact of the FT-A2 A10 allele on TKW
by combining it with loci with known positive effects on TKW. Both GRAIN WEIGHT2 (GW2)
and DA1 (DA means “large” in Chinese) are negative regulators of grain size. It was found that
plants homozygous for gw2-al mutant alleles had increased grain width, weight, and length,
(Simmonds et al., 2016; Yang et al., 2012) while promoter differences in DAL reduced
expression levels in haplotype, TaDA1-A-Hapl, and increased the size and weight of wheat
grains (Liu et al., 2020). Hapl has become the dominant haplotype in modern cultivars,

suggesting that it underwent positive selection in breeding programs for higher yield (Liu et al.,
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2020). Interestingly, dal mutants increased grain size but reduced SNS and GNS, leaving grain
yield unchanged (Mora-Ramirez et al., 2021). In addition, DA1 and GW?2 physically interact and
have an additive effect on kernel weight (Liu et al., 2020), thus if we are able to combine the FT-
A2 A10 allele with gw-A2 and TaDA1-A-Hapl, we could potentially increase GNS, maintain
TKW, and increase yield in genotypes that are not source-limited.

Lastly, if plants are source-limited it may prove beneficial to combine the FT-A2 A10
allele with other genes that increase biomass. One such route is through changes in the genes
affecting plant height. Genotypic differences in plant height are genetically correlated with
variation in grain number and grain yield (Rebetzke & Richards, 2000) due to an increased
harvest index with no overall change in above-ground biomass. It is generally believed this is
due to reduced competition between developing stems and spikes for limited carbon resources
(Rebetzke & Richards, 2000; Tang et al., 2021). Currently, the Gibberellin (GA)-insensitive
dwarfing genes, Rht-B1b (Rhtl) and Rht-D1b (Rht2) are utilized throughout global breeding
programs to reduce plant height and increase grain yield (Evans, 1998), including Kronos which
has the semi-dwarf allele, Rht1. However, they are also associated with GA-insensitivity reduced
vigor and coleoptile length that often results in poor establishment and slow early growth
(Richards, 1992). Studies have shown though, that GA-sensitive height-reducing genes, such as
Rht8, Rht9, Rht11, Rht12, Rht13, and Rht14, have the potential to develop shorter wheats with
both improved seedling emergence and vigor (Rebetzke & Richards, 2000). Given the genetic
background influences on the magnitude of the effect of FT-A2 it would be interesting to see
how it behaves in semi-dwarf backgrounds determined by GA-sensitive Rht genes.

Another route to increase biomass is by manipulation of genes regulating plant growth.

For example, the GROWTH-REGULATING FACTOR 4 (GRF4) transcription factor has been
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shown to promote and integrate nitrogen assimilation, carbon fixation, and growth (S. Li et al.,
2018). It is balanced, however, by an antagonist regulatory relationship with the growth-
repressing DELLA proteins (DELLAS) (Li et al., 2018). DELLAs are generally destroyed via the
gibberellin (GA) pathway (Harberd et al., 2009; Xu et al., 2014). However, in semi-dwarf Rhtl
and Rht2 varieties, the DELLAs are resistant to GA-stimulated degradation and accumulate,
conferring the plants semi-dwarfism stature (Peng et al., 1999; Zhang et al., 2014).

Unfortunately, this accumulation of DELLAs reduces GRF4 activity and enhances
insensitivity to nitrogen and reduced nitrogen-use-efficiency (Gooding et al., 2012). In an effort
to counter this, recent studies have identified two SNPs in GRF4"9"2 which prevents miRNA-
cleavage of GRF4 mRNA and increases the abundance of GRF4 (Li et al., 2018). This tips the
GRF4-DELLA balance to favor GRF4 leading to increased carbon and nitrogen assimilation,
biomass, and leaf and stem width without losing the benefits from semi-dwarfism (Li et al.,
2018; Serrano-Mislata et al., 2017). The combination of the GRF4"9"2 SNPs and the FT-A2 allele
may thus prove beneficial in improving above-ground biomass and harvest index.

Finally, it would be interesting to test the epistatic interactions between FT-A2 and other
genes affecting SNS in wheat, to determine their combined effects. Several genes affecting SNS
have been identified recently, including FT-A2 (Glenn et al., 2022), WAPO-A1 (Kuzay et al.,
2022), COL5 (Zhang et al., 2022), and ELF3 (Alvarez et al., 2016). In the winter population
segregating for five genes to influencing SNS, FT-A2 showed no significant interactions with
WAPO-AL, bZIPC-B1, RHT-D1 and PPD-D1 suggesting additive effects. However, FT-A2 is
likely to interact with other genes because its effects varied in different backgrounds. For
example, Desert Gold, which had the highest average SNS among the tested durum varieties, had

the smallest increase associated with the FT-A2 allele. Thus, studies combining the different

103



alleles will be necessary to determine the optimum allele combinations to maximize SNS. One
potential use of these lines with increased SNS and GNS, would be as research stocks to test the
effects of genes impacting biomass on total grain yield.

Overall, it would be interesting to characterize the genetic interaction of FT-A2 with other
yield-related genes in an effort to translate the positive effects of the A10 allele on SNS and GNS

into real increases in total grain yield in both durum and common wheat.

bZIPC1

The discovery of bZIPC1 has revealed exciting new information about the bZIP C-group
including its impact on SNS through a different pathway. However, it has also raised new
questions that will require further experiments.

Studies in wheat, A. thaliana, and rice have reported that the FT protein is a key player in
the mobile flowering signal (florigen) (Corbesier et al., 2007; Li et al., 2015; Tamaki et al.,
2007). Two FT monomers and two DNA-binding bZIP transcription factors (FD and FD
PARALOG) interact with a dimeric 14-3-3 protein bridge to form the ‘florigen activation
complex’ (FAC) (Taoka et al., 2011). However, in wheat, FT2 was the only FT- or FD-like
protein to not interact with any of the six tested 14-3-3 proteins from the FAC, regardless of the
D10A allele (Glenn et al., 2022; Li et al., 2015). Since then, we have identified bZIPC1 as the
first protein interactor with FT2. But given that bZIPCL1 is a bZIP transcription factor like FD, it
will be informative to determine if the wheat bZIPC1 protein can interact with any of the known
14-3-3 proteins, and if the combined bZIPC1-14-3-3 can interact with FT2.

It has also been demonstrated that bZIP C-group members in A. thaliana can form

heterodimers with other members of the C-group as well as with members of the S1-group
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(Ehlert et al., 2006). Thus, future studies should test the interaction of bZIPC1 with the other
wheat C-group proteins in addition to wheat S1-group proteins.

Another area that requires further studies is the co-localization of FT2 and bZIPC1 in the
wheat developing spike. Although we have shown that the genes encoding these two proteins are
expressed in the developing spike at the same developmental stages, we currently do not know
which region of the developing spike they are expressed in. We have begun in-situ hybridization
work to determine the exact place and time of expression of these two genes within the
developing spike. For example, it would be interesting to know if these two genes are expressed
in the inflorescence meristem (IM) close to the time of its transition to the terminal spikelet.

Given that ft2-null mutants increased SNS (Shaw et al., 2019), we were surprised that the
bzipcl-null mutants drastically decreased SNS. Thus, to better tease apart the FT2-bZIPC1
relationship and mechanisms, we have initiated crosses between the double bzipcl mutants and
the ft2 mutant. It will be informative to see the epistatic interactions of these genes on SNS.

In addition, to increase our understanding of bZIPC1 potential downstream targets, we
have initiated a Quant-Seq experiment utilizing the bzipcl mutants to identify the transcriptomic
changes associated with the mutant phenotype and the genes and pathways regulated by bZIPC1.

Lastly, while bZIPC1-B1 is a strong candidate gene for the H1 haplotype’s effect on
SNS, it is also possible that it is only tightly linked to a different causal gene. To narrow the
candidate region and potential genes, we have initiated a fine mapping project. Regardless of the
causal gene, the complete H1 candidate region can be integrated into elite varieties using
flanking markers to start evaluating the effect of the H1 haplotype on different grain yield-

components in different genetic backgrounds and environments.
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In conclusion, the discovery of the bZIPC1 gene and its associated H1 haplotype with
positive effect on SNS, GNS and spike yield opens new basic and practical areas of research on

wheat spike development and grain yield.
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