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“The woods are lovely, dark, and deep,
But I have promises to keep,

And miles to go before I sleep,

And miles to go before I sleep.”

Robert Frost
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Zusammenfassung

Mathematisch-Naturwisselschaftliche Fakultat

Institut fiir Biochemie der Pflanzen

Establishment of C;, Photosynthesis in Ontogeny and Evolution
Alisandra Kaye Denton

In vielen Pflanzenarten findet sich das adaptive Merkmal, das als C4-Syndrom bekannt
ist. Der Cy-Zyklus beinhaltet eine biochemische Pumpe, die COs in der Néhe des
wesentlichen Kohlenstoff-fixierenden Enzyms Rubisco anreichert und dadurch die Fix-
ierung von Oz und somit die Photorespieration unterdriickt. Dies ist von groflem Vorteil
fir C4-Pflanzen, da die Photorespiration energieaufwendig ist und in einem Netto-
Verlust von Kohlenstoff resultiert. Dartiberhinaus weisen Cy-Pflanzen eine erhohte
Wassernutzungseffizienz auf, da sie besser dazu in der Lage sind, das Offnen und Schliefien
der Stomata zu regulieren und eine ausreichende COs-Konzentration um Rubisco auf-
rechtzuerhalten. Auflerdem verfiigen sie iiber eine effizientere Stickstoffnutzung, da
weniger Stickstoff in die Produktion von Rubisco investiert werden muss. Diese Eigen-
schaften schlagen sich in einem starken selektiven Vorteil fiir C4-Spezies in heiflen und
trockenen Umgebungen nieder.

Das C4-Syndrom kommt in vielen Nutzpflanzen vor, die grole Mengen an Biomasse
produzieren, darunter Mais, Sorghum und Zuckerrohr. Aus diesem Grund besteht ein
grofles Interesse daran, Nutzpflanzen mit dem ancestralen Cs-Typ der Photosynthese zur
Nutzung der C4-Photosynthese zu modifizieren. Zur vollstdndigen Integration des Cy-
Photosyntheseweges bedarf es komplexer Modifikationen, um den COo-Konzentrations-
Zyklus zu unterstiitzen.

In den meisten Cy-Spezies wird COg zuerst im duBeren Mesophyll-Gewebe (M) fixiert
und anschliefilend in die inneren Biindelscheidenzellen (BS) gepumpt, wo COq freigesetzt
und durch Rubisco re-fixiert wird. Umfangreiche Anderungen in der Anatomie sind
notig, um Diffusionswege der Metaboliten des Cy-Zyklus zu reduzieren und um Nutzen
aus der COy-Konzentration ziehen zu kénnen. Diese Anderungen beinhalten eine erhéhte
Blattaderdichte, vergrofierte Biindelscheidenzellen, eine erhohte Anzahl von Organellen
in den Biindelscheidenzellen und Modifikationen der BS-Zellwand, die den Austritt von
CO2 durch Diffusion reduzieren. C4 Photosynthese erfordert die funktionelle Spezial-
isierung von M- und BS-Zellen, insbesondere eine Beschriankung des Calvin-Benson-
Bassham-Zyklus (CBB) und des photorespirativen Zyklus primér auf das BS-Gewebe.

Weitere verbreitete Anpassungen beinhalten die Beschrankung des Photosystem I1 zum
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M-Gewebe und die Etablierung von Redox-Shuttles, um Energie zwischen den beiden
Geweben auszugleichen.

Die hohe Komplexitdat der C4-Photosynthese fiihrt sowohl zu Fragen ihrer Evolution
als auch zu technischen Herausforderungen. Die Evolution der Cy-Photosynthese ist
dadurch besonders faszinierend, dass sie — trotz ihrer so hohen Komplexitdt und Ab-
wesenheit eines Master-Regulator-Gens — mehrfach unabhéngig evolutionér hochgradig
konvergent entstanden ist. Ein schrittweises Modell fasst einen oft beobachteten Weg zur
Cy4-Photosynthese zusammen, ausgehend von genetischer und anatomischer Prakonditionierung,
iiber die Etablierung der photorespiratorischen Pumpe und anschlieBender Hochreg-
ulierung und Optimierung des Zyklus.

Drei der Manuskripte dieser Arbeit beschéftigen sich mit den Voraussetzungen der
Evolution der C4-Photosynthese. Die hier gewonnen Erkenntnisse decken sich mit den
bestehenden Modellen und ergénzen sie um zusétzliche Details. In Denton et al. (in
preparation) erldutern wir, wie Genduplikationen, iiber die Haupt-C4-Gene hinaus, zum
Cy4-Syndrom in Mais beitragen. Paraloge, die eine fiir die anatomische Spezialisierung
wichtige Funktion haben, wie etwa Zellwand- oder Auxin-Response-Funktion, zeigten
spezifische Divergenzmuster in jungen Geweben. Drei der vier ATP-verbrauchenden
Enzyme des CBB- und des photorespiratorischen Zyklus sind Paraloge mit Funktionen
die fiir den Energieausgleich wichtig sind und, zeigten komplementére Expression in voll
entwickeltem M- und BS-Gewebe. Dariiberhinaus hing die BS- bzw. M-Spezifitdt mit
dem Duplikationsgrad auf genomweiter Ebene zusammen.

In Denton et al. (2013) haben wir die jingsten Fortschritteund Erkenntisse aus dem
Bereich der Priakonditionierung, wie etwa BS-Zellgrofie, hohe Blattaderdichte, und die
Vorteile in heiflen und trockenen Umgebungen, analysiert.

Abschliefend modellierten und tiberpriiften wir in Heckmann et al. (2013) den evo-
lutiondren Verlauf ausgehend von einem Cs-Zustand zur vollstandig integrierten Cy-
Biochemie und fanden.

Die Errichtung der Cj-photosynthetischen Anatomie findet nicht in vollentwickel-
ten, sondern in sich entwickelnden Geweben statt; zu einem vollen mechanistischen
Verstandnis sind vergleichende Studien der Ontogenese erforderlich. Zwei der Manuskripte
dieser Arbeit generierten und analysierten solche vergleichende Ontogenese-Daten. Den-
ton et al. (in preparation) vergleicht BS- und M-Gewebe wéhrend der Entwicklung des
Mais-Blattes und zeigte, zusatzlich zu gewebespezifischen Paralogen, Transkriptionsreg-
ulatoren mit frither Gewebe-Spezifitdt. Kiilahoglu et al. (2014) vergleicht die Blatt-
Ontogenese zwischen zwei nahe verwandten Cs- und Cy-Cleomaceae-Spezies und findet
eine Verbindung zwischen Transkription und Anatomie fiir vergroflerte BS und hohe
Blattaderdichte in den C4-Spezies. Die vergrofierten BS in den Cy4-Spezies korrelierten
mit hoheren BS-Ploiditatsstufen und der Herunterregulation eines Transkriptionsfaktors,

der eine Schliisselrolle in der Inhibition der Endoreduplikation spielt. Die vergrofierte
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Blattaderdichte scheint durch eine Verzogerung der Gewebedifferenzierung ermoglicht zu

sein, welche auf transkriptionaler und anatomischer Ebene beobachtet werden konnte.
Zusammengenommen tragen die Manuskripte in dieser Arbeit zum Verstdndnis liber

die fiir die Entwicklung der C4-Photosynthese notigen Schritte bei und bieten Einblicke

in die Mechanismen und Details des vollstandig integrierten C4-Syndroms.
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Establishment of C,; Photosynthesis in Ontogeny and Evolution

by Alisandra Kaye Denton

Many plant species harbor an adaptive photosynthetic trait known as C4 photosynthesis.
The Cy4 cycle is a biochemical pump that concentrates COq in the vicinity of the central
carbon fixing enzyme Rubisco, suppressing the fixation of Oy and thereby photorespira-
tion. This is highly advantageous for C4 plants because photorespiration is energetically
costly and results in a net loss of carbon. Further, C4 plants show increased water-use
efficiency, as they are more able to modulate stomatal opening and closing and maintain
a sufficient CO5 concentration near Rubisco; and increased nitrogen use efficiency, as
they can reduce the amount of nitrogen that must be invested in the extremely abun-
dant Rubisco protein. These characteristics result in a strong selective advantage for Cy
species in hot and arid environments.

The Cy4 trait is found in many high-biomass producing crop plants, including maize,
sorghum, and sugar cane. Therefore, there is strong interest in engineering Cy4 photo-
synthesis into crop plants of the ancestral C3 photosynthetic type. A fully integrated Cy
photosynthetic trait requires complex modifications to support the COgy concentrating
Cy cycle.

In most species with C4 photosynthesis, COs is initially fixed in the exterior mesophyll
(M) tissue and then pumped into interior bundle sheath (BS) tissue, where the CO3 is
released and then re-fixed by Rubisco. Extensive changes in anatomy are required,
both to reduce diffusional distances for the metabolites of the C4 cycle and to take
advantage of the concentrated COy. These changes include an increased vein density,
enlarged bundle sheath cells, increased organelle content in bundle sheath cells, and
modifications to the BS cell wall that reduce diffusive escape of COy. Cy4 photosynthesis
requires specialization of function between M and BS cells, notably with the Calvin-
Benson-Bassham (CBB) cycle and the photorespiratory cycle restricted primarily to the
BS. Further common changes include the restriction of photosystem II to M tissue, and
the establishment of redox shuttles to balance energy between the two tissue types.

The high complexity of the Cy4 trait leads to both evolutionary questions and engineer-
ing challenges. The evolution of C4 photosynthesis is particularly intriguing, because

despite the high complexity and lack of master regulator, C4 photosynthesis evolves in a
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highly convergent fashion. A step wise model summarizes a commonly observed path to
C4 photosynthesis, starting with genetic and anatomical preconditioning, and proceed-
ing to the establishment of a photorespiratory pump and later the up-regulation and
optimization of the cycle.

Three manuscripts examine what facilitates the evolution of C4 photosynthesis, with
findings consistent with, but providing additional detail to the standing model for Cy4
evolution. In Denton et al. (in preparation), we elucidated how duplication contributes
to the Cy trait in maize, beyond the core C4 genes. Paralogs with functions relevant
to anatomical specialization, including cell wall and auxin response, showed specific
patterns of divergence in immature tissue. Paralogs with functions relevant to energy
balance, namely 3 out of the 4 ATP consuming enzymes in the CBB and photorespiratory
cycles, showed complementary expression in mature M and BS tissue. Further BS or M
tissue specificity was related to duplication level on a genome wide scale.

In Denton et al. (2013) we reviewed recent progress in understanding anatomical
preconditioning factors, such as BS cell size and dense vein spacing, and their advantages
in hot and arid environments. Finally, in Heckmann et al. (2013) we modeled and cross
checked the evolutionary progression from Cs to fully integrated C4 biochemistry.

Establishment of the C4 photosynthetic anatomy occurs not in mature but in devel-
oping tissues, and a full mechanistic understanding of the Cy trait requires comparative
ontogenies. Two manuscripts in this thesis generate and analyze comparative ontogeny
data. Denton et al. (in preparation) compares BS and M tissues in maize leaf develop-
ment, and showed, in addition to tissue specific paralogs, transcriptional regulators with
early tissue specificity. Kiilahoglu et al. (2014), compares leaf ontogeny in closely re-
lated C3 and C4 Cleomaceae species, and finds a link between transcription and anatomy
for both enlarged BS and dense vein spacing in the C4 species. The enlarged BS cor-
related with a higher BS ploidy level and down-regulation of a key endoreduplication
inhibiting transcription factor in the C4 species. The increased vein formation in the Cy
species appears to be facilitated by a delay in tissue differentiation observed at both the
transcriptional and anatomical level.

Taken together, the manuscripts in this thesis have contributed to understanding
the natural evolutionary path towards C4 photosynthesis and provided insight into the

mechanisms and details of a fully integrated Cy-trait.

vi



Acknowledgements

Among the many things I have learned while working on my PhD is just how valuable
a little of someone else’s time and expertise can be, and I'd like to sincerely thank those
who have helped and supported me through this time.

I am greatful to my supervisor Prof. Dr. Andreas P.M. Weber not just for the opportu-
nity to pursue my PhD in his lab and scientific support, but for always believing in my
capabilities.

My post-doctoral supervisor Dr. Andrea Brautigam helped me beyond her critical eval-
uation of my research through her interest, encouragement and repeatedly bailing me
out when I got in a bind.

I’'ve had the priveledge of receiving extra supervision and support from other experi-
enced researchers. In particular, I'd like to thank my committee members: my mentor
Prof. Dr. Laura Rose for her advice and the perspective she brought to my research;
and to thank Prof. Dr. Shin-Han Shiu for the warm welcome in MSU and continued
honesty in regards to my project. Further, I appreciate the community support from
the iGRADplant and other HHU experienced researchers. I'm especially thankful to
Dr. Christian Efer, for first teaching me to program, and Dr. Udo Gowik for both
supervision and collaboration. I appreciate the time and effort that Prof. Dr. Martha
Ludwig and Terry MacFarlane put into helping me plan the collection trip in Western
Australia. Even though it didn’t work out in the end; I learned a lot.

I’d like to thank my iGRADplant peers for the welcoming and fun learning environment
at iGRADplant events. I owe an extra thanks to those who collaborated with or simply
helped me: Dr. Thea Pick, Dr. David Heckman, Dr. Canan Kiilahoglu and Sarah
Richards.

It was a great benefit to me to work in my lab with so many smart, driven people who
still found time to answer questions, share a protocol and generally help someone out,
while maintaining a friendly atmosphere. Specifically, I'd like to thank Samantha Kurz
for teaching me how to clone, Anja Nocker for compensating my lack of organization,
and Lance Valls for helping with plant work all summer 2012. My colleagues—Simon
Schliesky, Dr. Freddy Breuers, Dr. Sarah Kefel-Vigelius, Dr. Jan Wiese, Manuel
Sommer, Dominik Brillhaus, Thomas Wrobel, and Angelo Agossou Yao—-I thank for
making the hard days a little easier.

Thank you to all of my collaborators and co-authors who are not mentioned by name.
The amazing coordinators of iGRADplant have made the transitions and duration of
my doctoral work unbelievably easier. I would like to offer a heart-felt thank you to Dr.
Sigrun Wegener-Feldbriigge for helping me with everything from paperwork to arranging

an apartment with food in the fridge on the day of my arrival; and another heart-felt

vii



thank you to Prof. Dr. Barb sears for sharing her wonderful home (and pets!) with us
during transitions at Michigan State University.

For all the enjoyable lunches and jokes I would like to thank the bioinformatics institute.
The last stretch of my PhD has been both easier and more enjoyable thanks to the
Chaosdorf, where I have had encouragement to program more and more reusably, and
a great place to learn and work.

I cannot sufficiently write out how much assistance and support I've received from Janina
Maf. I am very greatful for her help with work and continuing of my computer education,
and even more grateful for everything else.

Finally, I could not have made it this far without my parents, Jim Denton and Avalon
Totten-Denton, my sister, Elsie Denton, my brothers in heart, Loehn and Brynden
Rawdin-Morris, and all the other friends and family who I don’t have space to name
here. Thank You.

viii



ix

In memory of the dinosaurs



Contents

Zusammenfassung ii
Abstract v
Acknowledgements viii
Abbreviations 1
1 Introduction 3
1.1 Motivation . . . . . . . . L 3
1.2 Complex traits . . . . . . . . e 4
1.3 C4 photosynthesis, Rubisco and photorespiration . . . . . ... ... ... 5
1.4 The biochemistry of C4 photosynthesis . . . . . .. .. .. ... ... ... 7
1.5 Modifications to support the Cq cycle . . . . ... ... ... ... .... 8
1.6 Evolution of C4 photosynthesis . . . . . . . ... ... ... ... ... .. 9
1.7 New techniques and old questions . . . . . . ... .. ... ... ...... 10
2 Discussion 12
Bibliography 17
3 First Author Manuscripts 26

3.1 Manuscript D:
C4 photosynthesis: From evolutionary analyses to strategies for synthetic
reconstruction of the trait . . . . . . . . ... .o 26
3.2 Manuscript KD:
Comparative transcriptome atlases reveal altered gene expression modules
between two Cleomaceae C3 and Cy plant species . . . . . . . ... .. .. 35

4 Co-Author Manuscripts 89
4.1 Manuscript H:
Predicting C4 photosynthesis evolution: modular, individually adaptive
steps on a Mount Fuji fitness landscape . . . . . .. ... ... ... 89

5 Addendum: Manuscripts prepared for publication 101
5.1 Manuscript K:
Plasticity of C4 photosynthesis in the amphibious sedge Eleocharis retroflexa101



5.2 Manuscript DM:

Expression divergence following gene duplication contributes to the evo-

lution of the complex trait C,; photosynthesis

xi



2-PG
3-PG
ALAAT
ASPAT
ATP

BEP

BS

CA

CBB cycle
COq

GDC

M

MDH
NAD
NADP
NADPH
NADME
NADPME
O,

OAA
PACMAD

PS

PEP
PEPCK
Rubisco
RuBP
TP

Abbreviations

2-Phosphoglycolate

3-Phosphoglycerate

Alanine aminotransferase

Aspartate aminotransferase

Adenine triphosphate

Bambusoideae, Ehrhartoideae, Pooideae
Bundle sheath

Carbonic anhydrase
Calvin-Benson-Bassham cycle

Carbon dioxide

Glycene decarboxylase complex

Mesophyll

Malate dehydrogenase

Nicotinamideadenine dinucleotide
Nicotinamide adenine dinucleotidephosphate
Nicotinamide adenine dinucleotidephosphate
NAD-dependent malic enzyme
NADP-dependent malic enzyme

Oxygen

Oxaloacetate

Panicoideae, Arundinoideae, Chloridoideae,
Micrairoideae, Aristidoideae, Danthonioideae
Photosystem

Phosphoenolpyruvate

Phosphoenolpyruvate carboxykinase

Ribulose-1,5-bisphosphate carboxylase/oxygenase

Ribulose-1,5-bisphosphate
Triose phosphate



Chapter 1

Introduction

Many complex biological traits are of high interest to humankind. There is strong
agricultural interest in improving traits such as pest-resistance, drought-resistance, and
ultimately yield. While some traits, like pest-resistance, can frequently be modified by
changing a single gene (Hammond-Kosack and Jones, 1997), and are therefore amenable
to breeding or genetic engineering; complex traits like drought resistance and photosyn-
thetic type involve many genes and are inherently harder to understand or recreate (Xu
et al., 2014a; von Caemmerer et al., 2012).

This thesis focuses on understanding the development — both evolution and ontoge-
nesis — of the complex trait C4 photosynthesis to obtain a better understanding of the
trait itself.

C4 photosynthesis is an evolutionary add-on to Cs photosynthesis that helps plants
thrive in hot or arid conditions and helps crop plants to achieve exceptionally high
yield. It includes changes to leaf tissue architecture, cellular architecture, and to the

leaf biochemistry (Sage, 2004).

1.1 Motivation

The world around us is filled with morphological and biochemical diversity, which is in
turn made up of many different traits, many of them complex. While some complex
traits, such as the synthetic pathway for various medicines (Chang and Keasling, 2006),
are simple enough to be fully understood and recreated, other traits, such as C4 pho-
tosynthesis, remain partially understood and beyond the range of current engineering,
despite their potential benefits. To try and understand a complex trait in sufficient
detail to ultimately recreate it, we examine how the complex trait C, photosynthesis
develops in nature on both the evolutionary and the leaf developmental time scale.
Despite its complexity C4 photosynthesis evolves in a highly convergent manner (Sage
et al., 2011). Thus, we examine which factors and mechanisms facilitate the evolution

of C4 photosynthesis, and help it repeatedly evolve such complexity.
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Chapter 1. Introduction 3

To identify simpler mechanisms underlying the complexity of the Cy trait in a mature
leaf we look to leaf development. The anatomical modifications found in Cy plants are
established during leaf ontogeny, and these developmental modifications are ultimately
inseperable from the trait itself. Therefore to more fully understand the trait, we deeply
characterize tissues at different stages of development. Successful engineering of the
mature trait will have to include modifications to the developmental process to achieve

the fine-tuned Cy state.

1.2 Complex traits

Complex traits are major contributors to the morphological diversity found in living
creatures; and despite the many beneficial mutations they require, some complex traits
evolve convergently. By definition, a complex trait is any trait that does not have
mendelian inheritance because it consists of more than one gene. In practice, complex
traits can vary from a handful of genes to substantial portions of the genome that
are involved in traits like yield of fitness (Falke et al., 2013). All of the mutations
required to evolve a trait must arise without inccuring a fitness penalty, even when the
advantages of the trait are not necessarily realized until the trait is fully established.
For instance, for a complex trait like flight feathers to evolve, the intermediate stages
have to be beneficial, or at least nearly selectively neutral in their own right. While
this is an evolutionary necessity, it is not always simple to determine how the sub-traits
contributed an evolutionary advantage based soley on the species alive today. Thus, the
debate continues on whether proto-feathers may have been more beneficial to dinosaurs
for thermal regulation, colorful communication and mating displays, or both (Xu et al.,
2014b). Generally, as the complexity of a trait increases, the more of the total change
required for its evolution is contained in the sum of many small-effect mutations (Falke
et al., 2013). This is part of the reason that a complex trait such as yield is so hard to
improve.

Despite the potentially long and twisted evolutionary path to establishment or mod-
ification of a complex trait, some traits have evolved more than once. This is called
convergent evolution. Some convergent traits have only evolved a few times, such as
wings, which have evolved in bats, pterosaurs, birds, and insects; while other traits,
such as pigmentation patterns (Kronforst et al., 2012), viviparity (Blackburn, 2005),
and the photosynthetic adaptation known as Cy4 photosynthesis (Sage et al., 2012) have

evolved again and again.
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1.3 C, photosynthesis, Rubisco and photorespiration

C4 photosynthesis is a complex trait of high agricultural importance because it increases
the efficiency of photosynthesis in hot and arid conditions.

C4 photosynthesis was first discovered based on its distinct anatomy — also termed
Kranz anatomy — in which the spacing between veins is reduced, and the bundle sheath
layer encircling the vein is enlarged and packed with organelles (Haberlandt, 1904).
Since then, we have learned that these anatomical changes provide an appropriate setup
for a biochemical cycle that concentrates COs in the interior bundle sheath tissue.

The high concentration of COs suppresses a side reaction of the carbon fixing en-
zyme, Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco), and thereby reduces
the wasteful process of photorespiration (Andrews et al., 1971; Sage, 2004). This allows
plants to have a higher photosynthetic efficiency under appropriate conditions, and many
high yielding crop plants such as maize, sorghum and sugar cane utilize C4 photosyn-
thesis (Sage and Zhu, 2011). Thus, there is an interest in engineering the C4 cycle in
other crop plants, with some suggesting it could bring about a second green revolution
(von Caemmerer et al., 2012).

The Cy4 cycle provides the ancestral-like, high-COs microenvironment to Rubisco,
which reduces photorespiration. When photosynthesis first evolved, the concentration
of COy relative to O2 was much higher than it is today, and the relatively low specificity
of the key carbon fixing enzyme Rubisco for CO2 over Og was not important (Badger
and Andrews, 1987). Under these conditions, Rubisco and the rest of the Calvin-Benson-
Bassham (CBB) cycle became central to plant metabolism.

In the CBB cycle, Rubisco fixes one molecule of CO2 onto the 5-carbon ribulose-
1,5-bisphosphate (RuBP) producing two molecules of the 3-carbon 3-Phosphoglycerate
(3-PG). This is followed by an extensive reduction and recycling process with a net gain
of one molecule of triose-phosphate (TP) per three turnovers (Bassham et al., 1954). As
the primary output, TP is used for sugar or starch synthesis (Melis, 2013).

Plants bearing just the ancestral CBB cycle are referred to as Cs plants, as the first
stable product of carbon fixation has three carbons. Similarly, C4 plants derive their
name from their four carbon initial product of carbon fixation.

The Achilles heel of the Cs cycle is the limited substrate specificity of Rubisco for CO9
over O9, which leads to photorespiration. In today’s atmosphere, Rubisco frequently
fixes a molecule of Og, instead of CO2, onto RuBP, resulting in one molecule of 3-PG
and one molecule of the toxic 2-phosphoglycolate (2-PG). To recycle 2-PG, plants use the
photorespiratory cycle, which has an energetic cost and releases 25% of the CO4 entering
the cycle. After reactions in three different organelles — chloroplasts, mitochondria, and
peroxyzomes — the photorespiratory cycle returns one 3-PG per two turnovers (reviewed
in Bauwe et al., 2010).
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Photorespiration cannot be circumvented by increasing specificity as there is a di-
rect trade-off in Rubisco’s catalytic mechanism between specificity and turnover rate
(Tcherkez et al., 2006) and Rubisco is already extremely slow. High temperature and
any condition that decreases CO2 concentrations in the leaf, exacerbate the fixation of
O2 by Rubisco and increase photorespiration (Carmo-Silva et al., 2012; Bowes, 1991).
Thus, under many stress conditions, C4 plants achieve a much higher photosynthetic
efficiency than Cj3 plants as they can provide a high-CO2 microenvironment to Rubisco
and suppress photorespiration (Ehleringer et al., 1997). The concentrated COq allows
C4 plants to reduce investment in Rubisco, which increases their nitrogen use efficiency,
and allows plants to reduce stomatal opening, which increases their water use efficiency
(Sage and Pearcy, 1987).

1.4 The biochemistry of C; photosynthesis

The C4 cycle concentrates COo through a biochemical pump that fixes CO2 onto an or-
ganic acid, transports this acid to- and releases CO2 in- the vicinity of Rubisco. In the
Cy4 cycle, COq is converted to HCO3 by carbonic anhydrase (CA) in the mesophyll (M).
The carbon from HCOj is fixed onto phosphoenolpyruvate (PEP) by the oxygen insen-
sitive enzyme PEP carboxylase (PEPC) to form oxaloacetate (OAA). OAA is converted
to either aspartate by aspartate aminotransferase (ASPAT) or malate by malate dehy-
drogenase (MDH) before diffusing to the bundle sheath where the four-carbon acid is
converted to the substrate of the decarboxylating enzyme and decarboxylated, releasing
COgq (reviewed in Furbank, 2011).

The decarboxylation can take place through any of three enzymes: NADME, NADPME,
or PEPCK. These decarboxylation enzymes give name to the major subtypes of Cy;
however these subtypes are not exclusive, and many C4 plants use more than one decar-
boxylation enzyme (Furbank, 2011; Pick et al., 2011; Sommer et al., 2012; Brautigam
et al., 2014; Wang et al., 2014).

NADME and NADPME produce the 3-carbon molecule pyruvate, while PPDK di-
rectly produces PEP. The 3-carbon acid remaining after decarboxylation diffuses back to
the M, with or without intermediate conversion to alanine by alanine aminotransferase
(ALAAT), and if necessary, is regenerated to PEP by PPDK (reviewed in Furbank,
2011).

C4 cycles have higher energy uses and specialized energy balance between cell types.
The C4 cycle requires ATP where PEP is produced. When PEP is regenerated from
pyruvate by PPDK in the M chloroplast, ATP is converted to AMP. Whereas, the
decarboxylation of OAA to PEP by PEPCK in the bundle sheath (BS) requires half
the energy from ATP, as ATP is converted only to ADP. Additionally, when NADPME

is used for decarboxylation, the cycle is thought to consume reducing equivalents in
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the M, while producing them in the BS. The energy intensive CBB cycle, is primarily
localized to the BS, but NADPH consuming conversion of 1,3-bisphosphoglycerate to TP
is localized to the M (reviewed in Hatch, 1987; Furbank, 2011). Despite or even due to
the reducing equivalent shuttles, maintaining a constant balance of energy between the
two tissue types is non-trivial. Some C4 plants deplete photosystem II and thereby linear
electron transport from the BS, which increases the ratio of ATP to reducing equivalent
produced in the BS (Romanowska et al., 2008). Modeling attempts have indicated that
the mixing of Cy4 cycles may help with providing sufficient energy to the BS (Wang et al.,
2014), and with maintaining energy balance in fluctuating light conditions (Bellasio and
Griffiths, 2014).

1.5 Modifications to support the C; cycle

The core Cy4 cycle does not work in isolation, but requires additional specialization
to yield its benefits. The enzymes of the C4 cycle are split between two cell types
and various subcellular compartments. Therefore, additional measures are necessary to
speed the transfer of metabolites between enzymes, including reduced diffusion distances
and the up-regulation of metabolite transporters.

C4 plants have tight vein spacing, with just two layers of mesophyll cells separating
vascular bundles allowing direct diffusion from a mesophyll to adjacent BS cell (McK-
own and Dengler, 2010). To get metabolites in and out of subcellular compartments,
metabolite transporters are expressed at levels comparable to the C4 enzymes. However,
not all transporters are known (Weber and von Caemmerer, 2010).

The BS tissue must undergo massive changes both to support the Cy4 cycle and serve
as the primary tissue for incorporation of COs into organic molecules. The BS cell
wall is heavily lignified to reduce diffusive loss of COg back to the M. However, the
anatomy must support the high flux of metabolites of the Cy4 cycle and BS and M cells
are connected by dense plasmodesmata. In accordance with its new function as the
primary tissue for fixation and incorporation of carbon into organic molecules, the BS
shows a drastic increase in organelle number. This increase allows for the localization
of Rubisco, and the majority of both CBB and photorespiratory cycle to the bundle
sheath. All these anatomical and molecular changes require specialized regulation and

development, however, there is comparatively little known on how this is achieved.

1.6 Evolution of C, photosynthesis

Despite its complexity, C4 photosynthesis has evolved repeatedly, but in a clustered
fashion, throughout the angiosperms. The hundreds of genes that are differentially
regulated between closely related Cs and C,4 species (Brautigam et al., 2011; Gowik



Chapter 1. Introduction 7

et al., 2011a) provide an estimate of the total complexity of the Cy trait. Thus, it is
impressive that C4 photosynthesis has evolved no less than 66 different times (Sage et al.,
2012).

C4 lineages are spread throughout the angiosperms and occur in 19 different families
(Sage et al., 2012). However, there is a strong clustering of C4 origins in some taxonomic
groups, such as the sedges and grasses with 6 and 22-24 independent lineages, respec-
tively (Grass Phylogeny Working Group 11, 2011; Sage et al., 2012). While the common
ancestor of sedges and grasses was presumably primed for C4 photosynthesis when the
lineages split, there is still a strong clustering of Cy4 evolutions within the grasses.

The grasses can be divided into two major clades: BEP with the subfamilies Bambu-
soideae, Ehrhartoideae, and Pooideae and PACMAD with the subfamilies Panicoideae,
Arundinoideae, Chloridoideae, Micrairoideae, Aristidoideae, and Danthonioideae. These
subfamilies are known to have radiated prior to 65 mya, as they were ingested by Di-
nosaurs (Piperno and Sues, 2005). Of the two major clades, all the Cy4 lineages occur in
PACMAD; further there is strong variation within the subfamilies with C4 evolving once
at the base of the Chlorodoideae; Cy evolving in 19 independent lineages in the Pani-
coideae, but no Cy species in the Danthonioideae. (Grass Phylogeny Working Group 11,
2011).

One potential factor that could relate to differences in tendency to evolve Cy is the
difference in environmental preferences of these lineages (Edwards and Smith, 2010).
Several environmental factors are thought to relate to and encourage the evolution of
C4 photosynthesis, and while the environmental context of C4 evolution varies across so
many origins, there are some consistent themes. The most obvious is that all C4 origins
occurred around or after the Oligocene drop in atmospheric COy (Edwards et al., 2010;
Christin et al., 2008; Pagani et al., 2005). For less epochal environmental changes, the
environments of extant species can be used to reconstruct the likely ancestral environ-
ment. Using this, Edwards et al. (2010) found that there is a tendency for a switch
towards open habitats at Cy4 origins in the grasses. This could relate to the extra ATP
required for the Cy4 cycle. Finally, many C,4 species grow in hot, arid, and saline envi-
ronments, which are therefore also thought of as driving forces for the evolution of Cy
photosynthesis.

Several genera, most notably Flaveria in the dicots, contain multiple C,4 origins and or
intermediates between C3 and C4 photosynthesis. Careful examination of evolutionary
patterns with a focus on these genera have led to a pyramid like model of C4 evolution
(Sage, 2004; Gowik and Westhoff, 2010). In this model, preconditioning factors accu-
mulate that are beneficial for other reasons. These preconditioning factors include gene
duplication, narrowing of vein spacing, and increase in BS size. In the next step, which
is often referred to as Cg photosynthesis (Vogan et al., 2007), the Glycene Decarboxy-
lase Complex (GDC) — and thereby the release of CO9 from the photorespiratory cycle
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— is localized specificaly to the BS This provides selective pressure towards increasing
Rubisco in the bundle sheath, and additional COy pumping, leading to the evolution of
the full C4 cycle. Finally, the cycle is fully incorporated with the fine-tuning of details
such as enzyme kinetics (Sage, 2004; Paulus et al., 2013; Christin et al., 2008).

1.7 New techniques and old questions

Advancing techniques and resources allow us to test both this evolutionary model and
observe the ontogeny of C4 photosynthesis on a scale not previously possible. Recent
sequencing projects have increased the phylogenetic resolution and identified new clades
where C4 photosynthesis has evolved (Grass Phylogeny Working Group II, 2011). This
allows environmental and anatomical changes to be evaluated on a more general scale
(Edwards et al., 2010; Christin et al., 2012; Griffiths et al., 2013).

While for projects focusing on a few species, decreasing cost of transcriptome sequenc-
ing allow not just the comparison between two end states but the comparison of leaf
development or many different tissue types. This allows not just for a snap shot of
transcriptional investment, but for a slide show of changes over time, space or condi-
tion. Recent large transcriptional studies have been successful in answering outstanding
questions about C4 development, for instance clarifying that there is no phase of Cg
photosynthesis in maize leaf ontogeny during the sink to source transition (Pick et al.,
2011).

This thesis focuses on understanding the evolution and ontogeny of C4 photosynthesis
using modern, high throughput techniques. The first manuscript reviews recent progress
in elucidating the anatomical preconditioning of C4 photosynthesis (Denton et al., 2013).
Two of the research manuscripts evaluate different parts of the model for the evolution of
C4 photosynthesis. Manuscript H evaluates the feasibility and fitness of the path from a
preconditioned Cs plant to a full fledged C4 plant (Heckmann et al., 2013). Manuscript
DM evaluates how gene duplication contributes to the evolution of C4 photosynthesis
on a genome wide scale (Denton et al., in preparation). Two of the manuscripts ex-
amine the ontogeny of the C4 photosynthetic transcriptome. Manuscript DM looks at
the differences in the ontogeny of BS and M cells, while manuscript KD compares tran-
scriptome atlases with leaf developmental gradients between a Cs and Cy species in the
Cleomaceae (Kiilahoglu et al., 2014). Finally, manuscript K takes a different approach
by looking at the transcriptome of a sedge that can either develop C4 photosynthesis
on land or an intermediate between C3 and C4 photosynthesis underwater (Kiilahoglu

et al., submitted).
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Discussion

C4 photosynthesis is a complex trait of high adaptive advantage for plants growing un-
der photorespiration inducing conditions. The central function of C4 photosynthesis
is carried out by a fairly simple biochemical cycle that concentrates COgz and thereby
suppresses photorespiration. However, reaping the full benefits of the Cy cycle requires
further adaptations such as specialized anatomy and energy balance. To achieve the
ambitious goal of engineering C4 photosynthesis into Cs crop plants, both a full under-
standing of the trait and how to establish it is required.

This thesis focuses on understanding how the C4 trait is established in nature, both
in terms of evolution and ontogeny. Investigating the evolution of the Cy trait elucidates
what steps occur in C4 evolution, when they occur, and how they are beneficial in their
own right. Examining the ontogeny of C4 plants provides key information on how the
specialized anatomy is established.

While there is much versatility in the details, the road from C3 to C4 photosynthesis
starts with intrinsically beneficial preconditioning steps, with no apparent turn offs after
the establishment of a photorespiratory COg pump. Sage (2004) outlined a path from
Cs to C4 photosynthesis from general preconditioning to integration and optimization of
the final trait. The general preconditioning was proposed to include high levels of gene
duplication (Sage, 2004), which can result in reduced evolutionary constraint on paralogs
(Chain et al., 2008; Hellsten et al., 2007), facilitating the evolution of new functions.

However, supporting evidence for the benefit of duplication in the evolution of Cy
photosynthesis has been limited to studies on the core-C4 genes (Wang et al., 2009).
Further, as Cy species do not necessarily have more heavily duplicated genomes (van den
Bergh et al., 2014) nor even more heavily duplicated core-Cy genes (Williams et al., 2012)
than Cj3 species, the advantage of gene duplication has been recently questioned.

In contrast, we find that duplicated genes show patterns of expression divergence con-
sistent with a role in C4 photosynthesis. In particular, we found BS and M specific

paralogs of ATP-consuming photosynthetic enzymes. Maize has an elaborate scheme
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for balancing energy between BS and M cells (Kramer and Evans, 2011), to which inde-
pendently regulated ATP consuming enzymes could add robustness. Further, we found
both BS tissue specific and general paralogs for cell wall functions, and for auxin regu-
lators and response. Both of these functions are thought to be specialized in developing
C4 anatomy (Eastman et al., 1988; McKown and Dengler, 2007)). Finally, we provide
evidence that ancient gene duplications preconditioned development of tissue specificity,
a key feature of C4 photosynthesis (Sheen, 1999).

Anatomical preconditioning follows general preconditioning in the path laid out by
Sage (2004). The manuscript (Denton et al., 2013) summarizes recent progress in un-
derstanding anatomical preconditioning and its relationship with the environment. Two
different studies found that the heat adapted PACMAD grass clade shows an overall en-
largement of BS cell size, even in Cj species (Christin et al., 2012; Griffiths et al., 2013).
Other environmental factors, such as aridity, salinity and high-light were associated with,
but do not predate, C4 origins.

Finally, progress has been made in understanding how anatomical preconditioning
factors are beneficial for environmental adaptation. BS cells have been characterized
as a smart-pipe that regulates flow in and out of the vasculature and provides both
structural rigidity and anti-cavitation response important in hot or arid environments
(Griffiths et al., 2013). Denser vein spacing has been shown to be linked to photo-
synthetic capacity throughout the evolution of land plants, and is necessary to supply
sufficient water and avoid dessication of M tissue with stomata open in hot and arid
conditions (Brodribb and Feild, 2010). From a preconditioned state, the establishment
of a photorespiratory COs pump is, based on current evidence, a committed step to evo-
lution of C4 photosynthesis. Many Cs plants in photorespiration inducing environments
have proto-Kranz anatomy with a close association between organelles promoting the
scavenging of respired CO2. From this state, establishment of a photorespiratory COs
pump is mechanistically simple, requiring only loss in expression of one GDC subunit
in the M tissue (Morgan et al., 1993). Modeling in (Heckmann et al., 2013) indicates a
continuous increase in fitness during the biochemical transition from a preconditioned
Cs state to a fully integrated C,4 state. This is consistent with the occurrence of C3-Cy
intermediate species only in young Cy evolving lineages. Further, the simulations in-
dicate a preferred and modular order for changes in biochemistry that traces observed
evolutionary paths.

Taken together, the three evolutionary-focused manuscripts both provide empirical
support for and clarify details of the standing model of C4 evolution (Sage, 2004). They
help us understand what allows the Cy4 trait to evolve so convergently despite its com-
plexity.

While the evolutionary path is ultimately too slow for human interest in synthetic
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recreation of the Cy trait, these analyses have highlighted points that should be con-
sidered in any attempt to recreate the trait. These key points include the advantages
of starting with a species with proto-Kranz anatomy, such as rice (Heckmann et al.,
2013; Denton et al., 2013), the attention to detail required to achieve Cy-caliber energy
balance (Denton et al., in preparation), and the potential to exploit existing regulatory
mechanisms such as auxin signaling (Denton et al., in preparation, 2013).

A mature Cy-photosynthetic state does not occur without specialization during leaf
ontogeny. Anatomical C4-characteristics such as enlarged BS cells and denser vein spac-
ing are already established in a mature photosynthetic leaf, and the underlying mecha-
nisms are thus hidden from detection. Developmental transcriptomes, however, provide
a window towards understanding these traits (Pick et al., 2011; Li et al., 2010).

Separation of BS and M tissue along a developmental gradient showed not just the
specialization between paralogs, but general differential expression in immature tissues,
including 274 transcription factors in the youngest section. While all current separation
methods for M and BS are subject to some form of bias, contrasting results from differ-
ent studies using different techniques (Chang et al., 2012; Li et al., 2010; Tausta et al.,
2014), (Denton et al., in preparation) allows narrowing down a core set of regulators
associated with M and BS tissue specificity. These studies, and other inventive experi-
ments, such as comparison of expression in different photosynthetic modes of Eleocharis
species (Kiilahoglu et al., submitted), comparing primordial development between the
maize leaf and maize husk, which lacks kranz-anatomy (Wang et al., 2013), and compar-
ative studies between Cg and Cy species (Kiilahoglu et al., 2014; Brautigam and Weber,
2011; Gowik et al., 2011Db), help to compile a list of transcription factors important for
understanding and ultimately engineering C,4 photosynthesis.

Key to engineering C4 photosynthesis is the comparison between Cs and Cy devel-
opment. Kiilahoglu et al. (2014) linked transcriptional to anatomical changes in de-
velopment between a Cg and C4 Cleomacea species. Compared to the Cg species, the
Cy species showed a delay in tissue differentiation and increased vein formation. The
anatomical delay in tissue differentiation was matched by a delay in expression changes
during leaf development, including prolonged expression of the COP9 signalosome, which
helps repress photomorphogenesis (Chamovitz et al., 1996; Dohmann et al., 2008). As
differentiation of photosynthetic tissues has been found to limit vein formation (Scarpella
and Meijer, 2004; Kang et al., 2007), this delay in differentiation likely allows for the
increased vein formation observed in the Cy4 species.

Developmental comparison of the Cleomacea species indicated a relationship between
enlarged BS cells and endoreduplication. Many large cell types harbor increased amounts
of DNA, whether in the form of additional nuclei as in muscle cells, or increased ploidy
as in trichomes (Lee et al., 2009). The C4 Cleomacea species showed an increase in BS

ploidy, and down regulation of a suppressor of endoreduplication, GTL (Kiilahoglu et al.,
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submitted). While endoreduplication does not necessarily drive cellular enlargement, it
is likely beneficial, or even necessary, to support sufficient transcriptional levels for a
large cytoplasm (Lee et al., 2009).

Taken together, these studies of leaf ontogeny provide insight into the natural mech-
anisms of achieving C4 specific anatomy. Some of these adaptations appear mechanis-
tically simple, and were putatively associated with regulatory genes. A few Cj-related
regulatory elements are known to be conserved across angiosperms (Kajala et al., 2012).
If simple, but high-impact mechanisms can be transfered between species, this opens the
possibility of engineering fairly drastic changes in anatomy with fairly few genes. Be-
fore this can be achieved, more characterization of transcriptional regulators and their

targets will be necessary.
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Main Findings

This review summarizes the advantages and characteristics of C4 photosynthesis, with
a focus on recent progress in understanding what facilitates Cy4 evolution and how this
might be exploited in engineering C4 photosynthesis. By concentrating COy around
Rubisco, the Cy cycle suppresses the costly photorespiratory cycle. This comes with
additional benefits such as higher nitrogen and water use efficiency, as Cy plants re-
quire less Rubisco and can maintain more efficient photosynthesis when stomata close
to conserve water. Several photorespiration-inducing environmental conditions have
been linked to the evolution of C4 photosynthesis. These environmental conditions can
predate C4 evolution; for instance C4 plants have evolved more frequently in hot en-
vironments. Alternatively, C4 plants can show a shift towards an environment at Cy
evolution; for instance Cy4 plants occupy more arid habitats than their Cs neighbors.
Recently progress has helped link these environmental features to known steps in Cy

preconditioning, including finding an increase in BS cell size in the heat-adapted and
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Cy-evolving grass clade. Of interest to engineering Cy, the close vein spacing required
for C4 photosynthesis may be achievable by increasing concentrations of the growth hor-
mone Auxin. Finally, there appear to be many viable options to acquire a fine tuned Cy
cycle, including lateral gene transfer.
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Introduction

Although the C4; mode of photosynthesis was discovered
more than 40 years ago by researchers in Australia,
Canada, and Russia [1], the molecular mechanisms and
the genetic basis of the Cy trait remain largely unknown.
Recently, progress in Cy4 research is being boosted by the
completion of the genome sequences of several Cy4 grasses
(e.g., Zea mays, Sorghum bicolor, Setaria italica) and
the establishment of solid molecular phylogenies of
C; and Cy grasses [2-6]. Additional momentum is gener-
ated by a recent surge in systems and synthetic
approaches to understand the Cj trait, and several
coordinated international research consortia that aim
to introduce Cy traits into Cj plants [7-9]. The rationale
for this renewed interest in C4 photosynthesis is rather

straightforward — above a temperature threshold of 21—
23 °C and in open canopies with sufficient photosynthe-
tically active radiation, the efficiency of C4 photosynthesis
can surpass C3 by as much as 50% [10°]. This high effi-
ciency is based on suppression of photorespiration in Cy
plants due to a biochemical CO; concentrating mechanism
that increases the concentration of CO; in the vicinity of
RubisCO, and so reduces the rate of the oxygenation
reaction and thereby photorespiration. The more efficient
use of RubisCO allows the enormous and one-sided invest-
ment of N in this protein to be reduced, and the high
affinity of PEP carboxylase (PEPC) for bicarbonate allows
rapid photosynthesis to occur at lower internal carbon
dioxide concentrations and, thence, lower stomatal con-
ductivity. An important consequence is that Cy plants
display higher nitrogen and water use efficiencies [11].
Putting it in a nutshell, C4 plants produce more biomass
with less input of scarce resources. It is thus not surprising
that G4 grasses have gained great ecological importance
over the past 10 million years, as atmospheric CO, con-
centrations fell to present day levels [12°]. They currently
represent approximately 20% of the land plant vegetation
[13], in particular in open habitats of the tropics and
subtropics [12°].

In comparison to C3, C4 photosynthesis requires defined
and coordinated alterations to leaf anatomy and biochem-
istry and thus changes to the expression patterns of
several hundred genes [14,15°,16°] when compared to a
C; leaf. Despite the requirement for such complex and
coordinated changes to structure and biochemistry and to
the expression patterns of many genes, C4 photosynthesis
has frequently and concurrently evolved in at least 62
different plant species between 30 and 15 million years
ago, both in the mono- and in the eu-dicotyledonous
lineages [17], which indicates that the underlying genetic
mechanisms might be rather simple. Several features are
common to most multi-cellular Cy4 plant species. They
revolve around a unique division of the photosynthetic
labor that is shared between two cell types: the mesophyll
(MC) and the bundle sheath cells (BSCs):

(1) The BSCs contain RubisCO and the entire Calvin—
Benson cycle, whereas the MCs contain less or no
RubisCO and harbor predominantly the reductive
part of the Calvin—Benson cycle. The MCs serve to
assimilate and concentrate CO, in form of a C4 (amino-
)acid for transport to the BSC. There, CO; is released
from the Cy4 acid by one of three possible decarboxyla-
tion reactions [18], depending on C4 subtype, resulting
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in enrichment of CO; in close vicinity to RubisCO,
whereby photorespiration is repressed. Importantly,
recent work emphasizes that the canonical text book
view of three distinct decarboxylation schemes is too
simple — reality is more complex, with different
decarboxylation reactions co-occurring, depending
on leaf age, developmental stage, and environmental
cues [18,19°,20,21°].

(i) Enzyme activity and regulation, steady state metab-
olite pool sizes and metabolites fluxes, as well as
transport capacities [22] are altered to accommodate
the Cy cycle.

(iii) The BSCs, a layer of cells surrounding the vascular
bundle (Kranz anatomy), are much larger and contain
many more photosynthetically active chloroplasts
than BSCs in Cj plants.

(iv) The number of mesophyll cells between two
adjacent veins in the leaf tissue is much lower than
in C3 plants. This leads to closer vein spacing
(increased venation density) in Cy leaves (Figure 1).

Figure 1

T'he frequent concurrent evolution of the highly complex
C, trait in distantly related plant genera prompted the
hypothesis that a global environmental change, such as a
steep decline in the atmospheric CO,concentration to
less than 500 ppm, provided a strong selective pressure,
which favored the evolution of Cy4 [23]. In all documented
cases of Cy evolution, the Cy species have evolved from
C; ancestors [17]. That is, C; represents the ancestral
state and Cy is the derived state. This indicates the
existence of common genetic mechanisms for the evol-
ution of this complex trait and possibly a predisposition for
evolving the Cy trait in some C; genera. Comparative
evolutionary analyses within and between genera that have
evolved C4 photosynthesis should afford the reconstruc-
tion of the progression from Cj to Cy, thereby eventually
identifying the key genes required for the evolution of this
complex trait. A mechanistic understanding of the evol-
utionary progression from Cj to Cy is crucial for synthetic
approaches aiming at engineering Cy4 into C; backgrounds
and we thus focus on recent work in this direction.

Cj Leaf

Vascular

Vascular
Bundle

C,4 Leaf

Vascular

Bundle

Evolutionary Progression
towards C,

. Vascular
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Schematic representation of several major differences between C; (upper panel) and C, (lower panel) photosynthesis. In the C, leaf, vein density is
increased due to a lower number of mesophyll cells (MCs) between veins; photosynthesis and organellar function in bundle sheath cells (BSCs) is
amplified and photosynthetic labor is shared between MC and BSC in C,4 plants.
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Box 1 C,-photosynthesis as a driver for C, evolution
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In C3 plants, the oxygenation reaction of RubisCO leads to photo-
synthetic inefficiency and loss of biomass in the form of CO, during
photorespiration. Mechanism for scavenging some of the otherwise
lost photorespiratory CO, have already evolved in some C3 plants and
it has been hypothesized that these scavenging mechanisms
contributed to pre-conditioning for the evolution of C, photosynthesis.
Key to the understanding of this process is that photorespiration in
most Cz plants is confined to a single cell type in the leaf, the
mesophyll cells. 2-phosphoglycolate (2PG) that is produced through
the oxygenation reaction of RubisCO is exported from the chloroplast
(chloro), converted to glycine (Gly) in the peroxisomes (perox) and
then transported to mitochondria (mito), were Gly is converted to CO»
and methylated tetrahydrofolate (C-THF) by the multi-enzyme system
glycine decarboxylase (GDC). Some of the CO, produced in this
reaction is escaping out of the mesophyll cells into the leaf airspace
and is thus lost from plant biomass. This pathway is indicated by
dashed arrows in the figure below.

Recovery of photorespiratory CO; is achieved by splitting photo-
respiration between two cell types — mesophyll and bundle sheath
cells. In this scenario that has been termed C,-photosynthesis, the
COg-releasing step of photorespiration (GDC) is confined to mito-
chondria of the bundle sheath cells. Released CO; is captured by

bundle sheath localized chloroplasts, and/or by chloroplasts in the
mesophyll cells, into 3-phosphoglyceric acid (3PGA) and thus into
biomass before it can escape to the leaf air space. In addition to
preventing CO, loss and thereby increasing photosynthetic efficiency,
this pathway also permits the dissipation of excess excitation energy
under conditions of limited CO, availability, such as closed stomata
during periods of limited water supply. In the absence of CO, but
presence of O,, the transitory plastidial starch pool becomes
accessible and is converted into Calvin-Benson cycle intermediates
that are oxidized by RubisCO, yielding 2PG [49°°]. Recycling of 2PG
resulting from starch oxidation using the C, photosynthetic mode
permits efficient recovery of photorespiratory CO, while at the same
time efficiently dissipating excess excitation energy.

Obviously, an efficient C, photosynthetic mode requires the diffusion
path from mesophyll to bundle sheath cells to be short. That is, under
conditions were C, photosynthesis provides a selective advantage,
the reduction of inter-vein distance and of mesophyll cell number
between veins would be advantageous, too. Also the increase of
bundle sheath cell size would be beneficial by increasing diffusion
distance and generating space for additional organelles. Hence,
photorespiration, C, photosynthesis, and anatomical preconditioning
for C4 photosynthesis are tightly connected.

| CO,, 0,

-
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RubisCO mito
CO, Cy-THF
3PGA \]
|
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» Gly
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Drivers of C,; preconditioning

A variety of anatomical changes are important as pre-
conditioning for, and during the evolution of, C4 photo-
synthesis. Notably proto-Kranz anatomy, which helps to
scavenge photorespired CO; [24] (see Box 1 for details),
increased vein density [25], and BSC enlargement
[26,27°°] have all been shown to predate evolution of
the Cy4 cycle in some instances. Recent phylogenetically
and ecologically informed studies help to shed light on

the driving factors for the evolution not just of C4 photo-
synthesis but also of the preconditioning factors, thereby
improving our understanding of the clustered evolution-
ary pattern [2,28,29].

In addition to declining atmospheric CO,, hot, arid, and
saline conditions have long been implicated as driving
factors in the evolution of C4 photosynthesis, and cer-
tainly also play a role in early preconditioning. As a
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convergent trait, it is likely that there is flexibility in not
just the path to C4 photosynthesis; but also in the relative
contribution of environmental drivers, depending upon
the lincage.

Reconstruction of ancestral ecological niches shows that
C4 photosynthesis evolved under hot conditions, but that
the Cy4 branches shifted markedly towards drier and more
open environments than their C3 cousins [28,30]. This
indicates high temperatures may be key for promoting Cy
preconditioning factors.

~ontrolling the extent and timing of cell divisions during

carly stages of leaf development are the key regulatory
events that confine the overall plasticity of vein density
patterns. Generation of a dense vascular system largely
requires a sufficient number of cells that can respond to
the phytohormone auxin, which is the main trigger for
development and differentiation of a continuous vascular
system. In  Arabidopsis thaliana, high temperatures
directly affect overall auxin levels in the developing leaf
by promoting auxin synthesis [31]. Experimentally
increasing cell division rates in ground tissues can provide
the necessary undifferentiated cells, and in combination
with local increases in auxin concentration (by blocking
auxin transport from the leaf) can result in the formation
of a surplus vasculature [32]. This might indicate a path
how the increased vein densities found in extant Cy4 plants
originated during evolution.

Because of the associated decrease in the specificity of
RubisCO, increasing temperatures provide a selective
advantage for photorespiration-limiting innovations, from
(photo-)respiratory carbon scavenging to fully developed
C4 photosynthesis. Proto-Kranz anatomy, a single-celled,
photorespiratory-CO, scavenging system, has been
described in Heliotropium [24], and is seen in other genera
with closely related C3; and Cy species [33°]. Further
evidence for the role of high temperature is found in
rice, which is phylogenetically distant from Cy4 species,
but a very successful tropical grass. Interestingly, rice
appears to harbor a CO; scavenging system based on the
close association of mitochondria and chloroplasts, and
highly developed stromules that likely impede the escape
of CO; [34,35°].

Photorespiration is, however, also strongly induced by
aridity and salinity, as limiting stomatal conductivity to
conserve water limits the diffusion of CO; into the leaf. A
phylogenetic study of the eudicot Chenopodiaceae clade
indicated that succulence and salt adaptation were sig-
nificant as preconditions for C4 evolution in this lineage
[36]. In the grasses, increased BSC size is found in the
PACMAD [26,27°°] — the heat-adapted clade of grasses,
in which all C4 origins are clustered — compared to BEP,
its Cz-only sister clade (see Box 2 for details). However
within C3; PACMAD, species with a higher %BSC

Box 2 The distribution of C,4 origins within the Poaceae

The Poaceae, or true grass family, is very rich in C4 origins, and C4
species. The subfamilies have all been unambiguously determined,
and the family splits into two clades: PACMAD, containing
Panicoideae, Arundinoideae, Chloridoideae, Micrairoideae, Aristi-
doideae and Danthonioideae; and BEP, containing Bambusoideae,
Ehrhartoideae, and Pooideae. By the current estimate there are 22—
24 C, origins within the Poaceae [50], and they all occur in the
PACMAD clade where they cluster more strongly in some lineages
than others (see below). This makes the Poaceae ideal for
comparisons, both between the BEP and PACMAD clades, and
between C; and C, sister species or intermediates. Further, the
presence of high-resolution phylogenetic data, six fully sequenced
genomes, other sequence data, and primary crop species lead to
much C, research focusing on the Poaceae.

BEP M C3

W C4

Pooideae

Bambusoideae

Ehrhartoideae
— ———l Aristidoideae

Arundinoideae
——=======__ Micrairoideae

Chloridoideae
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Panicoideae
PACMAD
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inhabited more arid, but not warmer, environments than
species with a lower %BSC [26].

T'he increase in water use efficiency associated even with
minimal CO;, scavenging [33°,34,35°], and relation of vein
density with hydraulic conductivity [37,38] gives a
mechanistic explanation for the selective advantage of
C,4 preconditioning steps in physiological drought con-
ditions. Insufficient hydraulic conductivity for the climate
would result in either the desiccation or starvation of the
leaf, and ultimately sets a cap on photosynthetic perform-
ance through stomatal conductivity [37,38]. Finally, the
role of BSC in controlling water flow from the xylem to
the mesophyll [39], and supporting or even repairing the
xylem after cavitation [38] may indicate a direct link
between BSC size and aridity. In summary, phylogeneti-
cally informed comparative evolutionary studies showed

Current Opinion in Plant Biology 2013, 16:315-321
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that increase of BSC size and decrease of vein distance are
the major factors that precondition (grass) leaves for Cy
photosynthesis. Thus, future studies should focus on the
mechanisms controlling leaf cell size and the initiation of
major and minor veins.

Establishing C4 biochemistry

As outlined above, comparative evolutionary analyses
indicate that anatomical preconditioning and C, photo-
synthesis (see Box 1) predate a fully functional C, photo-
synthetic metabolism. For C4 photosynthetic metabolism
to function, in comparison to C; metabolism massive
alterations to steady state metabolite levels and of meta-
bolic fluxes within and between photosynthetic leaf cells
are required. For example, the steady state levels of
malate, aspartate, pyruvate, and alanine are much higher
in C; leaves as compared to Cj leaves [19°20]. In
addition, the fluxes of specific metabolites across the
chloroplast and other cellular membranes (e.g., mitochon-
dria) and between cells via plasmodesmata are at least one
order of magnitude higher than in Cj3 plants [40]. Obtain-
ing an altered state of metabolic homeostasis and main-
taining the metabolic fluxes associated with it requires
alterations to enzyme biochemistry (e.g., allosteric and
post-translational regulation, enzyme affinity, and
velocity), to the abundance and regulation of solute
transporters, and to the connections between mesophyll
and BSCs through plasmodesmata. While some data is
available on altered enzyme biochemistry, such as the
posttranslational regulation and allosteric properties of
Cy-type PEPC [41], we currently do not have a full
mechanistic understanding of how the steady state meta-
bolic pools and the fluxes between these pools are estab-
lished in C4; photosynthesis. Certainly, increased
expression levels of genes encoding enzymes and trans-
porters of Cy biochemistry [15°,16°] and consequently
higher protein amounts [42,43] contribute to achieving
higher velocities and flux. While ¢/s-regulatory elements
controlling mesophyll-cell-specific C4 gene expression
have been reported for PEPC [44], trans regulators are
unknown to date [14]. In maize, the expression of PEPC is
further regulated in a cell-specific and light dependent
manner by methylation of 4 cytosine residues in the
PEPC promoter [45°]: methylation is high in roots and
BSCs in the light and in the dark, whereas it is low in
mesophyll cells in the light. Bundle-sheath-specific
expression of NAD-malic enzyme (NAD-ME) in Cleome
gynandra and of NADP-ME in maize was recently shown
to be controlled by a 240 bp element in the 5 of the
transcribed region [46°°]. That is, post-transcriptional
mechanisms are apparently involved in controlling the
bundle-sheath-specific accumulation of these transcripts,
although the exact mechanism is not yet understood.

Excitingly, it was recently shown that Cy-adapted genes
encoding the Cy versions of PEPC and PEP carboxyki-
nase (PCK) were acquired by independent lateral gene
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transfers from distantly related C; PACMAD species in
the Cy grass Alloteropsis semialata [47°°]. A similar finding
was reported for the grass subtribe Neurachnine [48°°].
"This indicates that enzymes with modified allosteric and
kinetic properties optimized for function in C4 metab-
olism can be transferred over significant phylogenetic
distance and integrated into a novel metabolic network,
given the anatomical preconditioning has previously been
established.

Conclusions

Comparative evolutionary analyses of C; and Cy species
in a phylogenetically informed context showed that
increased BSC size and decreased BSC distance are
crucial anatomical enablers that precondition C3 species
for the evolution of C4 photosynthesis. Similar compari-
sons at the genomic and transcriptomic levels are
expected to provide candidate genes controlling these
traits. Several distinct mechanisms, such as ¢zs elements,
cell-specific DNA methylation, and post-transcriptional
regulation are controlling the cell-specific expression of
C4 enzymes. Modifications of allosteric and kinetic prop-
erties, together with post-translational regulation govern
Cy-specific enzymic properties. Thus, engineering the
metabolic aspects of Gy metabolism might prove to be
more complex than establishing the anatomical features.
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Comparative Transcriptome Atlases Reveal Altered Gene
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C, photosynthesis outperforms the ancestral C; state in a wide range of natural and agro-ecosystems by affording higher
water-use and nitrogen-use efficiencies. It therefore represents a prime target for engineering novel, high-yielding crops by
introducing the trait into C; backgrounds. However, the genetic architecture of C, photosynthesis remains largely unknown.
To define the divergence in gene expression modules between C; and C, photosynthesis during leaf ontogeny, we generated
comprehensive transcriptome atlases of two Cleomaceae species, Gynandropsis gynandra (C,) and Tarenaya hassleriana
(C,), by RNA sequencing. Overall, the gene expression profiles appear remarkably similar between the C; and C, species. We
found that known C, genes were recruited to photosynthesis from different expression domains in C;, including typical
housekeeping gene expression patterns in various tissues as well as individual heterotrophic tissues. Furthermore, we
identified a structure-related module recruited from the C; root. Comparison of gene expression patterns with anatomy during
leaf ontogeny provided insight into genetic features of Kranz anatomy. Altered expression of developmental factors and cell
cycle genes is associated with a higher degree of endoreduplication in enlarged C, bundle sheath cells. A delay in mesophyll
differentiation apparent both in the leaf anatomy and the transcriptome allows for extended vein formation in the C, leaf.

INTRODUCTION oxygenation of ribulose 1,5-bisphosphate. The oxygenation reaction
produces a toxic byproduct, 2-phosphoglycolic acid (Anderson,
1971), which is removed by an energy-intensive metabolic repair
process called photorespiration. By concentrating CO, through
the C, cycle, the oxygenation of ribulose 1,5-bisphosphate and
thereby photorespiration is massively reduced. However, the C,
cycle requires input of energy to drive the CO, pump. Photo-
respiration increases with temperature and above ~23°C, the
energy requirements of metabolic repair become higher than the
energy cost of the C, cycle (Ehleringer and Bjérkman, 1978;
Ehleringer et al., 1991). Hence, operating C, photosynthesis is
beneficial at high leaf temperatures, whereas C, photosynthesis
prevails in cool climates (Ehleringer et al., 1991; Zhu et al., 2008).
With a few exceptions, C, photosynthesis requires specialized
e e e vasrous csdoridn, 1 anatomy (Pabornct 1686 in ich two dtinet ol
The author respo’;sible for distribution .of materials integral to th-e fi.ndings types share the photosynthetic labor, namely, mesophyll cells
presented in this article in accordance with the policy described in the (MCs) and bundle sheath cells (BSCs). MCs surround the BSCs
Instructions for Authors (www.plantcell.org) is: Andreas P.M. Weber in a wreath-like manner and both cell types form concentric
(andreas.weber@uni-duesseldorf.de). rings around the veins. This leads to a stereotypic vein-BSC-
@Some figureg in thilslarticle are displayed in color online but in black and MC-MC-BSC-vein pattern (Brown, 1975). MCs serve as carbon
white in the print edition. . . .
% Online version contains Web-only data. pumps ?h.at take in CO, from the leaf |nterce.I|L.JIar air space,
©eENArticles can be viewed online without a subscription. convert it into a C, carbon compound, and load it into the BSCs.
www.plantcell.org/cgi/doi/10.1105/tpc.114.123752 Here, CO, is released from the C, compound and assimilated

C, photosynthesis has evolved concurrently and convergently in
angiosperms more than 65 times from the ancestral C, state
(Sage et al., 2011) and provides fitness and yield advantages over
C, photosynthesis under permissive conditions, such as high tem-
peratures (Hatch, 1987; Sage, 2004). In brief, C, photosynthesis
represents a biochemical CO, pump that supercharges photosyn-
thetic carbon assimilation through the Calvin-Benson-Bassham
cycle (CBBC) by increasing the concentration of CO, at the site
of its assimilation by the enzyme Rubisco (Andrews and Lorimer,
1987; Furbank and Hatch, 1987). Rubisco is a bifunctional enzyme
that catalyzes both the productive carboxylation and the futile
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into biomass by the CBBC, and the remaining C;-compound is
returned to the MC to be loaded again with CO,. The carbon pump
runs at a higher rate than the CBBC (overcycling), which leads to
an increased concentration of CO, in the BSCs. Our understanding
of the different elements required for C, photosynthesis varies, with
many components of the metabolic cycle known, while their in-
terplay and regulation remain mostly enigmatic, and very little is
known about their anatomical control (Sage and Zhu, 2011).

C, photosynthesis can be considered a complex trait, since it
requires changes to the expression levels of hundreds or perhaps
thousands of genes (Brautigam et al., 2011, 2014; Gowik et al.,
2011). While complex traits are typically dissected by measuring
the quantitative variation across a polymorphic population, this
approach is not promising for C, photosynthesis, due to lack of
known plasticity in “C,-ness” (Sage and McKown, 2006). Historical
crosses between C; and C, plants (Chapman and Osmond, 1974)
are no longer available and would have to be reconstructed before
they can be analyzed with molecular tools.

Alternatively, closely related C; and C, species provide a plat-
form for studying C, photosynthesis. In the Cleomaceae and
Asteraceae, comparative transcriptomic analyses have identified
more than 1000 genes differentially expressed between closely
related C; and C, species (Bréutigam et al., 2011; Gowik et al.,
2011). These studies, however, compared the end points of leaf
development, i.e., fully matured photosynthetic leaves. Therefore,
they do not provide insight into the dynamics of gene expression
during leaf ontogeny, which is important for understanding the
establishment of C, leaf anatomy. Systems analyses of maize
(Zea mays) leaf gradients have provided a glimpse into de-
velopmental gene expression modules (Li et al., 2010; Pick et al.,
2011; Wang et al., 2013); however, maize lacks a close C; relative
and has simple parallel venation making any generalizations to
dicot leaf development difficult.

Tarenaya hassleriana, previously known as Cleome hassleri-
ana (lltis and Cochrane, 2007; litis et al., 2011), which is a Cj4
plant, and Gynandropsis gynandra (previously known as Cleome
gynandra), which is a derived C, plant, represent an ideal pair for
a comparative analysis of the complex trait of C, photosynthesis
(Brautigam et al., 2011). Both species belong to the family of
Cleomaceae, are closely related to each other and to the well-
annotated C, plant model species Arabidopsis thaliana (Brown
et al., 2005; Marshall et al., 2007; Inda et al., 2008), and both
Cleome sister lineages share many traits (lltis et al., 2011). In
addition, the genome of T. hassleriana has been recently se-
quenced and serves as a reference for expression profiling via
RNA sequencing (Cheng et al., 2013).

In this study, we take advantage of the phylogenetic proximity
between G. gynandra and T. hassleriana to compare the dy-
namic changes in gene expression during leaf development
(Inda et al., 2008). We generated a transcriptome atlas for each
species, consisting of three biological replicates of six different
stages of leaf development, three different stages of each seed
and seedling development, reproductive organs (carpels, sta-
men, petals, and sepals), stems, and roots. In parallel, we per-
formed microscopy analysis of the leaf anatomy. Finally, we
measured leaf cell ploidy levels by flow cytometry and mea-
surements of nuclear size in different leaf cell types by confocal
laser scanning microscopy.

RESULTS

Selection of Tissues Featured in the Comparative Atlases

For high-resolution characterization of photosynthetic development
between a dicotyledonous C; and C, species, a leaf developmental
gradient was defined. Stage 0 was the youngest sampled leaf,
2 mm in length, and not yet emerged from the apex. The stage
0 leaves are the first to show a discemnible palmate shape and
contain the first order vein (midrib vein) in both species (Figure 1A;
Supplemental Figure 1A). New leaves emerged from the apex every
2 d (plastochron = 2 d) in both species and were numbered se-
quentially from the aforementioned stage 0 to stage 5 (Figure 1A).
The leaves emerge and initiate secondary vein formation at stage 1
(Supplemental Figure 1B) and fully mature by stages 4 and 5
(Supplemental Figures 1E and 1F). The mature leaf of the C, spe-
cies has more minor veins (up to 7°) than that of the C, species (up
to 6° Supplemental Figure 1F). The leaf expansion rate is initially
indistinguishable and never significantly different between the
species (Figure 1B). The sampled leaf gradient covered the
development from non-light-exposed sink tissues to fully photo-
synthetic source tissues.

Complementary to this and to provide a broader comparison
between C; and C, plants, seedlings, minor photosynthetic, and

A stage 0 1 2 3 4 5
Age
in 0224 46 68 810 10-12

T S
Lol ﬁ'* *

== (. gynandra
-= T. hassleriana

G. gynandra

T. hassleriana

leaf area (cm?)

0 2 4 6 8 10 12
Leaf age in days

Figure 1. Overview of Leaf Shape and Expansion Rate in G. gynandra
and T. hassleriana.

(A) Image of each leaf category sequenced (bar = 1 cm). Each category is
2 d apart from the other.

(B) Leaf expansion rate of each leaf category in cm? over 12 d (n = 5;
+sD)

[See online article for color version of this figure.]
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heterotrophic tissues were selected for further characterization.
The aerial portion of seedlings (cotyledon and hypocotyl) was
sampled 2, 4, and 6 d after germination to cover early cotyledon
maturation (Supplemental Figure 2). The full root system and
stem tissue were sampled from plants after 6 to 8 weeks of
growth before inflorescence emergence (Supplemental Figure
3A); floral organs (petals, carpels, stamen, and sepals) were
harvested during flowering of 10- to 14-week-old plants as well
as three different stages of seed development (Supplemental
Figure 3B). In total, 10 phototrophic and 8 heterotrophic tissues
per species were included in the atlases (Table 1).

The C; and C, Transcriptomes Are of High Quality
and Comparable between Species

Cross-species mapping provided a more reliable data set than
de novo transcriptome assembly. Between 1.4 and 67 million high-
quality reads were generated per replicate (Supplemental Data Set
2). Initially, paired-end reads from each tissue were assembled by
VELVET/OASES (Supplemental Table 1). Comparing the resulting
contigs to reference data, including the T. hassleriana genome
(Cheng et al., 2013), revealed several quality issues. These include
excessive numbers of contigs mapping to single loci, fused and
fragmented contigs, and the absence of C, transcripts known to be
highly expressed in G. gynandra (Supplemental Figures 4A to 4C
and Supplemental Data Set 3). As an alternative, we aligned single-
end reads from both species to the recently sequenced T. has-
sleriana genome (Cheng et al., 2013). Albeit slightly lower, the
mapping efficiency and specificity remained comparable between
both species with 60 to 70% of reads mapped for both leaf
gradients (Supplemental Data Set 1). To define an upper

Transcriptome Atlas of C3 and C4 Cleome 3245

boundary for any artifacts caused by cross-species mapping,
three T. hassleriana samples (mature leaf stage 5, stamen,
and young seed) were mapped to Arabidopsis. The correlation
between replicates was equivalent in reads mapped to the
cognate genome and across species with an average r = 0.98.
Furthermore, there was a strong correlation between both
mappings, reaching an average Pearson correlation of r = 0.86
after collapsing expression data to Arabidopsis identifiers
to minimize bias from different genome duplication histories
(Supplemental Table 2 and Supplemental Figure 5). Cross-
species mapping has been successfully used for inter species
comparisons before (Brautigam et al., 2011, 2014; Gowik
et al., 2011), and in this study mapping of both species to the
T. hassleriana genome provided a quality data set with a limited
degree of artifacts.

The generated transcriptome atlases were reproducible and
comparable between species. To reduce noise, downstream
analyses focused on genes expressed above 20 reads per
mappable million (RPKM; Supplemental Figure 6), unless otherwise
noted. Biological replicates of each tissue clustered closely
together and were highly correlated (mean r = 0.92, median
r = 0.97; Figure 2A; Supplemental Figures 7A and 7B and
Supplemental Table 3). On average, 4686 and 5308 genes
displayed significantly higher expression values in G. gynandra
and T. hassleriana, respectively, with the greatest differences
observed in seed and stem tissue (Supplemental Table 4). In
contrast, the transcriptome patterns were highly similar be-
tween the sister species (Figure 2A; Supplemental Figure 7C).
Principle component analysis (PCA) showed that the first
component separated the species and accounted for only
15% of the total variation (Supplemental Figure 8A).

Table 1. Sequencing and Mapping Stats for Each Averaged Tissue Sample in T. hassleriana and G. gynandra

T. hassleriana G. gynandra
Total No. of No. of Genes No. of Genes Total No. of No. of Genes No. of Genes
Reads in Three Expressed > 1 Expressed > 1000 Reads in Three Expressed > 1 Expressed > 1000
Replicates RPKM RPKM Replicates RPKM RPKM
Leaf gradient 0 58,874,878 23,238 64 75,895,556 22,357 104
1 59,389,701 23,134 74 66,822,298 22,021 133
2 63,590,283 23,104 81 55,247,053 22,143 129
3 90,654,684 23,004 90 75,944,275 21,854 144
4 36,572,303 22,844 106 69,951,930 21,734 119
5 102,018,867 22,905 106 69,639,670 21,039 119
Floral organs Sepal 103,721,357 23,656 74 77,430,418 23,145 83
Petal 21,754,853 21,379 86 10,872,686 21,322 77
Stamen 57,929,412 22,642 140 55,748,506 22,489 133
Carpel 28,021,839 23,910 67 4,929,824 23,577 76
Stem 30,932,633 23,292 75 59,516,389 22,508 98
Root 88,911,824 24,255 68 86,879,963 23,430 89
Seedling 2 DAG 90,777,012 23,306 120 89,262,140 21,960 130
4 DAG 89,517,055 23,041 116 112,658,149 22,036 130
6 DAG 71,271,739 22,877 138 64,470,699 21,910 136
Seed 1 52,229,844 23,708 118 32,763,383 22,991 118
maturation
2 31,872,067 22,969 145 29,958,720 22,262 148
3 53,271,349 21,737 138 56,453,325 20,082 152

Reads were normalized as RPKM (n = 3). DAG, days after germination.
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Figure 2. Comparative Tissue Dynamics and Gene Expression Pattern between G. gynandra and T. hassleriana.

Chapter 3. First Author Manuscripts

34

The Plant Cell

Leaf0
Leaf1
Leaf2
Leaf3
Leaf4
Leaf5
Root
Stem
Stamen
Petal
Carpel
Sepal
Seedling2
Seedling4
Seedling6

G. gynandra

] Seed1
Seed2
Seed3

(=} ONTOEECTETTNTO—N®
SES SRS 5eERaEoReERT
cooooaxrHELGOEEEE3Y
i e i i Rl SUSTTAH A
[oR o]
* 289 [
. -04-02 0 02 04 06
I hassle”ana Pearson's r
B C
M
G g+
g. g
Tr

H_leaf0 H_lealo
H_leaft H_leaft
H_leaf2 H_leaf2
H_leaf3 H_leal3
H_leaf4 H_leat4
H_leafs H_leal5
G_leaf0 [ ‘ G_leald
G_leaft I G_leaft
G_leaf2 G_leaf2
G_leaf3 G leaf3
G_leal4 G_leatd
G_leaf5 G_leafs
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Gene expression patterns and dynamics are conserved be-
tween species. The number of genes expressed above 20
RPKM varied by tissue from 6900 to 12,000, with the fewest in
the mature leaf and most in the stem and youngest leaf in both
species (Table 1; Supplemental Data Set 2). Hierarchical clus-
tering revealed major modules with increasing and decreasing
expression along the leaf gradient (Figure 2B), a large overlap of
peak expression between seedlings and mature tissue, and

distinct gene sets for the other sampled tissues (Supplemental
Figure 9A). In leaves, the genes with decreasing expression split
into two primary clusters, of which the smaller cluster main-
tained higher expression longer in the C, than the C; species
(Figure 2B). Clustering of the tissues with 10,000 bootstrap
replications confirmed the visual similarity of mature leaves and
seedlings and showed further major branches consisting of (1)
carpel, stem, and root; (2) a seed gradient and remaining floral
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organs; and (3) young leaves (Supplemental Figure 9A). Limiting the
clustering to transcription factors (TFs) showed equivalent results
(Supplemental Figure 9B; Figure 2C), except that in leaves, a higher
proportion of the TFs with decreasing expression maintained ex-
pression longer in the C, species. Notably, this delay impacted the
clustering of the tissues and older C, leaves tended to cluster with
younger C, leaves by TF expression (Supplemental Figures 9A and
9B). The delay was further reflected in a PCA of the leaf gradient
where stage 0 and 1 show much less separation in G. gynandra
than in T. hassleriana (Supplemental Figure 8B).

The functional categories with dominant expression showed
distinct patterns across the tissues and high conservation be-
tween the species. As in the hierarchical clustering, the species
showed similar profiles when examining the number of signature
genes (expressed over 1000 RPKM; Figure 3) or the total RPKM
(Supplemental Figure 9) in each functional category. As expected,
in mature leaves and seedlings, transcriptional activity is dominated
by photosynthesis, which is almost entirely lacking from roots,
seeds, stamens, and petals (Figure 3; Supplemental Figure 9).
Younger leaf tissues of the C; species show higher expression of
genes in the photosynthetic category, displayed as signature genes
(Figure 3) or as cumulative RPKM per category (Supplemental
Figure 9). In all floral tissues, roots, and stems, transcriptional ac-
tivity is comparatively balanced between categories. In seeds, a
major portion of the total expression is allocated to a few, extremely
highly expressed lipid transfer protein type seed storage proteins
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(Supplemental Figure 9). The differences between the two species
lie in the details, especially within the developmental leaf gradient.
In young G. gynandra leaves, more signature genes encode DNA
and protein-associated MapMan terms than in T. hassleriana (Fig-
ure 3). A close examination of secondary MapMan categories
shows that specifically histone proteins (34 genes with P < 0.05
in stage 1, enriched with Fisher’'s exact test P = 2.6:107'%) and
protein synthesis (222 genes with P < 0.05 in stage 1, enriched with
Fisher's exact test P = 1.8-10~"7) are upregulated in G. gynandra
and that these categories have a larger dynamic range in
G. gynandra than T. hassleriana (Supplemental Figure 10).

In summary, transcriptomic analysis indicates the tissues are
well paired and comparable between species and although there
are differences in expression level, there is conservation of ex-
pression patterns between species. Within the leaf gradient,
there is a subset of genes that shows a delay in the onset of
expression changes in G. gynandra.

The Comparative Transcriptome Atlases Revealed Diverse
Recruitment Patterns from the C; Plant T. hassleriana to
C, Photosynthesis

The expression patterns of the core C, cycle genes were com-
pared in G. gynandra and T. hassleriana to gain insight into the
evolutionary recruitment of C, cycle genes to photosynthesis.
During convergent evolution of C, photosynthesis, these genes
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Figure 3. Distribution of Signature Genes in Each Tissue in G. gynandra and T. hassleriana.

Percentage of signature genes expressed over 1000 RPKM falling in each basal MapMan category for every averaged tissue.
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were recruited from ancestral C; genes (Sage, 2004; Edwards
et al.,, 2010; Sage et al., 2011). To contextualize the change in
expression of the C, cycle genes, the between species Euclid-
ean (absolute) and Pearson (pattern) distances were calculated
and compared from the leaf developmental gradients (Figure
4A). All known C, cycle genes showed a large Euclidean dis-
tance (844 to 9156 RPKM), while they split between a correlated
and an inversely correlated pattern. In addition to the known C,
genes, histones, lipid transfer proteins, protein synthesis, and
DNA synthesis are functional categories found among genes
with greater than 844 RPKM differences in absolute expression
(Supplemental Data Set 6).

To identify ancestral C; expression domains from which C,
genes were recruited, the expression of the core C, cycle genes
was compared between species. In G. gynandra, all core C,
cycle genes increase in expression along the leaf gradient and
are high in seedlings (Figures 4C and 4D; Supplemental Figures
12A to 12F); this pattern matches that of other photosynthetic
genes (Figure 4B). For each C, cycle gene, the T. hassleriana
sequence to which most G. gynandra reads mapped was taken
as the most likely closest putative ortholog (Supplemental
Figures 13 and 14). The putative orthologs of core C, genes are
expressed at comparatively low levels in C; (Supplemental Figures
13 and 14). Activity measurements of the core C, cycle enzymes
match the observed gene expression profiles (Supplemental Figure
15). In contrast to leaves and seedlings, the remaining tissues show
a variety of expression pattemns of C, cycle genes in both species
(Figures 4C to 4E; Supplemental Figures 12A to 12G). Of the C,
cycle genes, NAD-MALIC ENZYME (NAD-ME) and the SODIUM:
HYDROGEN ANTIPORTER (NHD) show a fairly constitutive ex-
pression pattem in Cg, while the others have a small number of
tissues where the expression peaks (Figure 4C; Supplemental Figure
12A). The expression of PYRUVATE PHOSPHATE DIKINASE
(PPDK), the PHOSPHOENOLPYRUVATE TRANSLOCATOR
(PPT), and DICARBOXYLATE CARRIER (DIC) peaks in floral organs
(Supplemental Figures 12B and 12C; Figure 4D); the expression of
ASPARTATE AMINO TRANSFERASE (AspAT) and ALANINE
AMINOTRANSFERASE (AlaAT) peaks in seed (Figure 4E;
Supplemental Figure 12D); and the expression of the pyruvate
transporter BILE ACID:SODIUM SYMPORTER FAMILY PROTEIN2
(BASS2) peaks in the young leaf (Supplemental Figure 12E). Albeit
erroneous identification of the closest C; ortholog in some cases
(e.g9., BASS2 and PHOSPHOENOLPYRUVATE CARBOXYLASE
[PEPC]) impedes identification of the ancestral C; expression do-
main (Supplemental Figures 12 and 13), the majority of known C,
cycle genes were recruited to a photosynthetic expression pattern
from a variety of expression domains (Figure 4B).

To assess the possibility of small modular recruitment from
other tissues to the C, leaf, we searched for evidence of an
expression shift between the C; root and the C,, leaf. This shift is
expected, if the bundle sheath tissue is partially derived from the
regulatory networks of root endodermis, as proposed previously
(Slewinski, 2013). Expression pattern filters were used to identify
37 genes that were expressed primarily in the C; root and the C,
leaf (C; leaf/root < 0.3; C,/C3 leaf > 1; C, leaf4-5/root > 0.5; C,
leaf5 > 30 RPKM; leaf5/root enrichment 6-fold greater in C,),
significantly more than in a randomized data set (P value < 10729;
Supplemental Table 5). This set of genes showed a very similar

expression pattern to photosynthetic genes along the C, leaf
gradient (Figure 5A).

The functions encoded by the genes that were apparently
recruited to the leaf from a root expression domain were con-
sistent with structural modifications and C, photosynthesis. In
Arabidopsis, 29 of the corresponding homologs are heteroge-
neously expressed across different root tissues with their high-
est expression in either the endodermis or cortex, analogous
to bundle sheath and mesophyll cells, respectively (Slewinski,
2013). Three functional groups could be identified in the cluster.
The first is related to tissue structure, i.e., cell wall modification
and plasmodesmata, the second to metabolic flux and redox
balance, and the third to signaling (Figure 5B). Among these
genes are two C, cycle genes, namely, DIC1, and a carbonic
anhydrase. The group contains three TFs, one of which is in-
volved in auxin response stimulation. Coexpression network
analysis of the Arabidopsis homologs (ATTED-Il) shows 11
genes from the cluster occur in a shared regulatory network. In
summary, a set of genes related to cell wall, metabolic/redox
flux, and signaling was recruited from the C, root to the C, leaf,
many of which are coexpressed in Arabidopsis and found in leaf
tissues analogous to BSC and MC.

Changes in the Leaf Transcriptomes Reveal Differences in
Cellular Architecture and Leaf Development in the
C, Species

Altered expression of cell cycle genes and enlarged BSC nuclei
in G. gynandra suggest the occurrence of endoreduplication
within this cell type. During early leaf development, G. gynandra
leaf samples clustered together with younger samples in
T. hassleriana (Supplemental Figures 8A and 8B), indicating a delay
in leaf maturation. We hypothesized this delay in G. gynandra leaf
maturation is manifested through alterations of cell cycle gene
expression during leaf development. Hierarchical clustering of ab-
solute expression values showed that the majority of known core
cell cycle genes (Vandepoele et al., 2002; Beemster et al., 2005)
have comparable expression patterns between both species
(Supplemental Figure 16 and Supplemental Data Set 7). However,
two distinct groups of genes were identified, which are either
upregulated in G. gynandra between stage 0 to 2 (group 1: 9 of
18 genes with P value < 0.05) or show a delayed decrease
during C, leaf development (group 2: 9 of 12 genes with P
value < 0.05 between stage 0 and 3; Supplemental Figure 16
and Supplemental Data Set 7). Interestingly, GT-2-LIKE1 (GTL1),
a key cell cycle regulator, was not correlated between G. gynandra
and T. hassleriana during leaf development. GTL1 is upregulated
in later stages of leaf development in T. hassleriana but not in
G. gynandra (P value < 0.001 in stage 5; Supplemental Figure 16
and Supplemental Data Set 7).

As GTL1 has been demonstrated to operate as an inhibitor
of endoreduplication and ploidy-dependent cell growth (Breuer
et al., 2009, 2012), we examined whether nuclei were enlarged in
any G. gynandra leaf tissues. First, both leaf developmental
gradients were subjected to flow cytometry. Polyploidy (DNA
content > 2C) was observed in both species, but clearly en-
riched in C, compared with C;, especially in the more mature
leaves (5% versus 1% = 8C, 16% versus 4% = 4C; Figure 6A).
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Figure 4. Comparison of Gene Expression Dynamics within the Leaf Gradient of Both Species.

(A) Euclidean distance versus Pearson’s correlation of average RPKM (n = 3) of genes expressed (>20 RPKM) in both leaf developmental gradients.
Comparison of gene expression by similarity of expression pattern and expression level in T. hassleriana and G. gynandra. Relevant highly expressed C,
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Figure 5. Recruitment of Genes from the Root to Leaf Expression Do-
main in the C, Plant G. gynandra.

(A) Relative average RPKM normalized to expression in G. gynandra leaf
5 (gray bars). Bars represent the arithmetic means of all 37 genes; lines
show expression patterns of a reference C, cycle gene (PEPC) and of
two genes found in the shifted module.

(B) Genes in the module displayed as functional groups. Light blue:
absolute number of genes in the group. Dark blue overlay: portion of
genes controlled by a transcription factor of the module.

In the G. gynandra C, leaf, the BSC nuclei were 2.9-fold larger
than those in the MC (P < 0.001; Figures 6B and 6C). In contrast,
the C4 T. hassleriana nuclei of both cell types were similar sizes
with a size ratio of 1.0 (Figures 6B and 6C). The proportion of
BSC in the leaf was estimated from transversal sections as 15%
in G. gynandra and 6% in T. hassleriana (Figures 7A to 7L). This
number fits with the subpopulation of cells with higher ploidy
observed in G. gynandra in the mature leaf. In summary, the
extended expression of a subgroup of cell cycle genes and
downregulation of GTL1 correlate with higher ploidy levels in the

G. gynandra mature leaf based on BSC nuclei area and flow
cytometry measurements.

The C, Species Shows Delayed Differentiation of Mesophyll
Tissue, Coinciding with Increased Vein Formation

The transcriptional delay in a large subset of G. gynandra genes
(Figures 2B, 2C, and 3) reflects a later differentiation of the C,
leaf. The delayed pattern of this large subset of genes indicated
that there might be a delay in the differentiation of leaf internal
anatomy, although leaf growth rates and shape are similar be-
tween species (Figure 1A). Thus, the leaves were examined
microscopically. Since dicotyledonous leaves differentiate in
a wave from tip toward petiole (Andriankaja et al., 2012), leaves
were cross-sectioned at the midpoint (50% leaf length) for
comparison. The cross sections revealed that in C, leaves, cell
differentiation was delayed in the transition from undifferentiated
ground tissue toward fully established palisade parenchyma
(Figures 7A to 7L). Both species start undifferentiated at leaf
stage 0 with only the primary vein distinctly visible in cleared
leaves (Figures 7A and 7G; Supplemental Figure 1A). In stage 1,
the C, leaf starts to differentiate its palisade parenchyma, while
the C, leaf shows dividing undifferentiated cells (Figures 7B and
7H). Mesophyll differentiation has finished by stage 2 in the C,
leaf (Figure 71), but not until stage 4 in the C, leaf (Figure 7D).
Classical mature C, leaf architecture appears in stage 4 in
G. gynandra (Figure 7E). C, leaves ultimately develop more veins
and open veinlets leading to Kranz anatomy (Supplemental
Figure 1). Leaf mesophyll tissue of the C; species differentiates
faster and develops fewer veins than the C, species.

The expression of genes related to vein development was
consistent with greater venation in the C, leaf but failed to explain
the larger delay in expression patterns and mesophyll differenti-
ation in the C, leaf. Hierarchical clustering indicated that most
known leaf and vasculature developmental factors (reviewed in
Ohashi-Ito and Fukuda, 2010) showed similar expression patterns
in the two species (Supplemental Figure 17 and Supplemental
Table 6). However, two clusters with distinct expression patterns
were detected. In the C, species, seven genes were upregulated
(P value < 0.05), including vasculature facilitators PIN-FORMED
(PINT), HOMEOBOX GENES8 (HBS8), and XYLOGEN PROTEINT
(XYP1) (Motose et al., 2004; Scarpella et al., 2006; Donner et al.,
2009), while five genes were downregulated (P value < 0.05),
among those the negative regulators KANADIT and 2, as well as
HOMEOBOX GENE15 (Supplemental Figure 17 and Supplemental
Table 6; llegems et al., 2010).

To further elucidate the magnitude and nature of the delayed
expression changes on the transcriptional level, the leaf gradient
data were clustered with the K-means algorithm (Supplemental

Figure 4. (continued).

cycle genes are marked in plot. Above inset shows an example of two highly correlated genes by expression trend and strength. Lower inset shows an

example of two genes inversely correlated with different expression level.

(B) Expression pattern across the atlas of averaged relative expression of transcripts encoding for photosystem | (PSI), photosystem Il (PSll), and

soluble enzymes of the Calvin-Benson-Bassham (CBB) cycle in G. gynandra.

(C) to (E) Average expression pattern of highest abundant ortholog of C, cycle genes (NAD-ME, DIC, and AspAT ) in photo- and heterotrophic tissues in

G. gynandra (light gray) and T. hassleriana (dark gray); *sg, n = 3.
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Figure 6. Distribution of Ploidy Levels during Leaf Development and Nuclei Area of BSC and MC between G. gynandra and T. hassleriana.

(A) Ploidy distribution of developing leaf (category O till 5) in percentage in G. gynandra and T. hassleriana. Measurements performed in n = 3 (except
GO = 1 replicate). For each replicate, at least 2000 nuclei were measured by flow cytometry.

(B) Quantification of BSC and MC nuclei area in cross sections (n = 3 * sg) of mature G. gynandra and T. hassleriana leaves (stage 5). Area of nuclei in
um? with at least 150 nuclei analyzed per cell type per species per replicate. Asterisks indicate statistically significant differences between BSC and MC
(**P value < 0.001); n.s., not significant.

(C) Fluorescence microscopy images of propidium iodide-stained leaf cross sections (stage 5) of T. hassleriana (left) and G. gynandra (right). Arrow-
heads point to nuclei of the indicated cell type. V, vein; S, stomata. Bar = 50 pm.

Figures 17A and 17B and Supplemental Data Set 9). Of 16 genes, 87% belonged to highly conserved clusters, 34% with

clusters, six were divergent (1 to 3, 8, 9, and 15; 1270 genes). a delay and 53% without. Thus, the transcriptional delay cannot
The remaining clusters were similar; however, four showed be explained by general slower development.
a transcriptional delay (4, 5, 13, and 16; 3361 genes), while six All of the K-means clusters were functionally characterized

did not (6, 7, 10 to 12, and 14; 5162 genes). Of all clustered by testing for enrichment in MapMan categories (Supplemental
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Figure 7. Analysis of Shifted Gene Expression Pattern and Leaf Anatomy during Leaf Ontogeny.

(A) to (L) Leaf anatomy development along the gradient in G. gynandra and T. hassleriana depicted by cross sections stained with toluidine blue. Bar =

20 pm.

(M) Selected clusters from K-means clustering of gene expression shown as Z-scores, which show a phase shift between G. gynandra and

T. hassleriana during leaf development.

Data Set 10). The visually “shifted” patterns were: later onset of
increase in clusters 13 and 5 (1058 and 395 genes, respectively),
delayed decrease in cluster 4 (1644 genes), and a later peak in
cluster 16 (264 genes; Figure 7M). The “late decrease” cluster 4
is enriched in genes related to mitochondrial electron transfer,
CONSTITUTIVE PHOTOMORPHOGENESIS9 (COP9) signal-
osome, and protein degradation by the proteasome (Figure 7M;
Supplemental Data Set 10). The “late onset” cluster 13 is enriched
in all major photosynthetic categories: N-metabolism, and chlo-
rophyll, isoprenoid, and tetrapyrrole biosynthesis (P value < 0.05;
Supplemental Figures 17C and 17D and Supplemental Data

Sets 9 and 10). The smaller “late onset” cluster 5 is enriched
in the categories protein synthesis, tetrapyrrole synthesis,
carotenoids, and peroxiredoxin. Cluster 16 peaks earlier in
T. hassleriana than G. gynandra and is enriched in lipid metabolism
(e.g., ACYL CARRIER PROTEIN4, CHLOROPLASTIC ACETYLCOA
CARBOXYLASE1, 3-KETOACYL-ACYL CARRIER PROTEIN SYN-
THASET, and 3-KETOACYL-ACYL CARRIER PROTEIN SYNTHASE
Ill) and plastid division genes, such as the FILAMENTATION
TEMPERATURE-SENSITIVE genes FtsZ2, FtsH, and FtsZ, as
well as ACCUMULATION AND REPLICATION OF CHLORO-
PLASTS11 (Figure 7M; Supplemental Data Sets 9 and 10).
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The core of the phase-shifted clusters, defined as genes with
Pearson’s correlation coefficient of r > 0.99 to the cluster center,
contained candidate regulators for the observed delayed pat-
terns. The core of cluster 13 contained 17 TFs and genes in-
volved in chloroplast maintenance (Supplemental Data Set 11).
The core of cluster 4 contained 30 transcriptional regulators,
including PROPORZ1 (PRZ1), and eight other chromatin-
remodeling genes. Nineteen cell cycle genes were found in the
core of cluster 4 (Supplemental Figures 19A and 19B), including
CELL DIVISION CYCLE20 (CDC20), CDC27, and CELL CYCLE
SWITCH PROTEIN52 (CCS52), which are key components of
cell cycle progression from M-phase to S-phase (Pérez-Pérez
et al., 2008; Mathieu-Rivet et al., 2010b).

Our data were quantitatively compared with data from Arab-
idopsis leaf development to test if the observed phase shift
related to a switch from proliferation to differentiation (Andriankaja
etal., 2012). This study identified genes that were significantly up-
or downregulated during the shift from proliferation to expansion
(Andriankaja et al., 2012). Putative orthologs of these genes were
clustered by the K-means algorithm (without prior expression
filtering), producing seven clusters for the upregulated genes
(containing 483 genes in total) and five clusters for the down-
regulated genes (1112 genes in total; Supplemental Figure 20).
The trend was well conserved across species, with 75% of the
upregulated and 96% of the downregulated genes falling into
clusters with a matching trend. The genes showed a higher
proportion of delay in G. gynandra than in the total data set, with
60 and 68% falling in delayed up- and downregulated clusters,
respectively (Supplemental Figure 20).

In summary, about a third of all gene expression patterns
show a delay in the G. gynandra leaf (Figure 7M; Supplemental
Figure 18). Delayed genes include major markers of leaf maturity
such as the upregulation of photosynthetic gene expression and
downregulation of mitochondrial electron transport (Supplemental
Figures 19C and 19D and Supplemental Data Set 10). This delay
was more common in putative orthologs of genes differentially
regulated during the shift from cell proliferation to expansion
(Supplemental Figure 19; Andriankaja et al., 2012). The slow
maturation can be seen on the anatomical level as a delayed
differentiation that coincides with increased vein formation in the
C, species (Figures 7A to 7L).

DISCUSSION

Comparative Transcriptome Atlases Provide a Powerful
Tool for Understanding C, Photosynthesis

Two transcriptome atlases were generated to allow the analysis
of gene recruitment to photosynthesis and to detect differences
related to C, leaf anatomy. Two Cleomaceae species were
chosen for this study due to their phylogenetic proximity to the
model species Arabidopsis (Marshall et al., 2007). The sampled
leaf tissues covered development from sink tissue to fully ma-
ture source tissue (Figures 1 and 3), and all higher order vein
development (Supplemental Figure 1). Since C, genes are re-
cruited from genes already present in C; ancestors, where they
carry out housekeeping functions (Sage, 2004; Besnard et al.,
2009; Christin and Besnard, 2009; Christin et al., 2009), seed,

Transcriptome Atlas of C3 and C4 Cleome 3253

stem, floral, and root tissues were included in the atlases in
addition to leaves and seedlings.

The high similarity in expression pattern between the species
maximizes our ability to detect differences related to C, photosyn-
thesis. While PCA analysis showed that the first principle compo-
nent separated the data set by species, this accounted for only
15% of the variation (Supplemental Figure 8A). Excluding floral or-
gans and stem, all tissues correlated with r > 0.7 between species
(Supplemental Figure 7C and Supplemental Table 3). Hierarchical
and K-means clustering showed the vast majority of genes had
a similar pattern between species, and tissue types clustered
closely with the same tissue in the other species. Specific groups of
highly expressed genes exclusively expressed in one tissue type,
such as root, stamen, and petal, are shared between G. gynandra
and T. hassleriana, suggesting that these genes might represent
drivers for the respective tissue identity (Supplemental Figure 9).
A subset of genes showed a consistent adjustment to their ex-
pression pattern, namely, a delay in the leaf gradient of G. gynandra
relative to T. hassleriana (Figure 7M). Thus, organ identity is highly
conserved between G. gynandra and T. hassleriana, but the rate at
which organ identity, especially the leaf, is established can differ.

Expression Patterns of C; Putative Orthologs Support
Small-Scale or Modular Recruitment to Photosynthesis,
Implying That a General C, Master Regulator Is Unlikely

Ancestral expression patterns can be compared with assess
whether a master regulator could have facilitated recruitment of
genes to C, photosynthesis. The patterns of gene expression in
T. hassleriana provide a good proxy for the ancestral C; ex-
pression pattern due to its phylogenetic proximity to G. gynandra
(Inda et al., 2008; Cheng et al., 2013). Genes active in the C, cycle
were recruited from previously existing metabolism (Matsuoka,
1995; Chollet et al., 1996; Streatfield et al., 1999; Wheeler et al.,
2005; Tronconi et al., 2010). Expression patterns in T. hassleriana
reflect known metabolism and expression; for instance, PPDK is
expressed in seeds, stamens, and petals (Supplemental Figure
12B), which is similar to the expression domain reported by
Chastain et al. (2011). Furthermore, PPT is highly expressed in
stamens and during seed development (Supplemental Figure
12C; Knappe et al., 2003a, 2003b), since it is required for fatty
acid production (Hay and Schwender, 2011).

The C; putative orthologs of C, cycle genes show a variety of
expression patterns within the atlas, providing strong evidence
they could not have been recruited by a single master regulator.
All C, cycle genes are expressed to a low degree in T. has-
sleriana, either constitutively or in defined tissues such as sta-
mens, seeds, or young leaves (Figures 4C to 4E). Expression of
NHD, AlaAT, AspAT, and PPDK increased along the leaf gradi-
ent in both C; and C, species, but in Cj, the expression was
highest in tissues other than the leaf (Figure 4E; Supplemental
Figures 12A, 12B, and 12D). In contrast, DIC, BASS2, NAD-ME,
and PPT are expressed in inverse patterns between C; and C,
along the leaf gradient (Figures 4C and 4D; Supplemental
Figures 12C and 12E), and PEPC is expressed only in mature
leaves in the C; species (Supplemental Figure 12F). Except for
DIC and PPDK, the expression level of the C, cycle genes was
higher in G. gynandra across all tissues (Figure 4; Supplemental
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Figures 12 to 14). Thus, most of the C, cycle genes may still
maintain their ancestral functions in addition to the acquired C,
function. The correct ortholog in C; may not have been con-
clusively determined by cross species read mapping in all cases
reported here. However, the main conclusion—that C, cycle
genes are recruited from a variety of C; expression patterns—
holds regardless of which putative C; paralog is selected
(Supplemental Figures 13 and 14).

A set of genes shifted from a root to leaf expression domain
during C, evolution provides an example of small-scale modular
recruitment. The proposed analogy between root endodermis and
bundle sheath and between root cortex and mesophyll (Slewinski,
2013) has been linked to cooption of the SCARECROW (SCR) and
SHORTROOT (SHR) regulatory networks into developing leaves
(Slewinski et al., 2012; Wang et al., 2013). A set of 37 genes
consistent with such a recruitment module was identified. For this
gene set, the C; species T. hassleriana (Figure 5; Supplemental
Table 5) and Arabidopsis (Brady and Provart, 2009) showed con-
served root expression, while the C, species showed an expres-
sion pattern similar to photosynthesis. Much of the root to leaf
gene set was coregulated in Arabidopsis, and it contained TFs,
including ETHYLENE RESPONSE FACTORT1 (Mantiri et al., 2008),
as well as an AUX/IAA regulator (Pérez-Pérez et al., 2010) and
VND-INTERACTING2 (Yamaguchi et al., 2010). Functionally, the
majority of the gene set is involved in processes related to cell wall
synthesis and modification. The set contains the cell wall-plasma
membrane linker protein (Stein et al., 2011) and the xyloglucan
endotransglycosylase TOUCH4 (Xu et al., 1995), the tonoplast in-
trinsic protein involved in cell elongation (Beebo et al., 2009), and
a plasmodesmata-located protein (Bayer et al., 2008). The ob-
served coregulation and structural functions support an underlying
structural relationship between the root tissues endodermis and
cortex, and the leaf tissues bundle sheath and mesophyill.

It is still unresolved whether expression level recruitment of
genes to the C, cycle was facilitated by the action of one or a few
master switches controlling C, cycle gene expression and/or by
changes to promoter sequences of C, genes (Westhoff and Gowik,
2010). The diverse transcriptional patterns of the core C, cycle
genes in T. hassleriana provide strong evidence that they were not
recruited as a single transcriptional module facilitated by one or
a few master regulators. However, the identified root to leaf module
indicates that small-scale corecruitment occurs, and this may help
bring about the 3 to 4% overall transcriptional changes occurring
during C, evolution (Brautigam et al., 2011, Gowik et al., 2011). The
similarities in expression pattern between photosynthetic genes
and C, cycle genes are evident (Figure 4B), and light-dependent
induction of C, genes has been reported (Christin et al., 2013),
leading us to hypothesize that C, cycle genes may use the same
light-induced regulatory circuits employed for the photosynthetic
genes, possibly through acquisition of cis-regulatory elements or
modification of chromatin structure, as has been shown for the
PEPC gene promoter in maize (Tolley et al., 2012).

Cell Size in G. gynandra Coincides with Nuclei
Size and Ploidy

In addition to the biochemical C, cycle genes, transcriptional
changes related to cell and tissue architecture are required for

C, leaf development (Westhoff and Gowik, 2010). The compar-
ative atlases were contextualized with anatomical data to better
understand BSC size.

G. gynandra has generally larger cells (Figures 7A to 7L),
which might be attributed to a larger genome. After divergence
from T. hassleriana, the G. gynandra lineage has undergone
a putative whole-genome duplication (Inda et al., 2008). Cell size
has been tied to genome ploidy status previously (Sugimoto-
Shirasu and Roberts, 2003; Lee et al., 2009b; Chevalier et al.,
2011). A relationship between ploidy and cell size could explain
the generally larger cells in G. gynandra leaves (Figures 7A to 7L)
or relate to the upregulation of DNA and histone-associated genes
in developing leaves (Figure 3; Supplemental Figures 10 and 11).

Changes in the expression of key cell cycle genes indicated
endoreduplication may be increased in G. gynandra, and follow-
up nuclear size measurements indeed indicate BSCs have un-
dergone endoreduplication. Enlargement of BSC is a common
feature of C, plants (Sage, 2004; Christin et al., 2013) including
G. gynandra (Figures 7D to 7F), but the genetic mechanism is
unknown. During leaf development, key cell cycle genes showed
changes in expression pattern and expression level between
G. gynandra and T. hassleriana (Supplemental Figure 16). CDC20
and CCS52A, which are closely linked with cell cycle M-to-S-
phase progression or endocycle onset (Lammens et al., 2008;
Larson-Rabin et al., 2009; Kasili et al., 2010; Mathieu-Rivet et al.,
2010a), exhibit prolonged expression during C, leaf development,
whereas the expression of the master endoreduplication regulator
GTL1 (Breuer et al., 2009, 2012; Caro et al., 2012) is suppressed
in the older leaf stages (Supplemental Figure 16). Although a
comparison of the more distantly related species Arabidopsis and
G. gynandra discounted endoreduplication as a factor in bundle
sheath cell size (Aubry et al., 2013), the BSC and MC nuclei area
measurements of mature G. gynandra and T. hassleriana leaves
revealed that the BSC nuclei are 2.9-fold enlarged compared with
MC nuclei in G. gynandra (Figures 6B and 6C). At the same time,
T. hassleriana BSC and MC cells do not differ significantly in
nuclei size (Figures 6A and 6C).These results are supported by
a flow cytometry analysis of both leaf developmental gradients,
where the proportion of endoreplicated cells in the mature C, leaf
(Figures 6A) matches the number of BSCs present in G. gynandra
(Figures 6A and 7A to F). Interestingly, we also find significant (P >
0.001) enlarged BSC nuclei in other C, species (e.g., Flaveria
trinervia, Megathyrsus maximum, and maize; Supplemental Figure
22), indicating that larger nuclei size in BSC compared with the
MC could be a general phenomenon in C, plants conserved
across mono- and dicotyledons. Whether endoreplication is the
cause of increased cell size in C, BSC, as found for trichomes and
tomato (Solanum lycopersicum) karyoplasm (Traas et al., 1998;
Chevalier et al., 2011) or whether endoreplication only occurs to
support the high metabolic activity and large size of the BSCs
(Sugimoto-Shirasu and Roberts, 2003) remains to be determined.

Late Differentiation of Mesophyll Tissue Allows
Denser Venation

General regulators of leaf anatomy and shape (reviewed in Byrne,
2012) are expressed in very similar patterns between the two
species (Supplemental Figure 17), reflecting the very similar
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palmate five-fingered leaf shape and speed of leaf expansion
(Figures 1A and 1B). However, anatomical studies of leaf de-
velopment show that differentiated palisade parenchyma is al-
ready observed at the midpoint of stage 1 leaves in T. hassleriana
(Figure 7H) but can only be detected in the middle of the leaf in
stages 3 and 4 in G. gynandra (Figures 7D to 7F). Hierarchical
clustering of transcriptome data indicates a similarity between
younger T. hassleriana and older G. gynandra tissues (Supplemental
Figure 9), which we attribute to a delay in G. gynandra leaf ex-
pression changes observed in the hierarchical clusters (Figures 2B
and 2C) and observed for K-means clustering involving about
a third of clustered genes (Figure 7M; Supplemental Figure 18).
Analysis of the delayed clusters for significant enrichment of func-
tional categories indicated that the metabolic shift from sink to
source tissue was delayed (Figures 3 and 7M; Supplemental
Figure 18 and Supplemental Data Set 10). Furthermore, the
“delayed decrease” cluster 4 was enriched in COP9 signalosome
and marker genes of the still developing heterotrophic leaf.

Cell cycle and cell differentiation regulators show a delayed
expression pattern in G. gynandra. The expression of PRZ1,
which switches development from cell proliferation to differen-
tiation in Arabidopsis (Sieberer et al., 2003; Anzola et al., 2010),
is prolonged in the C, leaf (Figure 7M, cluster 4), as is the ex-
pression of chromatin remodeling factor GRF1-INTERACTING
FACTORS implicated in the control of cell proliferation upstream
of cell cycle regulation (Lee et al., 2009a). Plastid division genes
peak around leaf stage 1 in T. hassleriana and leaf stage 2 in
G. gynandra (Figure 7M, cluster 16). It has recently been shown
that chloroplast development and division precedes photosyn-
thetic maturity in Arabidopsis leaves and retrograde signaling
from the chloroplasts affects cell cycle exit from proliferation
(Andriankaja et al., 2012). Quantitative comparison of differen-
tially regulated genes during the shift from cell proliferation to
cell expansion found in Arabidopsis (Supplemental Figure 20;
Andriankaja et al., 2012) to the expression patterns of the pu-
tatively orthologous genes along leaf developmental gradients in
Cleome, reveals a strong conservation of expression pattern
between Arabidopsis and Cleome during development. A higher
proportion of delay of G. gynandra genes is observed in this
gene set. This supports the idea that the transcriptional delay is
directly linked to the anatomical delay in differentiation observed
in G. gynandra (Supplemental Figure 19).

The delay in cell differentiation allows for increased vein for-
mation in the C, leaf. Mesophyll differentiation has already been
shown to limit minor vein formation in Arabidopsis (Scarpella
et al., 2004; Kang et al., 2007). G. gynandra and T. hassleriana
have altered vein densities, which result from more minor vein
orders in G. gynandra (Supplemental Figure 1), similar to results
for the dicot Flaveria species (McKown and Dengler, 2009).
Given that differentiation of photosynthetic mesophyll cells limits
minor vein formation in Arabidopsis (Scarpella et al., 2004; Kang
et al., 2007) and that mesophyll differentiation is delayed in the
C, species compared with the C; species (Figure 7), dense vena-
tion may indeed be achieved by delaying mesophyll differentiation.

Genes related to vascular patterning are expressed in a man-
ner consistent with higher venation in the C, leaf. The high ex-
pression of vascular pattern genes such as PINT, HB8, ARF3,
and XYP1 in the C, leaf (Supplemental Figure 17) is similar to
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that observed for Kranz patterned leaves in maize (Wang et al.,
2013). However, these genes may be a consequence, rather
than a cause, of higher venation, especially since some of these
markers are only expressed after pre-procambial or procambial
identity is introduced (Ohashi-lto and Fukuda, 2010). Once
procambial fate is established, cellular differentiation of vein
tissues proceeds through positional cues and localized signal-
ing, possibly via the SCR/SHR pathway (Langdale and Nelson,
1991; Nelson and Langdale, 1992; Nelson and Dengler, 1997;
Griffiths et al., 2013; Wang et al., 2013; Lundquist et al., 2014).
Interestingly, in accordance with the delay in leaf differentiation
in G. gynandra, we could monitor a delay in higher expression
for SHR peaking around leaf stage 1 to 3 (Supplemental Figure
21A). SCR transcript abundance is clearly divided in both G.
gynandra and T. hassleriana between two homologs, one of
which is more abundant in the C, leaf and the other in the C, leaf
(Supplemental Figure 21B). SCR expression in G. gynandra
follows the SHR pattern with a delayed upregulation. This is in
accordance with earlier studies conducted in maize, where SHR
transcript highly accumulates in the BSC to activate SCR ex-
pression (reviewed in Slewinski et al., 2012)

The identification of mesophyll differentiation as the proximate
cause for fewer minor vein orders in T. hassleriana raises the
question of how mesophyll differentiation is controlled. In both
C, and C, species, vascular patterning precedes photosynthetic
tissue differentiation (Sud and Dengler, 2000; Scarpella et al.,
2004; McKown and Dengler, 2010). Light is one of the most
important environmental cues that regulate leaf development,
including its cellular differentiation and onset of photosynthesis
(Tobin and Silverthorne, 1985; Nelson and Langdale, 1992;
Fankhauser and Chory, 1997). The COP9 signalosome, which
plays a central role in repression of photomorphogenesis and
G2/M cell cycle progression (Chamovitz et al., 1996; Dohmann
et al., 2008), showed a delayed decrease in G. gynandra com-
pared with T. hassleriana (Supplemental Figure 19B). The delay
and earlier vein formation termination induced by excess light in
Arabidopsis (Scarpella et al., 2004) suggest that light perception
and its signal transduction may be differentially regulated in
species with denser venation patterns.

Conclusions

In this study, we report a detailed comparison of the tran-
scriptomes and the leaf development of two Cleomaceae spe-
cies with different modes of photosynthetic carbon assimilation,
i.e., C; and C, photosynthesis. The gene expression patterns are
quite similar between both species, which facilitates the identi-
fication of differences related to C, photosynthesis. We could
link two key features of Kranz anatomy to developmental pro-
cesses through integration of expression and anatomical data.
First, we show that the larger size of the bundle sheath cells in
the C, species is associated with a higher ploidy in these cells,
which might be controlled by delayed repression of the endo-
cycle via the transcription factor GTL1. Second, a prominent
difference between C; and C, leaf development is the delayed
differentiation of the leaf cells in C,, which is associated with
a delayed onset of photosynthetic gene expression, chloroplast
proliferation and development, and altered expression of a few
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distinct cell cycle genes. Delayed mesophyll differentiation allows
for increased initiation of vascular tissue and thus contributes to
the higher vein density in C,. We hypothesize that delayed onset
of mesophyll and chloroplast differentiation is a consequence of
the prolonged expression of the COP9 signalosome and, hence,
a delayed derepression of photomorphogenesis.

METHODS

Plant Material and Growth Conditions

Gynandropsis gynandra and Tarenaya hassleriana plants for transcriptome
profiling by lllumina Sequencing were grown in standard potting mix in
a greenhouse between April and August 2011. Internal transcribed spacer
sequences of G. gynandra and T. hassleriana were analyzed and plant
identity confirmed according to Inda et al. (2008). Leaves were harvested
from 4- to 6-week-old plants, prior to inflorescence initiation. All samples
were harvested during midday. Flowers, stamens, sepals, and carpels were
harvested after induction of flowering. Green tissues from seedlings were
harvested 2, 4, and 6 d after germination. Root material was harvested from
plants grown in vermiculite for 6 weeks and supplemented with Hoagland
solution. Leaf material for the ontogeny analysis was selected by the order
of leaf emergence from the apex in leaf stages from 0 to 5. Up to 40 plants
were pooled for each biological replicate.

Leaf Expansion Rate

Leaves from stage 0 to 5 were analyzed in five biological replicates for
each G. gynandra and T. hassleriana. Leaves were scanned on a flat bed
scanner (V700 Photo; Epson), and the area was analyzed with free image
analysis software ImagedJ.

Leaf Cross Sections for Anatomical Studies

Leaves from stage O to 5 were analyzed in biological triplicates. Leaf
material (2 X 2 mm) was cut next to the major first order vein at 50% of the
whole leaf length. Leaf material was fixed in 4% paraformaldehyde so-
lution overnight at 4°C, transferred to 0.1% glutaraldehyde in phosphate
buffer, and vacuum infiltrated three times for 5 min. The leaf material was
then dehydrated with an ascending ethanol series (70, 80, 90, and 96%)
with a 1-h incubation in each solution. Samples were incubated twice in
100% ethanol and twice in 100% acetone, each for 20 min, and infiltrated
with an acetone:araldite (1:1) mixture overnight at 4°C. After acetone
evaporation, fresh araldite was added to the leaf samples until samples were
covered and incubated for 3 to 4 h. Samples were transferred to fresh araldite
in molds and polymerized at 65°C for 48 h. Cross sections were stained with
toluidine blue for 15 s and washed with H,O ;. Cross sections were imaged
with bright-field settings using an Eclipse Ti-U microscope (Nikon).

Flow Cytometry

Three biological replicate samples were chopped with a razor blade in
200 pL of Cystain UV Precise P Nuclei extraction buffer followed by the
addition of 800 pL of staining buffer (buffers from Partec). The chopped
leaves in buffer were filtered through a 50-p.m mesh. The distribution of the
nuclear DNA content was analyzed using a CytoFlow ML flow cytometer
and FLOMAX software (Partec) as described (Zhiponova et al., 2013).

Measurement of Nuclei from Mature Leaves

Fresh mature leaves (leaf stage 5, three biological replicates) of G. gynandra
and T. hassleriana were cut transversally, fixed in 1X PBS buffer (1% Tween
20 and 3% glutaraldehyde) overnight at room temperature, and stained with
propidium iodide solution directly on the microscopic slide. Cross sections

were imaged by fluorescence microscopy using an Axio Imager M2M
fluorescence microscope (Zeiss) with an HE DS-Red Filter. Images were
processed with ZEN10 software (Zeiss), and the nuclear area of at least 200
nuclei per cell type per species was measured with ImageJ.

RNA Extraction, Library Construction, and Sequencing

Plant material was extracted using the Plant RNeasy extraction kit
(Qiagen). RNA was treated on-column (Qiagen) and in solution with RNA-
free DNase (New England Biolabs). RNA integrity, sequencing library
quality, and fragment size were checked on a 2100 Bioanalyzer (Agilent).
Libraries were prepared using the TruSeq RNA Sample Prep Kit v2
(lumina), and library quantification was performed with a Qubit 2.0
(Invitrogen). Single-end sequenced samples were multiplexed with six
libraries per lane with ~20 million reads per library. For paired-end se-
quencing, RNA of all photosynthetic and nonphotosynthetic samples was
pooled equally for each species and prepared as one library per species.
Paired end libraries were run on one lane with ~175 million clean reads for
T. hassleriana and 220 million clean reads for G. gynandra. All libraries were
sequenced on the HISEQ2000 lllumina platform. Libraries were sequenced
in the single-end or paired-end mode with length ranging from 80 to 100
nucleotides. The paired-end library of G. gynandra had an average fragment
size of 304 bp; T. hassleriana had an average fragment size of 301 bp.

Gene Expression Profiling

Reads were checked for quality with FASTQC (www.bioinformatics.
babraham.ac.uk/projects/fastqc/), subsequently cleaned and filtered for
quality scores greater than 20 and read length greater than 50 nucleotides
using the FASTX toolkit (http://hannonlab.cshl.edu/fastx_toolkit). Ex-
pression abundances were determined by mapping the single-end read
libraries (each replicate for each tissue) independently against T. has-
sleriana representative coding sequences (Cheng et al., 2013) using BLAT
V35 (Kent, 2002) in protein space and counting the best mapping hit
based on e-value for each read uniquely. Default BLAT parameters were
used for mapping both species. Expression was normalized to reads per
kilobase T. hassleriana coding sequence per million mappable reads
(RPKM). T. hassleriana coding sequences were annotated using BLASTX
searches (cutoff 1e~10) against the TAIR10 proteome database. The best
BLAST hit per read was filtered by the highest bit score. A threshold of
20 RPKM per coding sequence in at least one species present in at
least one tissue was chosen to discriminate background transcription
(Supplemental Figure 14). Differential expression between T. hassleriana
and G. gynandra was determined by EdgeR (Robinson et al., 2010) in
R (R Development Core Team, 2009). A significance threshold of 0.05
was applied after the P value was adjusted with false discovery rate via
Bonferroni-Holms correction (Holm, 1979).

Data Analysis

Data analysis was performed with the R statistical package (R De-
velopment Core Team, 2009) unless stated otherwise. For Pearson’s
correlation and PCA analysis, Z-scores were calculated by gene across
both species. For all other analyses, Z-scores were calculated by gene
within each species, to focus on comparing expression patterns. For
K-means and hierarchical clustering, genes were filtered to those with
more than 20 RPKM in at least one of the samples used in each species.
To determine the number of centers for K-means clustering, the sum of se
within clusters was plotted against cluster number and compared with
randomized data (Supplemental Figures 18B, 20C, and 20D). A total of 16
centers was chosen, and K-means clustering was performed 10,000
times and the best solution, as defined by the minimum sum of st of genes
in the cluster, was taken for downstream analyses (Peeples, 2011).
Multiscale bootstrap resampling of the hierarchical clustering was
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performed for samples with 10,000 repetitions using the pvclust R
package (Suzuki and Shimodaira, 2006).

Stage enrichment was tested for all K-means clusters and for tissue
“signature genes” with expression of over 1000 RPKM in each tissue
using TAIR10 MapMan categories (from http://mapman.gabipd.org) for
the best Arabidopsis thaliana homolog. Categories with more than five
members in the filtered (K-means) or complete (signature genes) data set
were tested for enrichment by Fisher’s exact test, and P values were
adjusted to false discovery rates via Benjamini-Yekutieli correction, which
is tolerant of dependencies (Yekutieli and Benjamini, 1999).

Accession Numbers

Sequence data from this article can be found in NCBI GenBank under
the following accession numbers: SRP036637 for G. gynandra and
SRP036837 for T. hassleriana.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure 1. Venation Patterning during Leaf Development
of G. gynandra and T. hassleriana.

Supplemental Figure 2. G. gynandra Cotyledon Anatomy 2, 4, and 6 d
after germination (DAG).

Supplemental Figure 3. Images of Tissues Harvested for Atlases in
G. gynandra and T. hassleriana.

Supplemental Figure 4. Quality Assessment of Velvet/OASES As-
sembled T. hassleriana Contigs against Predicted Corresponding CDS
from T. hassleriana Genome

Supplemental Figure 5. Quality Assessment of the Biological Replicates
of T. hassleriana Libraries Mapped to A. thaliana and Mapping Similarity of
T. hassleriana Libraries Mapped to A. thaliana and to Its Own CDS.

Supplemental Figure 6. Determination of Baseline Gene Expression
via a Histogram of Photosystem (PS) | and Il Transcript Abundances
(RPKM) in the G. gynandra Root.

Supplemental Figure 7. Quality Assessment of the Biological Repli-
cates within Each Species and Tissue Similarity between G. gynandra
and T. hassleriana.

Supplemental Figure 8. Principle Component Analysis between
G. gynandra and T. hassleriana.

Supplemental Figure 9. Hierarchical Cluster Analysis with Boot-
strapped Samples of G. gynandra and T. hassleriana.

Supplemental Figure 10. Transcriptional Investment of Each Tissue
Compared in Both Species.

Supplemental Figure 11. Transcriptional Investment at Secondary
MapMan Category Level of Each Tissue Compared in Both Species.

Supplemental Figure 12. Comparison of Gene Expression Dynamics
within the Leaf Gradient of Both Species.

Supplemental Figure 13. Plot of the Expression Pattern (RPKM) of all
C, Gene Orthologs Expression Pattern in G. gynandra.

Supplemental Figure 14. Plot of the Expression Pattern of all C, Gene
Putative Orthologs Expression Pattern (RPKM) in T. hassleriana.

Supplemental Figure 15. Enzyme Activity Measurement of Soluble C,
Cycle Enzymes.

Supplemental Figure 16. Hierarchical Clustering of Average RPKM
with Euclidean Distance of Core Cell Cycle Genes.

Supplemental Figure 17. Hierarchical Clustering with Pearson’s
Correlation of Leaf Developmental Factors.
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Supplemental Figure 18. K-Means Clustering of Leaf Gradient
Expression Data and Quality Assessment.

Supplemental Figure 19. Z-Score Plots of Enriched MapMan Cate-
gories in the Shifted Clusters.

Supplemental Figure 20. K-Means Clustering of Genes Differentially
Regulated during the Transition from Proliferation to Enlargement.

Supplemental Figure 21. Transcript Abundances of SCARECROW and
SHORTROOT Homologs in G. gynandra and T. hassleriana Leaf and Root.

Supplemental Figure 22. Nuclei Area and Images of C, and C, Species.

Supplemental Table 1. Velvet/OASES Assembly Stats from G. gynandra
and T. hassleriana Paired-End Reads.

Supplemental Table 2. Cross-Species Mapping Results.
Supplemental Table 3. Pearson’s Correlation between G. gynandra
and T. hassleriana Individual Tissues.

Supplemental Table 4. Number of Significantly Up- or Downregulated
Genes in G. gynandra Compared with T. hassleriana within the
Different Tissues.

Supplemental Table 5. List of Genes Present in Root-to-Shoot
Recruitment Module.

Supplemental Table 6. List of Clustered General Leaf Developmental
and Vasculature Regulating Genes along Both Leaf Gradients.
Supplemental Methods.

The following materials have been deposited in the DRYAD repository
under accession number http://dx.doi.org/10.5061/dryad.8v0v6.

Supplemental Data Set 1. Annotated Transcriptome Expression Data
of Both Atlases in RPKM.

Supplemental Data Set 2. Sequencing and Mapping Statistics for All
Single-End Libraries Sequenced.

Supplemental Data Set 3. Quality Assessment of Representative
Contigs against Predicted CDS within T. hassleriana.

Supplemental Data Set 4. MapMan Categories of Highly Expressed
Genes in Each Tissue.

Supplemental Data Set 5. Transcriptional Investment of Each
Enriched Basal MapMan Categories in Percentage for Each Tissue.

Supplemental Data Set 6. List of All Genes with Euclidean Distance
over 800 RPKM Expressed within Both Leaf Gradients.

Supplemental Data Set 7. List of Core Cell Cycle Genes Selected for
Clustering.

Supplemental Data Set 8. Statistical Analysis of Differential Transcript
Abundances between G. gynandra and T. hassleriana for Each Tissue.

Supplemental Data Set 9. Genes Assigned by K-Means Clustering to
Each Cluster.

Supplemental Data Set 10. MapMan Enrichment Analysis of K-Means
Clustering.

Supplemental Data Set 11. List of Genes Highly Correlated with
Cluster Centers of Shifted Clusters.
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G. gynandra T, hassleriana

Stage 0

Stage 1

Stage 2

Stage 3

Stage 4

Stage 5

Supplemental Figure 1. Venation patterning during leaf development of G.
gynandra and T. hassleriana.

(A-B) Cleared safranine stained leaves of stage 0 and 1 (n=3; scale bar 0.5 mm)
(C-F) Cleared leaves of stage 2, 3, 4 and 5 respectively (n=3; scale bar 1 mm)
Open arrows indicate the midvein (1°) and closed arrows the secondary vein (2°)
localization



Supplemental Figure 2. G. gynandra cotyledon anatomy two, four and six days
after germination (DAG). Semi-thin cross sections (3 um) of G. gynandra cotyledons
after two (A); four (B); six (C) DAG. Cross sections were stained with Toluidine Blue.
(Scale bar 10 ym, n=3)
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G. gynandra T. hassleriana
—

G. gynandra T. hassleriana
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Supplemental Figure 3. Images of tissues harvested for RNA-seq in G. gynandra
and T. hassleriana. (A) Photographic image of G. gynandra and T. hassleriana 8-week
old plants, from which leaf gradient, stem and root system were harvested (B) Seed coat
development from harvested developmental seed gradient. (1) young seed (2) semi-
mature seed (3) mature seed. (Scale bar = 1cm)
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Supplemental Figure 4. Quality assessment of Velvet/OASES assembled T. hassleriana
contigs against predicted corresponding cds from T. hassleriana genome.

(A) Percentage of contig number per predicted cds (Cheng et al., 2013) showing redundancy in
assembled contigs.

(B) ClustalW alignment of fragmented contig (top) with corresponding cds (below).

(C) ClustalW alignment of fused contig (top) with corresponding cds (below).
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Supplemental Figure 5. Quality assessment of the biological replicates of T.
hassleriana libraries mapped to A. thaliana and mapping similarity of T. hassleriana
libraries mapped to A. thaliana and to its own cds.

(A) Pair-wise Pearson's correlation (r) was calculated for all three pairs of biological
replicates for each tissue in T. hassleriana mapped to A. thaliana. (B) Pair-wise Pearson‘s
correlation (r) between leaf 5, stamen and seed 1 in (n=3) of T. hassleriana mapped to its
own coding sequence and A. thaliana.
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Supplemental Figure 6. Determination of base line gene expression via a
histogram of photosystem (PS) | and Il transcript abundances reads per
mappable million (RPKM) in the G. gynandra root.

Y- axis shows frequency and Y- axis depicts RPKM level of PSI and PSII transcript
abundance. Red line indicates where threshhold of base line expression was set.
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Supplemental Figure 7. Quality assessment of the biological replicates within each
species and tissue similarity between G. gynandra and T. hassleriana. (A) Pair-wise
Pearson's correlation (r) was calculated for all three pairs of biological replicates for each
tissue (n=3) in G. gynandra. (B) Pair-wise Pearson's correlation (r) was calculated for all
three pairs of biological replicates for each tissue (n=3) in T. hassleriana. (C) Pair-wise
Pearson‘s correlation between individual tissues of T. hassleriana and G. gynandra.



Supplemental Figure 8. Principle component analysis between G. gynandra and T.
hassleriana.

(A) Plot shows all averaged tissues from G. gynandra (G) and T. hassleriana (H) sequenced
(n=3). The first component describes 15% of all data variablility seperating both species. The
second component (14%) separates samples by tissue identity within each species. Tissues are
indicated by color key (left).

(B) Averaged leaf gradient samples (n=3) from G. gynandra (G) and T. hassleriana (H) were
analysed. First component decribes 44 % and second component describes 29% of variability.
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Supplemental Figure 9. Hierarchical cluster analysis with bootstrapped samples of G.
gynandra and T. hassleriana. Numbers above the nodes show the approximately unbiased
p-value (red) and the bootstrap probability (green). Blue is lowest expression and yellow
highest expression. Left-hand vertical bars denote major clusters in the dendrogram by
color. (A) Clustering of all over 20 RPKM expressed genes in all averaged samples (n=3).
Sample averages were clustered as species scaled Z-scores with Pearson‘s Correlation.

(B) Hierarchical Clustering of all transcriptional regulators expressed in all tissues
sequenced in G. gynandra and T. hassleriana. Sample averages (n=3) were clustered as
species-scaled Z-scores with Pearson‘s Correlation.
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Supplemental Figure 10. Transcriptional investment of each tissue compared in
both species. Cumulative average RPKMs in percent for basal Mapman categories for
each tissue in G. gynandra and T. hassleriana.
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Mapman categories in each tissue in G. gynandra and T. hassleriana. Plot shows
percent of average RPKMs of the 12 customized secondary Mapman bins for each

Supplemental Figure 11.1. Transcriptional investment at secondary Mapman
tissue.

category of each tissue compared in both species (Part 1). Distribution of the
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Mapman categories in each tissue in G. gynandra and T. hassleriana. Plot shows
percent of average RPKMs of the 12 customized secondary Mapman bins for each

Supplemental Figure 11.2. Transcriptional investment at secondary Mapman
tissue.

category of each tissue compared in both species (Part 2). Distribution of the
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Supplemental Figure 12. Comparison of gene expression dynamics within the

leaf gradient of both species.

(A-F) Average expression pattern of highest abundant putative ortholog of C, cycle

genes (NHD, PPDK, PPT, AlaAT, BASS2, PEPC) in photo- and heterotrophic tissues

3 + SE, standard error)

in G. gynandra (light grey) and T. hassleriana (dark grey); (n
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Supplemental Figure online 13. Plot of all C, gene putative orthologs expression pattern
(RPKM) in G. gynandra, that were annotated as C, genes with AGI identifier and respective T.
hassleriana ID. (A-F) Average expression pattern of putative ortholog of C, cycle genes (DIC,
BASS2, AspAT, NAD-ME, PPT, PEPC) in photo- and heterotrophic tissues in G. gynandra

(n=3).
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Supplemental Figure online 14. Plot of all C, gene putative orthologs expression pattern
(RPKM) in T. hassleriana, that were annotated as C, genes with AGlI identifier and respective
T. hassleriana ID. (A-F) Average expression pattern of putative ortholog of C, cycle genes
(DIC, BASS2, AspAT, NAD-ME, PPT, PEPC) in photo- and heterotrophic tissues in T.

hassleriana (n=3).
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Supplemental Figure 15. Enzyme activity measurement of soluble C, cycle
enzymes. Enzyme activities of PEPC, NAD-ME, PEPCK, NADP-ME, AspAT, AlaAT,
NAD-MDH and NADP-MDH were measured along the developing G. gynandra leaf
(stage 1-5) with the mature T. hassleriana leaf (stage 5) as C; control. (FW: fresh
weight; n=3 +SE, standard error; biological replicates with each 3 technical replicates)
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Supplemental Figure 16. Hierarchical clustering of average RPKM with
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Supplemental Figure 17. Hierarchical clustering with Pearson‘s correlation of leaf
developmental factors. Averaged transcript abundances (RPKM) of leaf gradient sample of
transcriptional regulators involved in axial and vasculature fate determination were clustered.
Group 1 (orange) and group 2 (red) show genes that are altered between T. hassleriana (H) and
G. gynandra (G).
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Supplemental Figure 18. K-means clustering of leaf
gradient expression data and quality assessment.
(A) K-means clustering of transcript abundances

— Leaf Data

—— Randomized Data

Number of centers

(RPKM) of leaf stage averages (n=3) between T.
hassleriana and G. gynandra shown as species-scaled
Z-scores. Size of each cluster is indicated in each
cluster box. (B) Ln of the sum of the squared euclidean
distance (SSE) between each gene and the center of it's
cluster across various numbers of clusters calculated
with a K-means algorithm for the leaf gradient data
(blue) compared to the average of 250 scrambled
! datasets (red).
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Supplemental Figure 19. Z-score plots of enriched mapman categories in the
shifted clusters. Species scaled Z-scores from averaged transcript abundances (RPKM)
for each leaf stage per species (n=3). (A,B) shifted enriched categories from cluster 4.
(C,D) shifted enriched categories from cluster 13. Number in brackets are the respective
Mapman category bin codes.



during the transition from proliferation to enlargement. (A,B) K-means clustering of
T. hassleriana and G. gynandra homologs of gene set that is significantly up-regulated
(A; p-value<0.05) or down-regulated (B; p-value<0.05) between day 9 and 10 day in
developing A. thaliana leaves (Andriankaja et al., 2012). Per species scaled Z-scores

from averaged transcript abundances (RPKM) for each leaf stage per species (n=3).
(C,D) Ln of the sum of the squared Euclidean distance (SSE) between each gene
and the center of its clusters across various numbers of clusters calculated with a K-
means algorithm for the leaf gradient data (blue) compared to the average of 250
scrambled datasets (red) for (C) up- and (D) down-regulated.




Supplemental Figure 21. Transcript abundances of SCARECROW and SHORTROOT
homologs in G. gynandra (G) and T. hassleriana (H) leaf and root.

(A-C) Expression pattern (average RPKM; n=3) of all homologs of SCARECROW (SCR; A);
SHORTROOT (SHR; B) and JACKDAW (JKD; C) in both species. (D) Dual color map of
significant (blue; FWE corrected p-Value<0.05) or non significant (yellow; n.s) expressed
transcripts of SCR, SHR and JKD.
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Supplemental Figure 22. Nuclei area and images of C, and C; species.
(A) Quantification of BSC and MC nuclei area of mature leaves of monocotyledonous (Zea mays;
Megathyrsus maximus; Dichantelium clandestinum) and dicotyledonous (Flaveria trinervia;

Flaveria cronquistii) C, and C; species cross sections (error bars +SD; n=3). Area of nuclei is given
as um? with at least 100 nuclei analyzed per cell type per species. Asterisks indicate statistically
significant differences between BSC and MC (*** p-value<0.001; * p-value<0.05). (B-F) Microscopic
fluorescence images of propidium iodide stained mature leaf cross sections of Zea mays,C, (B);
Dichantelium clandestinum;C, (C); Megathyrsus maximus, C, (D); Flaveria cronquistii, C5 (E);
Flaveria trinervia, C, (F). Scale bar: 50 ym; closed arrows pointing to nuclei of indicated cell type.
BSC: bundle sheath cell; MC: mesophyll cell; V: vein; S: stomata.
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Supplemental Table 1 online. Velvet/OASES assembly stats from G. gynandra and T.

hassleriana paired end reads. Backmapping of paired end reads was performed with TopHat

standard settings. Annotation via blastp against TAIR10 proteome.

G. gynandra (C,)

T. hassleriana (C,)

k-mer

NS0 contig

unigenes

total transcripts
Backmapping %
Annotation of TAIR10 %

31
1916
59471
176850
60
86

31
1996
52479
163456
63
87
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Supplemental Table 2 online. Cross species mapping results. T. hassleriana Leaf 5, Seed
1, Stamen (n=3) was mapped to A. thaliana via blat in translated protein (A) mode to assess
sensitvity of cross species mapping. Results of mapping were normalized as RPKM and
collapsed on 1 AGI per multiple identifier in T. hassleriana Pearson's correlation r values of
collapsed T. hassleriana Leaf 5, Seed 1 and Stamen (n=3) mapped to A. thaliana (B) and to
itself were calculated (C).

Mapping
A efficiency
Total number Total number against Number of Number of
of cleaned of mapped A.thaliana genes>20  genes>1000
Species Sample reads reads reference RPKM RPKM
HleafS 1 41085063 23502678 57.20492141 5825 151
HleafS 2 26393836 22289304 84.44889936 5675 122
§ HleafS 3 67907227 43184738 63.59372913 5684 146
'5 Hstamen 1 46237107 27726175 59.96520284 5923 48
E Hstamen_ 2 48025041 28220020 58.76105343 5950 47
,§ Hstamen_ 3 17855771 14433105 80.83159781 5467 60
N Hseed1 1 38620315 21654259 56.06960741 6253 39
Hseed1 2 28792149 17462026 60.64856777 6301 48
Hseedl 3 25372947 14217549 56.03428329 6107 42
B
collapsed expression by mapping
to own cds vs to A. thaliana 1vsl 2vs2 3vs3 average
r 0.90 0.89 0.91 0.90
HleafS r2 0.81 0.80] 0.82] 0.81
r 0.79 0.79 0.79 0.79
Hstamen r2 0.62 0.62 0.62 0.62
r 0.91 0.86] 0.9 0.89
Hseedl r2 0.83 0.74 0.81 0.79
C
T. hassleriana mapped to A. thaliana 1vs2 1vs3 2vs3 average
r 0.98 1.00, 0.98 0.99
Hleaf5 r2 0.97 0.99 0.96 0.97
r 0.97 0.96 0.98 0.97
Hstamen r2 0.94 0.92 0.96 0.94
r 0.97 0.99 0.98 0.98
Hseedl r2 0.94 0.98 0.96] 0.96
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Supplemental Table 3 online. Pearson's correlation (r) of each individual replicate per
tissue in G. gynandra and T. hassleriana respectively (A). Pearson's correlation
between G. gynandra and T. hassleriana individual tissues (B).

A
Pearson correlation r between biological replicates
# Species Tissue 1vs2 1vs3 2vs3

1 Gleaf0 0.98 0.99 0.99

2 Gleafl 0.97 0.96 0.98

3 Gleaf2 0.95 0.92 0.98

4 Gleaf3 0.79 0.92 0.93

5 Gleaf4 0.81 0.97 1.00

6 Gleaf5 0.99 0.99 0.99

7 S Groot 0.92 0.93 0.93

8 = Gstem 0.97 0.94 0.95

9 §  |Gstamen 0.61 0.61 0.97
10 5 [Gpetal 0.88 0.84 0.84
11 © Gecarpel 0.99 0.61 0.57
12 Gsepal 1.00 0.97 0.97
13 Gseedling2 0.99 0.98 0.99
14 Gseedling4 0.90 0.92 0.99
15 Gseedling6 0.70 0.99 0.75
16 Gseedl 0.99 0.99 1.00
17 Gseed?2 1.00 1.00 1.00
18 Gseed3 0.77 0.64 0.94
19 Hleaf0 0.97 0.97 0.99
20 Hleafl 0.97 0.98 0.98
21 Hleaf2 0.96 0.98 0.98
22 Hleaf3 0.96 0.99 0.98
23 Hleaf4 0.96 0.99 0.98
24 Hleaf5 0.97 0.99 0.98
25 S Hroot 0.95 0.96 0.96
26 3 Hstem 0.23 0.62 0.87
271 3 Hstamen 0.94 0.91 0.98
28 @ Hpetal 0.98 0.97 0.97
29 : Hcarpel 0.95 0.99 0.98
30 Hsepal 0.87 0.86 0.90
31 Hseedling?2 0.99 0.99 0.98
32 Hseedling4 0.99 1.00 0.99
33 Hseedling6 0.82 0.82 0.98
34 Hseedl 0.99 1.00 0.99
35 Hseed2 1.00 1.00 1.00
36 Hseed3 0.93 0.96 0.95
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Supplemental Table 3 online. Pearson's correlation (r) of each individual replicate per
tissue in G. gynandra and T. hassleriana respectively (A). Pearson's correlation
between G. gynandra and T. hassleriana individual tissues (B).

B
Pearson Correlation r between
G. gynandra and T. hassleriana
# Tissue r
1 Leaf( 0.723369664
2 Leafl 0.693967315
3 Leaf2 0.774414647
4 Leaf3 0.718280077
5 Leaf4 0.845767325
6 Leaf5 0.801946455
7 Root 0.693418487
8 Stem 0.397920288
9 Stamen 0.465027959
10 Petal 0.296842384
11 Carpel 0.409336161
12 Sepal 0.216833607
13 Seedling2 |0.864093832
14 Seedling4 |0.79602302
15 Seedling6 |0.757896499
16 Seed1 0.922002838
17 Seed2 0.882400443
18 Seed3 0.612106172
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Supplemental Table 4 online. Number of significatly up- or downregulated genes in G.
gynandra compared to T. hassleriana within the different tissues. Differential expressed
gene p-Values were calculated via EdgeR and Bonferroni-Holms corrected, genes with
p<0.05 were classified as differential regulated.

Tissue UP p< 0.05 UP p< 0.01 UP p< 0.001 :DOWN p<0.05 DOWN p< 0.01 DOWN p< 0.001

leafO 5435 5061 4539: 6076 5696 5237
leafl 5197, 4841 4391, 5914 5529 5026
leaf2 4234 3894 34431 5047 4644 4204
leaf3 4646 4283 3833 5484 5070, 4576
leaf4 3250 2011 2511 3774 3399 2979
leaf5 3236, 2894 2447 4133 3716 3191
root 4343 3973 3511 5151 4755 4254
stem 7835 7497 7123 8462 8129 7698]
stamen 4545 4116 3652 5388 4976 4451
petal 4445 4063 3613 5122 4751 4317,
carpel 3718 3352 2929: 3640 3274 2894
sepal 5650 5276 4780 6422 6023 5539
seedling2 4012] 3644 3186 4354 3981 3546,
seedling4 4113 3684 3202 4416 4043 3569
seedling6 2874 2534 2180: 3542 3154 2714
seed] 4116 3764 3321 4457, 4083 3591
seed2 6600] 6270 5807: 7075 6727 6276
seed3 6108] 5725 5307 7088 6674 6190
mean 4686.5| 4321.222222 3876.388889I 5308.055556] 4923.555556 4458.444444
max 7835 7497, 7123 8462 8129 7698]
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Supplemental Table 5 online. List of genes present in root to shoot recruitment

module.

T. hassleriana cds ID Arabidopsis |Coexpressed with .
(Cheng et al., 2013) homoloé)ue e TAIR short annotation
T.hassleriana_10164 AT1G70410 beta carbonic anhydrase 4
T.hassleriana_20805 AT2G22500 uncoupling protein 5
T.hassleriana_17885 AT5G61590 ERF Integrase-type DNA-binding superfamily protein
T.hassleriana_27615 AT1G04250 Aux/IAA AUX/IAA transcriptional regulator family protein
T.hassleriana_13599 AT5G13180 VND-I2 NAC domain containing protein 83
T.hassleriana 07159 AT4G12730 Aux/IAA FASCICLIN-like arabinogalactan 2
T.hassleriana 22160 AT5G57560 Xyloglucan endotransglucosylase/hydrolase family protein
T.hassleriana_03276 AT1G11545 Aux/IAA xyloglucan endotransglucosylase/hydrolase 8
T.hassleriana_11774 AT1G43670 Inositol monophosphatase family protein
T.hassleriana_19959 AT5G19140 ERF Aluminium induced protein with YGL and LRDR motifs
T.hassleriana_13658 AT1G25230 ERF Calcineurin-like metallo-phosphoesterase superfamily protein
T.hassleriana 11758 AT3G14690 VND-I2 cytochrome P450, family 72, subfamily A, polypeptide 15
T.hassleriana 00726 AT5G46900 Bifunctional inhibitor/lipid-transfer protein/seed storage 2S albumin superfamily
T.hassleriana 13312 AT3G22120 cell wall-plasma membrane linker protein
T.hassleriana 18867 AT3G54110 plant uncoupling mitochondrial protein 1
T.hassleriana_22110 AT1G14870 PLANT CADMIUM RESISTANCE 2
T.hassleriana_13333 AT5G19190
T.hassleriana_11698 AT3G13950
T.hassleriana_01980 AT5G25265
T.hassleriana_ 04483 AT5G62900
T.hassleriana 21987 AT1G13700 ERF 6-phosphogluconolactonase 1
T.hassleriana 15837 AT1G05000 Phosphotyrosine protein phosphatases superfamily protein
T.hassleriana_08797 AT5G23750 Aux/IAA Remorin family protein
T.hassleriana_08517 AT5G36160 Tyrosine transaminase family protein
T.hassleriana_12936 AT5G25980 glucoside glucohydrolase 2
T.hassleriana_04639 AT2G01660 plasmodesmata-located protein 6
T.hassleriana 22812 AT4G21870 ERF HSP20-like chaperones superfamily protein
T.hassleriana 10363 AT3G11660 VND-I12 INDR 1/HIN1-like 1
T.hassleriana 19882 AT3G04720 pathogenesis-related 4
T.hassleriana_27070 AT2G15220 Plant basic secretory protein (BSP) family protein
T.hassleriana_05312 AT2G37170 plasma membrane intrinsic protein 2
T.hassleriana_05313 AT2G37170 plasma membrane intrinsic protein 2
T.hassleriana_12285 AT2G36830 Aux/TAA gamma tonoplast intrinsic protein
T.hassleriana_12284 AT2G36830 gamma tonoplast intrinsic protein
T.hassleriana 14369 AT1G11670 Aux/TAA MATE efflux family protein
T.hassleriana_08980 N.A.

T.hassleriana 07000 N.A.
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Supplemental Table online 6. List of clustered general leaf developmental and

vasculature regulating genes along both leaf gradients.

T. hassleriana cds ID
(Cheng et al., 2013)

AGI

/Annotation based on TAIR10

T.hassleriana_16883
T.hassleriana_08823
T.hassleriana_08424
T.hassleriana_09176
T.hassleriana_20498
T.hassleriana_09793
T.hassleriana_06450
T.hassleriana_19648
T.hassleriana_01843
T.hassleriana_19440
T.hassleriana_27016
T.hassleriana_27989
T.hassleriana_09087
T.hassleriana_15265
T.hassleriana_15152
T.hassleriana_27908
T.hassleriana_06822
T.hassleriana_23279
T.hassleriana_23086
T.hassleriana_18733
T.hassleriana_09854
T.hassleriana_25576
T.hassleriana_22410
T.hassleriana_28697
T.hassleriana_19776
T.hassleriana_18288
T.hassleriana_16642
T.hassleriana_18265
T.hassleriana_19132
T.hassleriana_17767
T.hassleriana 26861

AT1G19850
AT1G19850
AT1G32240
AT1G32240
AT1G52150
AT1G52150
AT1G65620
AT1G73590
AT1G79430
AT1G79430
AT2G 13820
AT2G27230
AT2G27230
AT2G27230
AT2G28510
AT2G28510
AT2G33860
AT2G33860
AT2G37630
AT4G08150
AT4G08150
AT4G24060
AT4G32880
AT5G16560
AT5G16560
AT5G60200
AT5G60200
AT5G60690
AT5G60690
AT5G64080

ATSG64080

MONOPTEROS (MP)

IMONOPTEROS (MP)

IKANADI 2 (KAN2)

KANADI 2 (KAN2)

IATHB-15

IATHB-15

ASYMMETRIC LEAVES 2 (AS2)
[PIN-FORMED 1 (PIN1)

IALTERED PHLOEM DEVELOPMENT (APL)
IALTERED PHLOEM DEVELOPMENT (APL)
Bifunctional inhibitor/lipid-transfer protein
LONESOME HIGHWAY (LHW)

LONESOME HIGHWAY (LHW)

LONESOME HIGHWAY (LHW)

Dof-type zinc finger DNA-binding family protein
IDof-type zinc finger DNA-binding family protein
ETTIN (ETT)

ETTIN (ETT)

ASYMMETRIC LEAVES 1 (AS1)
IKNOTTED-like from Arabidopsis thaliana (KNAT1)
IKNOTTED-like from Arabidopsis thaliana (KNAT1)
Dof-type zinc finger DNA-binding family protein
lhomeobox gene 8 (HB-8)

KANADI (KAN)

KANADI (KAN)

TARGET OF MONOPTEROS 6 (TMO6)
TARGET OF MONOPTEROS 6 (TMOG6)
REVOLUTA (REV)

REVOLUTA (REV)

XYP1

XYP1

leaf initiation

leaf initiation

leaf axis formation

leaf axis formation

neg reg of vasc cell diff

neg reg of vasc cell diff

leaf initiation

'vein initiation (polar auxin transport)

vascular cell identity repressed by REV

vascular cell identity repressed by REV

vein formation (xylogen)

transcription factor-related

transcription factor-related

transcription factor-related

Dof-type zinc finger DNA-binding family protein
IDof-type zinc finger DNA-binding family protein
leaf axis formation abaxial fate

leaf axis formation abaxial fate

leaf initiation

leaf initiation

leaf initiation

Dof-type zinc finger DNA-binding family protein

vein initiation (post auxin marker of vascular patterning)

leaf axis formation abaxial; neg reg of PIN1
leaf axis formation abaxial; neg reg of PIN1
TARGET OF MONOPTEROS 6

TARGET OF MONOPTEROS 6

adaxial leaf axis formation

adaxial leaf axis formation

vein formation (xylogen)

vein formation (xylogen)

Function in vascular development
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Supplemental Methods
Leaf clearings and safranine staining (Supplemental Figure 1)

For leaf clearings T. hassleriana and G. gynandra leaves of stage 0 to 5 were destained
in 70% EtOH with 1% glycerol added for 24 hrs and cleared in 5% NaOH until they
appeared translucent and rinsed with H2Odest. Leaves were imaged under dark field
settings with stereo microcope SMZ1500 (Nikon, Japan). Prior safranine staining, leaves
were destained with increasing EtOH series until 100% EtOH and stained for 5 -10 min
with 1% safranine (1g per 100ml 96% EtOH). After destaining leaves were analyzed with
bright field microscope (Zeiss, Germany). Vein orders were determined by width and
position as described by (McKown and Dengler, 2009) for Flaveria species.

Contig assembly and annotation (Supplemental Figure 4, Table 1 and Dataset 3)

Cleaned and filtered paired end (PE) reads were used to create a reference
transcriptome for each species. The initial de novo assembly was optimized by using 31-
kmer using Velvet (v1.2.07) and Oases (v0.2.08) pipeline (Zerbino and Birney, 2008;
Schulz et al., 2012). For quality purposes the longest assembled transcript was selected
with custom made perl scripts if multiple contigs were present (Schliesky et al., 2012)
resulting in 59,471 G. gynandra and 52,479 T. hassleriana contigs. For quality
assessment PE reads were aligned again to the respective contigs for each species via
TopHat standard settings with over 60% backmapping efficiency in both species.
Assembled longest transcripts were annotated using BLASTX mapping against TAIR10

proteome database (cut-off 1e 10). The best blastx hits were filtered by the highest
bitscore. For quality assessment of contigs, T. hassleriana contigs were aligned with
BLASTN against T. hassleriana predicted cds (Cheng et al., 2013). Multiple matching
contigs to one cds identifier were filtered with customized perl script.

Cross species mapping sensitivity assessment (Supplemental Figure 5; Table 2)

All three biological replicates of leaf stage 5, stamen and young seed from T.
hassleriana were mapped with BLAT V35 in dnax mode (nucleotide sequence of query
and reference are translated in six frames to protein) with default parameters to both, the
T. hassleriana gene models and the A. thaliana TAIR10 representative gene models.
Subsequently, the BLAT output was filtered for the best match per read based on the
highest score. RPKMs were calculated based on mappable reads per million (RPKM).
The RPKM expression data was collapsed to single A. thaliana AGls (RPKM were
added) to avoid multiple assigned T. hassleriana‘s IDs to the same AGI. Pearson’s
correlation r was calculated between the mapped T. hassleriana replicates mapped on
A. thaliana gene models among each other. Also Pearson’s correlation r was calculated
between cross species mapped T. hassleriana leaf5, stamen and seed1 replicates and
the replicates of Leaf5 mapped to its own cds in T. hassleriana.

Principal component analysis (Supplemental Figure 8)

Principal component analyses (PCA,Yeung and Ruzzo, 2001) was carried out with
MULTI EXPERIMENT VIEWER VERSION 4 (MEV4, (Saeed et al., 2003; Saeed et al.,
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2006) on gene row SD normalized averaged RPKMs with median centering.
Enzyme Assays (Supplemental Figure 15)

From G. gynandra leaf stage 2 to 5, enzymatic activities of known C4 enzymes were
determinedas summarized by Ashton et al. (1990) in three biological replicates.

Comparison of Cleomaceae leaf gradients to A. thaliana leaf differentiation
(Supplemental Figure 19)

Examination of Cleomaceae expression patterns of genes differentially regulated during
the transition from cell proliferation to expansion in A. thaliana.

Andriankaja et al. (2012) observed that the transition between cell proliferation and
expansion occurred between days 9 and 10. They defined two sets of genes
significantly differentially expressed between day 9 and 10, one up-regulated and one
down-regulated. The expression of the T. hassleriana and G. gynandra homologues of
these genes were analyzed. The sum of standard error (SSE) was taken as a quality
control to determine an appropriate number of clusters. The number of cluster centers
chosen was 7 and 5 for up-regulated and down-regulated genes, respectively. The K-
means clustering was performed the same as before, except that genes were not
previously filtered by expression level and genes were only binned once into clusters.
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SUMMARY

An ultimate goal of evolutionary biology is the predic-
tion and experimental verification of adaptive trajec-
tories on macroevolutionary timescales. This aim has
rarely been achieved for complex biological systems,
as models usually lack clear correlates of organismal
fitness. Here, we simulate the fitness landscape con-
necting two carbon fixation systems: C3; photosyn-
thesis, used by most plant species, and the C,
system, which is more efficient at ambient CO, levels
and elevated temperatures and which repeatedly
evolved from Cs. Despite extensive sign epistasis,
C4 photosynthesis is evolutionarily accessible
through individually adaptive steps from any inter-
mediate state. Simulations show that biochemical
subtraits evolve in modules; the order and constitu-
tion of modules confirm and extend previous hypoth-
eses based on species comparisons. Plant-species-
designated Cs-C, intermediates lie on predicted
evolutionary trajectories, indicating that they indeed
represent transitory states. Contrary to expectations,
we find no slowdown of adaptation and no diminish-
ing fitness gains along evolutionary trajectories.

INTRODUCTION

To predict the evolution of biological systems, it is necessary to
embed a systems-level model for the calculation of fitness into
an evolutionary framework (Papp et al., 2011). However, explicit
theories to predict strong correlates of fitness exist for very few
complex model systems (Papp et al., 2011; Stern and Orgogozo,
2008). A major example is the stoichiometric metabolic network
models of microbial species, which have been used to predict
bacterial adaptation to nutrient conditions in laboratory experi-
ments (Fong and Palsson, 2004; Hindré et al., 2012; Ibarra
et al., 2002). On a macroevolutionary timescale, related methods

@ CrossMark

have been applied to predict the outcome and temporal order of
reductive genome evolution in endosymbiotic bacteria (Pal et al.,
2006; Yizhak et al., 2011). These studies on microbial evolution
have employed metabolic yield of biomass production as a
correlate of fitness, an approach that cannot be transferred
directly to multicellular organisms.

However, it is likely that the efficiency with which limiting re-
sources are converted into biomass precursors is under strong
selection across all domains of life. For multicellular eukaryotes,
this trait may be most easily studied in plants, which use energy
provided by solar radiation to build sugars from water and CO,.
To fix carbon from CO,, plants use the enzyme RuBisCO
(ribulose-1,5-bisphosphate carboxylase/oxygenase). RuBisCO
has a biologically relevant affinity for O, resulting in a toxic prod-
uct that must be recycled in the energy-consuming metabolic
repair pathway known as photorespiration (Maurino and Peter-
hansel, 2010). The decarboxylation of glycine—a key metabolite
within this pathway—by the glycine decarboxylase complex
(GDC) releases CO,. About 30 million years ago, photorespira-
tion increased to critical levels in many terrestrial ecosystems
due to the depletion of atmospheric CO,. To circumvent this
problem, C4 photosynthesis evolved to concentrate CO, around
RuBisCO in specific cell types (Edwards et al., 2010; Sage et al.,
2012).

CO:, first enters mesophyll (M) cells, where most RuBisCO is
located in Cz plants. In contrast, C4 plants have shifted RuBisCO
to neighboring bundle sheath (BS) cells. In the M of C, plants,
PEPC (phosphoenolpyruvate carboxylase, which does not react
with oxygen) catalyzes the primary fixation of CO, as bicarbon-
ate. The resulting C, acids enter the BS and are decarboxylated,
releasing CO, in proximity to RuBisCO. BS cells are surrounded
by thick cell walls, believed to reduce CO, leakage (Kiirats et al.,
2002). Such an energy-dependent biochemical CO,-concen-
trating pump is the defining feature of C,4 plants; species differ
in the decarboxylating enzyme employed and in the metabolites
shuttled between cell types (Drincovich et al., 2011; Furbank,
2011; Pick et al., 2011).

Despite the complexity of C4 photosynthesis, this trait consti-
tutes a striking example of convergent evolution: it has evolved

Cell 153, 1579-1588, June 20, 2013 ©2013 Elsevier Inc. 1579
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Figure 1. Overview of C3-C, Biochemistry,
Modeled as Two Interacting Cell Types
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independently in more than 60 angiosperm lineages from the
ancestral C3 photosynthesis (Sage et al., 2011). The leaf anat-
omy typical for C4 plants—close vein spacing and prominent
BS cells, designated “Kranz” anatomy—is also adaptive for Cz
species in environments associated with C4 evolution (Brodribb
et al.,, 2010). A rudimentary Kranz anatomy was thus likely
already present in the C; ancestors of C,4 species (Sage et al.,
2012), forming a “potentiating” anatomical state (Christin et al.,
2011, 2013). Furthermore, all enzymes required for C4 photosyn-
thesis have orthologs in Cs3 species, where they perform unre-
lated functions. In the evolution of C, biochemistry, these
enzymes required concerted changes in their cell-type-specific
gene expression as well as adjustment of their kinetic properties
(Aubry et al., 2011; Gowik and Westhoff, 2011; Sage, 2004).

Some plant species have biochemistry that is intermediate
between C; and C4 (Edwards and Ku, 1987). These species
possess a rudimentary Kranz anatomy and divide RuBisCO
between M and BS cells. Often, however, photorespiratory
glycine decarboxylation by GDC is largely shifted to the BS
(see Figure 1), resulting in a moderate increase in the CO, con-
centration in BS cells (Sage et al., 2012).

C, plants make up 3% of today’s vascular plant species but
account for ~25% of terrestrial photosynthesis (Edwards et al.,
2010; Sage et al., 2012). How C, photosynthesis evolved and
why it evolved with such repeatability, are two fundamental
questions in plant biology (Sage et al., 2012). Low atmospheric
CO,/0, ratio, heat, aridity, and high light are discussed as impor-
tant factors promoting C, evolution, explaining the abundance of
C,4 plants in tropical and subtropical environments (Edwards
et al., 2010; Ehleringer et al., 1991). However, C, metabolism
also allows higher biomass production rates in temperate re-
gions (Beale and Long, 1995). The resulting accelerated growth
makes engineering of the C, trait into major crops a promising
route toward meeting the growing demands on food production
(Hibberd et al., 2008). Rational strategies to approach this chal-
lenge require a detailed understanding of not only the C, state
but also the fitness landscape connecting it with the ancestral
C3 biochemistry.

Here, we map the biochemical fitness landscape on which
evolution from Cz to C4 photosynthesis occurs. Inserting the
fitness estimates into a population genetic framework, we then
explore the probability distribution of evolutionary trajectories

1580 Cell 7153, 1579-1588, June 20, 2013 ©2013 Elsevier Inc.
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(CH,0),
CO; enters the M and is either fixed by RuBisCO in
the M or shuttled to the BS through the C,4 cycle
and fixed by RuBisCO there. The resulting Cs
acids are fed into the Calvin cycle. Deleterious
fixation of O, by RuBisCO leads to photorespira-
tion (PCO). Model parameters are g, the fraction of
RuBisCO active sites in the M; kgcat, the maximal
turnover rate of RuBisCO; &, the fraction of M
derived glycine decarboxylated by GDC in the BS
(note that for £ < 1, decarboxylation of glycine also
takes place in the M); Vpmax, the activity of the Cy4
cycle; Kp, the Michaelis-Menten constant of PEPC
for bicarbonate; and gs, the BS conductance for
gases. See also Figure S2 and Table S2.

leading from Cj3 to C,4 systems. We thereby predict biochemical
evolution in a multicellular eukaryote on macroevolutionary time-
scales (Hindré et al., 2012; Papp et al., 2011). Our results show
that C, evolution is repeatable and predictable in its details.
Importantly, experimentally determined parameter sets for
C3-C,4 intermediates fall well within the clustered distribution of
predicted evolutionary trajectories. This agreement not only val-
idates the model but also further provides important insights into
the evolutionary nature of these species as transitory states in
the evolution toward full C4 photosynthesis.

RESULTS

A Biochemical Model for C3-C4 Evolution
RuBisCO is the most abundant protein on earth, responsible for
up to 30% of nitrogen investment and 50% of total protein in-
vestment in plants (Ellis, 1979). C,4 plants typically contain lower
amounts of RuBisCO per leaf area than C3 plants (Ghannoum
et al., 2011), explaining their lower nitrogen requirements
(Brown, 1978). Reduced RuBisCO production is facilitated by
higher CO, assimilation per RuBisCO protein, allowing C,4 plants
to channel protein investment into other processes. In addition,
C,4 plants do not need to open their stomata as much as C3 plants
to ensure sufficient internal CO, partial pressure, and they thus
lose less water in hot and arid environments (Ghannoum et al.,
2011). We assume that the overall fitness gain associated with
C,4 photosynthesis is proportional to the amount of CO, that
can be fixed using a given quantity of RuBisCO per leaf area (A).

To predict the steady-state enzyme-limited net CO, assimila-
tion rate, A., from phenotypic parameters, we modified a mech-
anistic biochemical model developed by von Caemmerer (2000)
to describe C3-C,4 intermediates (Figure 1 and Experimental
Procedures; see also Peisker, 1986). The underlying von Caem-
merer model is itself based on models describing gas exchange
in Cz and in C,4 plants (Berry and Farquhar, 1978; Farquhar et al.,
1980; von Caemmerer, 1989, 2000); these models have been
used and validated in a variety of contexts (Yin and Struik,
2009). An extensive discussion of the model’s generality and
the choice of parameters can be found in the von Caemmerer
book (2000).

C3 and C4 metabolisms represent limiting cases of the model,
and representative parameter ranges were derived from Cz and
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C, species (Experimental Procedures). Evolution is modeled via
changes in the following parameters: B, the fraction of RuBisCO
active sites in the M, which ranges from ~95% in C3 to 0% in
some C, plants (where all RuBisCO is shifted to the BS); kccat,
the maximal turnover rate of RuBisCO, which is lower in C3 plants
due to a trade-off with CO, specificity (Savir et al., 2010); &, the
fraction of glycine derived from unwanted fixation of O, in M cells
that is decarboxylated by GDC in the BS, ranging from 0 in C5 to
1 in many C3-C4 intermediates (i.e., activity of the photorespira-
tory CO, pump); Vpmax, quantifying the activity of the C4 cycle
(i.e., the PEPC-dependent CO, pump); K, the Michaelis-Menten
constant of PEPC (the core protein of the C,4 cycle) for bicarbon-
ate; and gs, the BS gas conductance (which quantifies the com-
bined effects of cell geometry and cell wall properties).

Other kinetic parameters for RuBisCO were shown to be
strongly linked to Kco: (Savir et al., 2010) and are modeled
accordingly (Extended Experimental Procedures and Figure S1
available online). The model describes the core steps of carbon
fixation in communicating M and BS cells (Figure 1). CO, and O,
enter M cells, with diffusion into and out of BS cells (gs). CO, can
be fixed in both cell types at rates characterized by the allocation
(B) and kinetics (k.cat) Oof RuBisCO. Alternatively, CO, may initially
be fixed into a C,4 acid through the action of the C,4 cycle in M
cells, characterized by the activity (V,max) and the kinetics (K,)
of its rate-limiting enzyme, PEPC. The C,4 acids then diffuse
into the BS cells, where they are decarboxylated to free CO».
We assume PEPC to be rate limiting (von Caemmerer, 2000),
and thus neither this part of the C4 cycle nor the recycling of
the CO, carrier to the M is modeled explicitly. Finally, due to
downregulation of GDC in the M, a fraction of the glycine result-
ing from the fixation of O, in the M is decarboxylated by GDC in
BS cells ().

The C3 ancestors of C,4 species likely possessed a potentiating
anatomy, characterized by decreased vein spacing and in-
creased BS size (Christin et al., 2011, 2013). These anatomical
features enable efficient diffusion of photorespiratory and C4
cycle metabolites between compartments. C3 plants that are
closely related to C4 species were further shown to exhibit a spe-
cific localization of chloroplasts and mitochondria in the BS cells.
This “proto-Kranz” anatomy (Muhaidat et al., 2011) may be
necessary for the establishment of a photorespiratory CO,
pump by allowing the loss of GDC activity in the M to be compen-
sated by the BS (Sage et al., 2012). Accordingly, our model starts
from a Cj state with proto-Kranz anatomy. This morphology can
evolve further toward full C, Kranz anatomy (McKown and
Dengler, 2007) via two main processes: (1) areduction in the rela-
tive number of M cells and (2) an increase of BS cell size. Both
processes influence our model exclusively by changing the pro-
portion of RuBisCO allocated to BS cells instead of M cells (i.e.,
by decreasing B).

All parameters were normalized to total leaf area. At environ-
mental conditions relevant for the evolution of C4 photosynthesis
and the constant RuBisCO concentration assumed in the model,
C3; and C4 parameterizations lead to A, values of 15.5 and
83.8 umol m~2 s~', respectively. These hypothetical A. values
are assumed to reflect fitness gains during C,4 evolution, even if
these fitness gains are in fact partially realized by the channeling
of resources from RuBisCO production into other processes.

80
|
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|
—o

Reduction in CO, assimilation rate [%]
40

a—{ }? }

P. milioides M. arvensis F. pringlei F. linearis F. brownii F. trinervia

Figure 2. The Model Predicts the Reduction in Carbon Fixation Rate
when the C, Cycle Is Reduced by Inhibiting PEPC

Blue and red dots show A, reduction at 1 mM and 4 mM DCDP, respectively,
with error bars indicating SD (Brown et al., 1991). Green dots show the range of
predicted A. reduction at 80%-100% inhibition of the C, cycle. See Extended
Experimental Procedures for details.

C, species have been categorized into three subtypes,
depending on the predominant decarboxylating enzyme (NAD
malic enzyme, NAD-ME; NADP malic enzyme, NADP-ME; or
phosphoenolpyruvate carboxykinase, PEPCK) (Hatch et al.,
1975). Our model is compatible with the stoichiometry of all three
of these pathways under excess light. This agrees with experi-
mental observations, which show that fithess-relevant traits are
independent of C,4 subtype (Ehleringer and Pearcy, 1983; Ghan-
noum et al., 2001).

One major reason for the generality of our modeling approachis
that carbon fixation is largely decoupled from other parts of plant
metabolism. When light and nitrogen are available in excess, we
thus expect that biomass production is strictly proportional to the
carbon fixation rate, A.. To confirm this, we coupled our C3/Cy4
model to a full plant metabolic network (Dal’Molin et al., 2010).
The full model can be modified to reflect the different subtypes
of C4 metabolism (NAD-ME, NADP-ME, PEPCK). We sampled
the parameter space of our C3/C, model, using the predicted
metabolite fluxes to constrain flux-balance analyses (FBA) of
the full model (Oberhardt et al., 2009). For each of the three C4
subtypes, we demonstrated that biomass production is indeed
directly proportional to A, (Figure S2; Pearson’s R > 0.999).
These results support the robustness of our model to differences
in the metabolism of different plant lineages.

As long as RuBisCO is active in both M and BS (0 < 8 < 1), our
model predicts that CO, assimilation increases with decreasing
M GDC expression (i.e., decreasing ). This prediction is consis-
tent with experimental data from crosses between C3-C, inter-
mediate Moricandia and Cjz Brassica (Hylton et al., 1988).
Furthermore, the model predicts the quantitative influence of
experimentally suppressed C, cycles in phylogenetically diverse
C;-C, intermediates and C,4 plants (Brown et al., 1991) (Figure 2).
A discrepancy between model and experiments is observed only
for F. linearis. In this species, PEPC activity appears to be a sub-
optimal predictor for C4 cycle activity, likely because of insuffi-
cient activity of PPDK (pyruvate, Pi dikinase) (Ku et al., 1983).

Cell 153, 1579-1588, June 20, 2013 ©2013 Elsevier Inc. 1581
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Figure 3. Realized Fitness Gains Are More
Narrowly Distributed Than Potential Fitness
Gains

White bars show potential fitness gains when one
parameter is changed towards the C4 value. Gray
bars show fitness gains realized in the evolutionary
simulations. Negative values (to the left of the
dashed red lines) indicate fitness reductions.
Fitness is approximated by CO, assimilation rate.
Although potential fitness gains vary widely,
realized fitness gains are comparable between
parameters. The distributions of potential and of
realized fitness gains are significantly different
(p < 107 '® for each parameter, median tests). See
also Figure S4.
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Changes of the model parameters are ultimately caused by
DNA mutations of protein coding or regulatory regions, and
hence occur in discrete steps. Although each model parameter
is known to show genetic variation, we currently lack a detailed
understanding of the genotype-phenotype relationships. We
thus divided each parameter range into six equidistant pheno-
typic states, with C;z and C, states as endpoints. Choosing
different discretizations did not change the observed patterns
(Figure S3), except for £ (see Discussion).

Despite Extensive Epistasis, the C, State Is Accessible
from Every Point in the Fitness Landscape

The phenotypic parameters that distinguish Cz from C4 meta-
bolism span a six-dimensional fitness landscape. Due to func-
tional dependencies between the parameters, this landscape
shows strong epistasis: fitness effects of changes in one param-
eter vary widely depending on the values of other parameters
(Figure 3). Parameters differ in their potential influence on fitness.
Whereas any individual increase in & raises A, by at most
0.5 umol m~2 s (and never decreases fitness), a single increase
in B can boost A; by as much as 27 pmol m~2 s~ or diminish A,
by as much as 3.7 ymolm—2 s,

For half of the parameters (B, Kocats 9s), the same parameter
change toward C, can both increase and decrease fitness,
depending on the background provided by the remaining param-
eter values. This type of interaction has been termed sign
epistasis (Weinreich et al., 2005) and affects 5.5% of the discre-
tized fitness landscape (25,145 out of 486,000 pairwise combi-
nations of parameter changes). Sign epistasis can be further
classified as reciprocal if changing either of two parameters
modifies fitness in one direction, while subsequently adding
the second change modifies fitness in the opposite direction
(Poelwijk et al., 2011). Reciprocal sign epistasis is a necessary
(though not sufficient) condition for the existence of multiple
fitness maxima (Poelwijk et al., 2011). The discrete C3/C4 fitness
landscape contains only 20 points with reciprocal sign epistasis.

1582 Cell 153, 1579-1588, June 20, 2013 ©2013 Elsevier Inc.

C4 cycle (Vpomax)- At these points, changes
toward C4 of B or keeat individually in-
crease fitness. However, the C,4 cycle is
not sufficiently active to compensate for
the associated reduction in M photosynthetic efficiency when
both parameters change simultaneously.

Maximal fitness is achieved when all parameters reach their C,
values. Despite strong and often sign-changing epistasis, there
is always at least one parameter change (median four changes)
toward the C, state that increases fitness (Figure S4). Thus,
the global fitness optimum is evolutionary accessible (Weinreich
et al., 2005) from every position in the landscape. It immediately
follows that there are no local maxima, giving the biochemical
fitness landscape an exceedingly simple, smooth, “Mount (Mt.)
Fuji-like” structure.

Modular Evolution of a Complex Trait

To evolve from Cz to C,; metabolism, our model requires 30
individual mutational changes (five steps in each of the six
parameters). Parameters change with unequal probabilities.
For example, the mutational target for inactivation of M GDC
(increasing £) is large (Sage, 2004). Active GDC is a multienzyme
system consisting of four distinct subunits, and downregulation
of any of these will result in reduced GDC activity (Engel et al.,
2007). Furthermore, M expression of each subunit is likely
regulated by several transcription factor binding sites, each
with several nucleotides important for binding. Random muta-
tions at any of these sites are likely to downregulate M GDC
expression. This inactivation is sufficient to establish a photo-
respiratory CO, pump, as we assume a low diffusional distance
between M and BS cells, as well as a specific subcellular distri-
bution of organelles in the BS (proto-Kranz anatomy). Due to this
photorespiratory pump, any RuBisCO present in the BS will
operate under increased CO, pressure, thereby increasing
organismal fitness. Conversely, reduced GDC activity in BS cells
would lead to decreased CO, pressure in the BS and hence
would reduce organismal fitness. Thus, while random mutations
may be equally likely to diminish GDC activity in M and in BS
cells, only reductions in M activity are likely to be fixed in a
population.
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Figure 4. Fitness Changes along the “Greedy” Path through the
Fitness Landscape from C; to C,

This trajectory always chooses the most likely parameter change, combining
mutation and fixation probabilities. The label centered above or below each
edge indicates the mutation connecting two states. Evolution along the greedy
path is modular (colored areas), except for the RuBisCO turnover rate kecat-
CO, assimilation rate is used as a proxy for fitness. See also Figures S3 and S5.

In contrast to the large mutational target for the reduction of M
GDC expression, other parameter changes involve increases in
tissue-specific gene expression or changes in enzyme kinetics,
which require specific mutations, restricted to only a few poten-
tial target nucleotides. Specifically, mutations that increase C4
cycle activity appear much less likely, as different enzymes
need to be upregulated in BS and in M cells, respectively. In
the absence of precise estimates, we used plausible relative
mutational probabilities for the model parameters (Extended
Experimental Procedures). The general evolutionary patterns
were found to be robust over a wide range of mutational proba-
bilities and discretizations (Figure S3B).

Once a mutation that changes a model parameter occurs, its
probability of fixation in the evolving plant population is deter-
mined by the associated change in fitness. Our simulations
assume a “strong selection, weak mutation” regime, such that
beneficial mutations are fixed in the population before the next
mutation occurs (Gillespie, 1983). We estimated the fixation
probability using a population genetic model first derived by
Kimura (1957), assuming a constant population size of 100,000
individuals.

Each sequence of evolutionary changes linking the C3 to the
C, state defines an adaptive trajectory (or path) through the
biochemical fitness landscape. The probability of individual
steps is estimated as a combination of mutation and fixation
probabilities. Figure 4 shows fithess changes associated with a
unique ‘“greedy” path, which always realizes the most likely
parameter change. Here, changes for all but one of the six
parameters are strictly clustered in modules (Figure 4). First,
photorespiration is shifted to the BS (£ 1). Next, the C,4 cycle is
established (Vpmax 1), while RuBisCO is simultaneously shifted
to the BS (B |). Then, the Michaelis-Menten constant of PEPC
is adjusted (K, |). Finally, gas diffusion is reduced (gs |) in order
to avoid leakage of CO, from the BS. The only parameter whose
changes are not modular in this scenario is the maximal turnover

rate of RuBisCO (kscar 1), Which is continuously adjusted along
the greedy evolutionary trajectory, reflecting a shifting optimum
due to the different CO, concentrations in M and BS.

Evolution is not deterministic, and the greedy path shown
in Figure 4 represents only one of more than 10'® possible
sequences of changes from C3 to C4. To more realistically char-
acterize the evolution of C, biochemistry, we thus performed
Monte Carlo simulations. At each step, we chose one parameter
at random, weighted by the relative mutational probabilities.
Using the biochemical model (Figure 1), we calculated the fitness
change associated with adjusting the chosen parameter one
step toward C4. The change was accepted with a corresponding
probability, derived from the population genetics model.

Despite the strong influence of chance, our Monte Carlo
simulations support the same qualitative succession of modular
changes in C, evolution (Figures S3A and S5). As observed in the
greedy path, k..ot is the only parameter that is continuously
adjusted along the evolutionary trajectory, whereas &, Vpmax
combined with B, K,, and gs tend to cluster with themselves
(p < 107'® for dispersion higher than random of k... and for
modularity of £, V,max combined with B, K,,, and gs; median tests
for the distance between changes in the same parameter
compared to random model).

Changes Early and Late in Adaptation Lead to Similar
Fitness Increases

Strikingly, the greedy path through the fitness landscape (Fig-
ure 4) shows an almost linear fitness increase toward the C4
state, with each evolutionary step resulting in a similar fitness
increase. The only exceptions are the early establishment of a
photorespiratory pump (&), the initial establishment of the C4
cycle (Vomax), and the two last adjustments of k... Thus, realized
fitness gains along the greedy evolutionary path are very similar
among the different parameters. This finding is in stark contrast
to the broad distribution of potential fitness changes across the
landscape (Figure 3).

Again, the stochastic evolutionary simulations support the
result for the greedy path. Figure 3 shows that the distributions
of realized fitness changes are much narrower than those of
possible fitness changes. Furthermore, the median of realized
fitness gains is similar across parameters, and lies around
2 pmol m~2 s~ for all parameters except £. Accordingly, the
time needed until the next parameter change is fixed in the
population remains similar along evolutionary trajectories
(Figure S6).

Repeatability of Evolution

The observed modularity and the narrow distributions of realized
fitness gains demonstrate that the order of evolutionary changes
toward C,4 is not arbitrary. Thus, evolution of this biochemical
system is expected to repeat itself qualitatively in different spe-
cies. Simulated evolutionary trajectories indeed cluster narrowly
around a “mean path” (p < 10~'%; Figures 5 and S7).

Experimental Data from C3-C, Intermediates Validate
the Model

Our model of C4 evolution is based on a number of simplifying
assumptions and uses rough estimates of relative mutational
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Figure 5. Projections of Trajectories
through the Six-Dimensional Fitness Land-
scape Predicted by the Combined Biochem-
ical and Stochastic Populations Genetics
Model

Density of blue dots is proportional to the number
of times a given parameter combination was
crossed by a simulated trajectory. Black lines
show the mean path of the set of trajectories.
Orange dots are the Flaveria data described in the
text, except for Vpmax, Which was capped at
130 pmol m™2 s~'. Abbreviations of species
names: ang, F. angustifolia; ano, F. anomala; aus,
F. australasica; bid, F. bidentis; bro, F. brownii; chl,
F. chloraefolia; cro, F. cronquistii; flo, F. floridana;
lin, F. linearis; pal, F. palmeri; pri, F. pringlei;
pub, F. pubescens; ram, F. ramosissima; rob,
F. robusta; tri, F. trinervia; vag, F. vaginata.
Diamonds correspond to Panicum species: mil,
P. milioides; hia, P. hians; mia, P. miliaceum. The
square corresponds to Moricandia arvensis. See
also Figures S6 and S7.

probabilities and population size. To assess its ability to quanti-
tatively describe the evolution of real plants, we compared the
model predictions to experimental data from the genera Flaveria,
Moricandia, and Panicum. The experimental parameter sets for
four plants and one plant correspond to the C3 and C, endpoints,
respectively. In addition, our data set included 15 species that
have measured biochemical parameters intermediate between
Csand C4 (Figure 5); some of these species were previously clas-
sified as either C3 or C, based on other criteria (McKown et al.,
2005). Each of the intermediate species constitutes a separate
point on evolutionary trajectories that started at C3 biochemistry.

We collected experimental estimates of the biochemical
model parameters for each of the 20 species from the literature,
and we extended this data set by experimentally determining
Vomax @and & for several Flaveria species (Experimental Proce-
dures). With few exceptions, the experimentally determined
parameter sets indeed lie very close to the predicted mean
path through the fitness landscape (Figure 5). The model pre-
dicts experimental parameter combinations much better than a
null model assuming a random order of evolutionary changes
(Figure 6; p < 10~ '°, median test).

DISCUSSION

The evolution of C4 photosynthesis represents a rare opportunity
to predict the functional evolution of a complex system: a closed
six-parameter model calculates a phenotypic variable (A.) of
high relevance to fitness. The comparison to experimental data
from diverse C3-C,4 intermediates confirms the model’s ability
to quantitatively predict biochemical evolution over a timescale
of several million years (Sage et al., 2012). While the majority of
the data describe the genus Flaveria, the model also correctly
predicts data from two phylogenetically distant genera (Figure 5).
Comparisons to additional C3-C,4 intermediates are currently
limited by the availability of species-specific protocols for the
separation of BS and M cells.

1584 Cell 153, 1579-1588, June 20, 2013 ©2013 Elsevier Inc.

A hypothesis for the evolutionary succession of biochemical
and morphological changes in the evolution of the C4 syndrome
was previously derived from phylogenetically informed analyses
of C3-C, intermediates (Sage et al.,, 2012). This hypothesis
assumes modular biochemical changes, starting with a shift of
photorespiration to the BS, followed by the establishment of a
C,4 cycle in conjunction with a shift of RuBisCO to the BS, and
finally an optimization stage in which parameters are fine-tuned.
Our simulations support this scenario, narrowing it further by
indicating that upregulation of the C,4 cycle usually precedes a
shift of RuBisCO to the BS (Figure S3) even after previous estab-
lishment of a photorespiratory pump.

As expected due to the stochastic nature of evolution, the
simulations indicate that modules are not strict and that the order
of events may vary between independently evolving species. In
particular, we find that the initial establishment of a photorespir-
atory pump (or C, cycle) is typical of evolutionary trajectories
toward C, photosynthesis but may not be mandatory, as sug-
gested previously (Sage et al., 2012).

Model Assumptions

While our model tracks changes in a phenotypic biochemical
space, evolution is ultimately based on genomic mutations. We
used qualitative reasoning when choosing relative mutational
probabilities and the distribution of discrete steps linking C3
and C, states. The sensitivity analysis (Figure S3B) demonstrates
that other parameterizations lead to qualitatively very similar
results. The only exception is the early establishment of a photo-
respiratory pump (£), which occurs with high probability only
when the large mutational target for deactivation of the M GDC
is taken into account.

The full C4 cycle requires expression shifts in at least four
separate enzymes. At each point in evolution, one of the
enzymes that constitute the C,4 cycle will be rate limiting, making
it the next target for fitness-enhancing upregulation. Distinct
implementations of the C4 cycle were shown to overlap in a
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The combined biochemical and population genetics model (gray) fits the
experimental data much better than a random model that ignores fitness
effects (white) (p < 107", median test). The parameter sets for F. robusta,
F. pringlei, F. cronquistii, F. angustifolia, and F. vaginata are located at the C3 or
C,4 endpoints and hence crossed by every trajectory; they were excluded from
this analysis.

single species (Furbank, 2011; Pick et al., 2011), potentially
increasing the size of the mutational target. Our model uses
the central enzyme PEPC to represent the complete pathway,
accounting for the complexity of the C,4 cycle by using a low rela-
tive mutational probability.

A Simple, Mt. Fuji-like Biochemical Fitness Landscape
We found that the biochemical fitness landscape is exceedingly
smooth: there are no local maxima besides the C4 endpoint, as
there is always at least one parameter change toward the C4
value that increases the CO, fixation rate.

Comparison to experimental data from C3-C,4 intermediate
species indicates that our model indeed captures their evolu-
tionary dynamics. The single-peaked fitness landscape sug-
gests that these species are transitory states rather than evolu-
tionary dead ends, continuously evolving toward the full C,4
syndrome as long as selective environmental conditions persist.
The origin of Flaveria C, traits in the past 5 million years, together
with the unusually large number of C3-C, intermediate species in
this genus (Sage et al., 2012), is consistent with this notion.

Half of the parameters in our model exhibit sign epistasis (Fig-
ure 3). Certain evolutionary trajectories thus involve reductions in
fitness and are deemed not accessible (Weinreich et al., 2005);
their inaccessibility contributes to the clustering of evolutionary
trajectories. The paucity of reciprocal sign epistasis provides a
partial explanation for the smooth landscape structure (Poelwijk
etal., 2011).

Fitness landscapes resulting from interactions of mutations
within the same gene can be rough and multipeaked (Weinreich
et al., 2006). However, experimental fitness landscapes spanned
by independently encoded functional units are similar in struc-
ture to the biochemical fitness landscape observed here: inter-

actions among alleles of different genes rarely exhibit sign
epistasis and often lead to simple, single-peaked landscapes
(Chouetal.,2011; Khan et al., 2011; but see Kvitek and Sherlock,
2011).

Evolutionary Trajectories

Due to extensive sign epistasis among mutations within the
same coding sequence, it was concluded that protein evolution
may be largely reproducible and even predictable (Lozovsky
etal., 2009; Weinreich et al., 2006). Despite the relatively low inci-
dence of sign epistasis, we find that the same is true for the evo-
lution of a complex biochemical system. Thus, different plants
that independently “replay the tape of evolution” toward C4
photosynthesis tend to follow similar trajectories of phenotypic
changes (Figure 5). This resembles the high level of phenotypic
and often genotypic parallelism in microbial evolution observed
in experiments (Hindré et al., 2012) and predicted based on stoi-
chiometric metabolic modeling (Fong and Palsson, 2004; Ibarra
et al.,, 2002).

To explain the polyphyly of the C4; syndrome, it has been
hypothesized that each evolutionary step comes with a fitness
gain (Gowik and Westhoff, 2011; Sage, 2004). We found that
reality may be even more extreme: the fitness gain achieved
by each individual change remained comparable along evolu-
tionary trajectories (Figure 4). Accordingly, realized fitness
advantages were much more similar across parameters than
expected for random trajectories (Figure 3). This differs markedly
both from theoretical expectations (Fisher, 1930; Orr, 2005) and
from experimental observations in some genetic landscapes
(Chou et al., 2011; Khan et al., 2011), which find diminishing
fitness increases and a slowdown of adaptation along adaptive
trajectories.

In the case of C,4 evolution, late-changing parameters (C4 cycle
kinetics, BS conductance) benefit from an already optimized
background provided by previous evolution. Because everything
else required for C4 photosynthesis is already in place, their
potential to contribute favorably to fitness is increased. Accord-
ingly, we find no clear pattern of decelerated evolution along
simulated trajectories, except for the last steps in PEPC kinetics
and for late-occurring fixations of the now-superfluous photores-
piratory pump (Figure S6). Conversely, the first few steps in C4
evolution (initial establishment of CO, pumps) are only weakly
selected, as only little RuBisCO is available in the BS at this
time (Figure 4). Their fixation thus takes substantially longer
than later changes (Figure S6): the first step is the most difficult
one, also in C4 evolution.

Why do Cj; plants still dominate many habitats, despite the
simple, single-peaked fitness landscape and the substantial
fitness gains resulting from individual evolutionary changes
toward C, metabolism? A partial explanation is provided by
weak selection on the first mutations. Furthermore, C;, meta-
bolism is strongly favored by selection only under specific envi-
ronmental conditions, such as drought, high temperatures, and
high light (excluding, for example, plants in woodlands). Finally,
the potentiating Kranz-like anatomy in the Cz ancestors of C4
lineages (Christin et al., 2011, 2013; Sage et al., 2012) is not
present in many other lineages, making the evolution of C4 meta-
bolism in these species unlikely.

Cell 153, 1579-1588, June 20, 2013 ©2013 Elsevier Inc. 1585
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The evolutionary dynamics uncovered above may shed light
onto plans for experimental evolution of C4 photosynthesis in
C3 plants through the application of increased selection pressure
(Sage and Sage, 2007). Our results indicate that this endeavor
may be accelerated by genetically engineering the first, slow
steps of C,4 evolution. In particular, it may be advisable to pre-
establish a photorespiratory CO, pump by knocking out M-spe-
cific GDC expression.

EXPERIMENTAL PROCEDURES

Biochemical Model and Fitness Landscape

The steady-state enzyme-limited net CO, assimilation rate (A;) was used as a
proxy for fitness of Cz, C4, and intermediate evolutionary phenotypes. To pre-
dict A; from phenotypic parameters, we slightly modified a mechanistic
biochemical model for C3-C, intermediates developed by von Caemmerer
(2000 (Figure 1).

The CO, assimilation rates in the M and in the BS are calculated from the
respective rates of carboxylation, oxygenation, and mitochondrial respiration
(in addition to photorespiration). We assume constant concentrations of CO,
(250 pbar) and O, (200 mbar) in M cells. Carboxylation and oxygenation are
modeled as inhibitory Michaelis-Menten kinetics. RuBisCO kinetic parameters
were shown to be subject to trade-offs (Savir et al., 2010); accordingly, we
model these parameters as a function of RuBisCO maximal turnover rate
(kccar)- Activity of the C,4 cycle is assumed to be limited by PEPC activity and
to follow Michaelis-Menten kinetics. The parameterization corresponds to a
temperature of 25°C. The resulting set of equations can be solved for A in
closed form. Equations, parameters, and further details are given in Extended
Experimental Procedures and Tables S1 and S2.

For each evolving model parameter, we obtained representative Cz and C4
values (see below). The resulting range was subdivided into equidistant steps,
leading to a discrete six-dimensional phenotype space. Based on the
biochemical model, we calculated A. for each parameter combination.

Calculation of Evolutionary Trajectories

We simulated a set of 5,000 evolutionary trajectories on the discrete fitness
landscape, starting with the C5 state. At each step, a trait (parameter) to be
changed was chosen at random, with relative probabilities derived from cur-
rent qualitative knowledge about the genetic complexity of the trait (Extended
Experimental Procedures). We estimated selection coefficients (s) as the rela-
tive difference in A, between ancestral and derived state, calculated using the
biochemical model. We assumed a randomly mating population of diploid
hermaphrodites, with incomplete dominance of mutations. The derived state
was accepted with its probability of fixation, estimated using a formula first
derived by Kimura (1957). We repeated the simulation process until reaching
the C, parameter set.

To calculate a mean path from the set of 5,000 simulated trajectories, we
averaged each parameter at each step (i.e., B at the first step of the mean
path is the average of B values across the first steps of all simulated trajec-
tories, etc.). Parameters were normalized to the interval [0,1]. Clustering of
trajectories was quantified by calculating for each trajectory the mean of the
normalized point-wise Manhattan distances to this mean trajectory. This
measure is closely related to the recently introduced mean path divergence
(Lobkovsky et al., 2011).

To estimate evolutionary modularity for each parameter, we used a distance
measure defined as the number of other fixation events that occurred between
two subsequent fixation events of the same parameter. V,max and f evolve
together and were treated as a joint parameter in this context.

To determine a greedy trajectory through the landscape, we changed at
each step the parameter that maximized the product of mutational probability
and probability of fixation.

Comparison to Experimental Data
Data for the partitioning of RuBisCO between M and BS cells (8) and RuBisCO
turnover rates (kccar), as well as PEPC activities (Vmax) and decarboxylation of
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M-derived glycine in the BS (£) for Moricandia and Panicum, were obtained
from the literature. We assayed PEPC activity in leaf extracts (summarized
by Ashton et al., 1990) from 14 Flaveria species as a proxy for Vpmax. £ was
estimated for 14 Flaveria species by comparing the transcript levels of glycine
decarboxylase P subunit genes that are expressed specifically in the BS
(gldpA) to those expressed in all inner leaf tissues (gldpD). GIdP transcript
levels in leaves of 14 Flaveria species were determined by RNA sequencing.
Data on K}, and gs in intermediate species were not available. See Extended
Experimental Procedures for more details on experimental data. We mapped
experimental parameter values to the closest point in the discrete space of the
model fitness landscape.

Random Null Model and Statistical Methods

To assess the statistical significance of our findings, we used a random null
model to predict evolutionary trajectories. In this model, each trajectory starts
with the C3 state and evolves randomly, i.e., with equal probability for each
directed parameter change, until the C, state is reached.

All simulations and statistical analyses were performed in the R environment
(R Development Core Team, 2010). Statistical significance was assessed
using Fisher’s exact test and the median test implemented in the coin package
(Hothorn et al., 2006).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures, seven
figures, and two tables and can be found with this article online at http://dx.doi.
org/10.1016/j.cell.2013.04.058.
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Main Findings

This study compared the transcription and anatomy of the photosynthetically flexible
sedge Eleocharis retroflexa in different environments. Growing on land E. retroflexia
is a classical C4 plant, with kranz anatomy and high expression of members of the
C4 cycle. In contrast, when grown underwater E. retroflexa shows a relaxed version
of kranz anatomy, up regulation of the photorespiratory cycle and other adaptations
to an aquatic environment. These aquatic adaptations include an up-regulation of the
light harvesting apparatus to compensate for lower light availability under water, a
reduced investment in structural genes, and an increase in chloroplasts in mesophyll
tissue. Additionally, E. retroflexa showed a sensitive environmental response, with genes
differentially expressed between aquatic and terrestrial environments being responsive to

minor differences including variation between replicates and a water availability gradient.
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Providing insight into the regulation of environmental acclimation, ABA signalling and
synthesis was upregulated in terrestrial culms. Additionally, 101 transcription factors,
and the epigenetic categories Histone modifications and DNA methyltransferases were

differentially expressed between environments.
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2. Abstract

It has been hypothesized that evolution of C4 photosynthesis comes at the cost of reduced
phenotypical plasticity, owing to the complex anatomical and biochemical specialization required
for operating the C, carbon concentrating mechanism. However, C, photosynthetic terrestrial
wetland species of the genus Eleocharis display remarkable phenotypic plasticity in their mode of
photosynthetic carbon assimilation. Eleocharis retroflexa, the most C,-like species amongst the
known Eleocharis C, performing sedges, thrives under submerged conditions by reconfiguration of
culm anatomy and its photosynthetic mode. The underlying molecular mechanisms permitting
adaptation to environmental change through metabolic plasticity are however unknown. To unravel
these mechanisms, we employed deep RNA-sequencing of aquatically and terrestrially grown culms
and contextualized these molecular data with physiological parameters and enzyme activity
measurements. E. retroflexa undergoes structural and metabolic rewiringduring submergence by
adapting its culms fully to the new habitat and adjusting its carbon metabolism. While the submerse
aquatic E. retroflexa culm transcriptome reflects characteristics of flooding tolerant plants, its
carbon metabolism displays a typical Cs- C4 intermediate signature, featuring high abundance of
transcripts encoding proteins involved in photorespiration. At the same time the C,4 cycle is
maintained. E. retroflexa represents an interesting model to unravel the molecular mechanisms of
adaptation to changing environments by phenotypic plasticity.

Keywords:

RNA-sequencing, Transcriptomics, Cs-Photosynthesis, Cs- C, Intermediate, environmental
acclimation, phenotypic plasticity, non-model plant species, Eleocharis, Cyperaceae

Introduction

Phenotypic plasticity describes the ability of organisms to accommodate and react to variable
environmental conditions by changing their characteristics for better acclimatization (Pigliucci
2001; Sage & McKown 2006). The CO, concentrating mechanism of C, photosynthesis is
considered a specialized adaptation derived from C; ancestors. It is a complex trait, which is
employed for carbon gain in hot, often arid and high light environments to circumvent high
photorespiration rates. The high degree of anatomical and biochemical specialization of C4
photosynthetic species is thought to reduce their potential for phenotypic plasticity and
photosynthetic acclimation to variable environments, as compared to Cs plants (reviewed by Sage &
McKown 2006).

C, photosynthesis requires a distinct anatomical and biochemical infrastructure for optimal
functionality (Hatch 1987). In general, the C, pathway acts as a carbon concentrating mechanism
that works on top of the C; photosynthetic carbon assimilation by increasing the local CO,
concentration in the vicinity of ribulose 1,5-bisphosphate carboxylase/oxygenase (RuBisCO;
(Bowes et al. 1971; Furbank & Hatch 1987). Typically, with few exceptions, C, leaves have two
types of photosynthetic cells, with carbon in the form of HCOs' initially fixed by the
phosphoenolpyruvate carboxylase (PEPC) in the outer mesophyll cells (MCs) and then shuttled in
the form of a C4 carbon compound into the inner bundle sheath cells (BSCs; (Hatch &Slack 1970).
In the BSCs, the C, carbon compound is decarboxylated, releasing CO: at the site of the RuBisCO
by either the NAD-dependent malic enzyme (NAD-ME), the NADP-dependent malic enzyme
(NADP-ME), or the phosphoenolpyruvate carboxykinase (PEPCK), followed by assimilation into
carbohydrates by the Calvin-Benson-Bassham cycle (CBBC; Hatch 1987; Hatch & Slack 1970).
The remaining Cs; molecule is transported back to the MCs. The BSCs are situated outside the
vascular bundle, encompassing it like a wreath, which is termed “Kranz”-anatomy (Haberlandt
1904). The above-described C4-specific coordinated modifications of both metabolism and anatomy
may have reduced the ability of C, performing plants to acclimate their photosynthetic apparatus to
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altering environments (reviewed by Sage & McKown 2006).

The sedge family (Cyperaceae) contains more than 20% of the currently known C, plant species
(Besnard et al. 2009; Sage 2004). Among terrestrial wetland species, members of leafless Eleocharis
(Cyperaceae) genus display a remarkable degree of acclimation to varying habitats. These species
can grow underwater as well as in air (Ueno 2001; Ueno et al. 1989; Ueno et al. 1988). Among the
amphibious Eleocharis species (e.g. E. retroflexa, E. vivipara, E. baldwinii), the photosynthetic
modes can be highly variable between an aquatic and terrestrial habitat (Ueno 2004; Ueno &
Wakayama 2004). While the culms of the terrestrial form of the three species show a C.,
photosynthesis signature of the NAD-ME subtype and Kranz anatomy, in the aquatic environment,
the culms of E. retroflexa, E. vivipara, and E. baldwinii appear more C,-like, Cs- C,4 intermediate, or
Cs, respectively (Ueno, 2004). Upon flooding, E. retroflexa culms undergo acclimatization of the
terrestrial culms within days, while new aquatic adapted culms grow (Ueno & Wakayama 2004).
However, the submerse aquatic culms, when exposed to air, die away due to rapid drying, while
new C, terrestrial accustomed culms grow out, as reported for other amphibious Eleocharis species
(Ueno 2001; Ueno et al. 1988). Different strategies are known, which terrestrial wetland species are
employing to overcome the new challenges of the aquatic environment during submergence. The
challenges of the aquatic environment are, for example, physical restrictions on light availability,
gas exchange, and nutrient availability (Krause-Jensen & Sand-Jensen 1998; Pedersen et al. 2013).
In particular, the gas diffusion rates in water are 104-fold slower than in air. The limitation of CO»
and O, gas flowseverely affects photosynthesis and likely promotes increased rates of
photorespiration. Also, light intensity is subdued in turbid flooding water, which decreases
photosynthesis efficiency further (Vervuren et al. 2003). The resulting imbalance between
carbohydrate assimilation and consumption has lethal consequences for most flooding non-adapted
terrestrial plants (Colmer & Voesenek 2009). As an adaptation to flooding, some species grow out
of water by shoot elongation to reestablish aerial photosynthesis (Setter & Laureles 1996), whereas
others develop specialized “aquatic leaves” specifically accustomed to the wet habitat (Bailey-
Serres & Voesenek 2008). Aquatic adapted leaves display reduced gas diffusion resistance as a
consequence of reduced cuticle thickness, chloroplast reorientation close towards the epidermis, and
reduced leaf thickness (Frost-Christensen et al. 2003a; Mommer et al. 2006; Mommer et al. 2005b;
Sand-Jensen & Frost-Christensen 1999).

Previous studies indicated that E. retroflexa might have the capability to change its photosynthetic
mode from C, to Cs-like, depending on the habitat (Ueno & Wakayama 2004). In this study, we
address which physiological and transcriptional programs enable E. retroflexa to thrive during
submergence and on land, and how the change of environment affects the photosynthetic modes
(Cs-like and C, photosynthesis).

5. Material and Methods

Plant material and cultivation

Plants were purchased from an online aquarist-shop (http://www.wasserflora.de; BO30PP). E.
retroflexa plants were cultivated in terrestrial and aquatic culture for transcriptome profiling by
[llumina Sequencing between January and March 2012. Terrestrial E. retroflexa cultures were
grown on turf soil in boxes that were partially flooded with tap water under greenhouse conditions
(21°C, 12:12h of light/darkness). For the drought stress experiment, E. retroflexa seedlings were
transferred to soil and grown for 14 days under the experimental conditions (group 1: control, every
day 250 ml water; group 2: every two days 250ml water; group 3: every four days 150ml water;
group 4: no water for 14 days). The aquatic culture was set up by transferring viviparous plantlets to
aquariums covered with turf soil and a 3 cm upper layer of gravel. Aquariums were filled with tap
water (dissolved inorganic carbon, DIC 3 mM) and filamentous algal growth was suppressed by co-
cultivation of shrimp. Temperature in the aquarium was constant at approx. 25°C with an
approximate pH of 6.8, and fresh-air was constantly supplemented by an aquarium pump. Culms of
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aquatic and terrestrial culture were harvested after four weeks of growth. Up to 20 individual plants
were pooled for each biological replicate.

Culm anatomy analysis

Fresh culms of E. retroflexa grown submerged and on soil were cut transversally and imaged with
the fluorescence microscope Axio Imager M2M (Zeiss, Germany) with light and fluorescence using
an UV filter. Images were processed with ZEN10 software (Zeiss, Germany).

Internal transcribed spacer sequence analysis and phylogeny

Internal transcribed spacer (ITS) sequence of E. retroflexa were sub-cloned with ITS1 and ITS4
primer (according to (Inda et al. 2008) and sequenced. Plant identity was confirmed by comparison
to the public database Genbank. ITS sequences of other Eleocharis species were manually curated
and submitted to http://phylogeny.lirmm.fr/ using the “4 la carte” settings. Alignments were
performed with Clustal W (Larkin et al.2007) and tree was calculated with PhyML and
bootstrapped with 100 repetitions. Tree was drawn with TreeDyn.

RNA extraction, library construction and sequencing

Plant material was extracted with 65°C pre-heated CTAB buffer working solution (1ml buffer per
100mg ground tissue): 50 % (v/v) CTAB buffer stock solution, 2 % (v/v) BME, and 50 % (v/v)
acidic phenol. Ground tissue was incubated for 20min at 65°C, followed by two consecutive protein
extractions by adding equal volume chloroform-isoamyl alcohol (24:1) to extract and 20 min
centrifugation at 10,000xg at 10°C. The aqueous supernatant was transferred to fresh reaction tube
and 0.5 volumes of 96% (v/v) ethanol was added. This mixture was loaded onto RNA binding silica
columns (Plant RNeasy extraction kit; Qiagen, Hilden, Germany) and further processed as
recommend by the manufacturer. RNA was treated twice with RNAse-free DNAse, first on-column
and after elution a second time in solution (New England Biolabs, MA, USA). RNA integrity,
sequencing library quality, and fragment size were checked on a 2100 Bioanalyzer (Agilent, CA,
USA). Libraries were prepared using the TruSeq RNA Sample Prep Kit v2 (Illumina, San Diego,
CA) and library quantification was performed with a Qubit 2.0 instrument (Invitrogen, Germany).
Single end sequenced samples were multiplexed (6 libraries per lane with approximately 20 million
reads per library). All libraries were sequenced on the HISEQ2000 Illumina platform (San Diego,
CA). Libraries were sequenced in the single-end mode with read lengths ranging from 80-100
nucleotides.

Transcriptome assembly and annotation

Reads were checked for quality with FASTQC
(http://bioinformatics.babraham.ac.uk/projects/fastqc/) and subsequently cleaned and filtered for
quality scores greater than 20 and read length greater than 50 nucleotides using the FASTX toolkit
(Blankenberg et al. 2010); http://hannonlab.cshl.edu/fastx_toolkit).

Trimmed reads were split into subgroups and were assembled by CAP3 (Huang & Madan 1999).
The resulting contigs were merged, split into subgroups again and assembled by CAP3. With this
second assembly step, contigs and singlets were merged and assembled in CAP3. The resulting E.
retroflexa filtered unigene set (contigs > 200bases length) was annotated using BLASTX searches
(cut-off 1e-10) against the S. italica primary transcript database V2.1 (Bennetzen et al. 2012) and
Uniref100 (Bairoch et al. 2005). The best blast hit per read was filtered by the highest bitscore.
Multiple matching contigs to one S. italica identifier were filtered out with customized Perl script.
The unigenes were filtered for contigs that either match an S. italica identifier or a plant accession
in Uniref100. This resulted in a unigene database of 27,021 contigs and reduced possible
contamination through non-plant contigs.

The final unigene set was uploaded to the KAAS server (http://www.genome.jp/tools/kaas/) to test
the representation of KEGG annotated pathways (Moriya et al. 2007). Resulting maps were
manually curated for pathways present in plants by comparison to model species A. thaliana and
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analyzed for coverage.

Accession Numbers

Sequence data from this article can be found at NCBI Genbank under the accession number SRP ....
Gene expression profiling

Expression abundances were determined by mapping the single-end read libraries (each replicate
for each condition) against S. italica primary transcript coding sequences V2.1 (Bennetzen et al.
2012) using BLAT V35 with default parameters (Kent 2002) in dnax mode (nucleotide sequence of
query and reference are translated in six frames to protein) followed by parsing out the best
mapping hit based on the number of matching bases for each read. Expression was normalized to
reads per million mappable reads (RPM). A threshold of 20 RPM per transcript in at least one
condition present in at least one replicate was chosen to discriminate against background
transcription. Differentially expressed transcripts were determined via EdgeR (Robinson et al.
2010) in R (R Development Core Team, 2009). A significance threshold of 0.05 was applied after P-
value was adjusted for the False Discovery Rate (FDR) via Benjamini-Hochberg correction
(Benjamini & Hochberg 1995).

Cross species mapping sensitivity assessment

Each E. retroflexa read library was mapped to the unigene database and to the S. italica reference by
Blat as described above (see Gene expression profiling). Raw read count files were sorted
descending by number of aligned reads per identifier mapped reads and the amount of reads relative
to all mapped reads per sample was summed up in R and plotted on a log10 scale. For comparison
with other species and cross species mapping against a cognate genome mapping, we mapped (i) T.
hassleriana mature leaf reads (Kulahoglu et al. 2014) against the Arabidopsis thaliana TAIR10
representative gene models (Lamesch et al. 2012) and (ii) T. hassleriana mature leaf reads against its
own gene models (Cheng et al. 2013).

Data analysis

Data analysis was performed with the R statistical package (R Development Core Team, 2009) and
Multi Experiment Viewer 4 (Saeed et al. 2006; Saeed et al. 2003)(MEV4;
http://www.tm4.org/mev/) unless stated otherwise. Before Principal Component Analyses (PCA)
with median centering, the sample averages were z-score normalized. Hierarchical clustering of
samples was performed with MEV4 by normalizing them to z-scores and clustering with average
linkage in Euclidean Distance. Sample enrichment was tested for tissue 'signature genes' with
expression over 1,000 RPM in each tissue using S. italica V2.1 Mapman categories (from
http://mapman.gabipd.org). Significantly differentially expressed transcripts (FDR<0.05) were
tested for enrichment by Fisher’s Exact Test and p-values were adjusted to FDR via Benjamini-
Yekutieli correction (Yekutieli & Benjamini 1999). Mapman fold-change heatmaps were generated
using the latest MAPMAN tool V3.6 with the Setaria italica V2.1 as reference (Thimm et al. 2004;
Usadel et al. 2005). The Wilcoxon rank test was used for testing significance of fold-changes
between the averages of aquatic and terrestrial transcriptomes for specific data subsets, with
Benjamini-Yekutieli FDR correction of P-values (Usadel et al. 2005).

Quantitative real-time PCR

Quantitative real time PCR (qQRT-PCR) was performed with three biological and three technical
replicates per sample using the relative quantification technique by normalizing the gene of interest
to a house-keeping gene (UBQ10). SYBR-green (MESA GREEN qPCR MasterMix Plus;
Eurogentec) and gene specific primers (Supplemental Table 1) were employed as described by
Schmittgen and Livak (2008) (Schmittgen & Livak 2008). Mean normalized expression (MNE) was
calculated via the AACT method after Pfaffl (2001)(Pfaffl 2001).
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Enzyme activity and chlorophyll measurements

For the enzyme activity assays under water stress, E. retroflexa terrestrial culms were grown with
decreasing amounts of water in four biological replicates for two weeks (see Plant material and
cultivation). Enzymatic activities of PEPC, PEPCK, AlaAT, AspAT and NAD-ME were determined
as summarized by Ashton et al. (1990)(Ashton et al. 1990) in three biological replicates with three
technical replicates per sample. Chlorophyll measurements were performed according to Porra et al
(1989) (Porra et al. 1989) with three biological replicates and three technical replicates per sample
of aquatically and terrestrially grown culms.

Carbon isotope discrimination

For *C isotope discrimination leaf powder was freeze-dried and analyzed using the isotope ratio
mass spectrometer IsoPrime 100 (ISOTOPE cube; Elementar Analysensysteme). Results were
expressed as relative values compared to the international standard (Vienna Pee Dee Belemnite)
Element Analysis and calibration for 6 *C measurements followed the two-point method described
by Coplen et al. (2006) (Coplen et al. 2006).

6. Results

Sequencing and assembly of aquatic and terrestrial E. retroflexa libraries provides a unigene
database covering most of the plant relevant pathways present in KEGG

To provide a reference transcriptome for further studies, three biological replicates of terrestrial
culms and two biological replicates of aquatic culms yielding between 29 and 21 million high
quality reads, were obtained by Illumina RNA-sequencing (Table 1; Dataset 1). Due to the absence
of a reference genome, reads were de novo assembled with CAP3 (Huang & Madan 1999),
producing a contig database of 43,817 unigenes (unigene length >200 bases length; Supplemental
Table 2; Supplemental Figure 1A). Fifty-eight percent (25,386) of the E. retroflexa contigs were
annotated by mapping them to the evolutionary closest available C, grass genome of Setaria italica
(Bennetzen et al. 2012), matching to 37% (13,204) of the known S. italica genes (Table 1). To
estimate the quality of the contigs and contamination due to co-cultivation in the aquaria, the
contigs were annotated against the Uniref100 protein database (Bairoch et al. 2005); Supplemental
Table 2). Out of 43,817 contigs, 29,512 (67%) found a best match in the Uniref100 database (Figure
1A). From these 21,832 (50%) were annotated to a Viridiplantae identifier (ID) by best hit (Figure
1A). Around 7,112 (16%) contigs fell into the category of non-plant annotated IDs matching to
fungi, bacteria or insects (Figure 1A). In the subsequent analyses, the unigene database was limited
to 27,021 contigs matching either S. italica identifier, plant identifier of Uniref100 or both with an
N50 of 1199 bases (Dataset 2; Supplemental Figure 1B; Supplemental Table 2).

To assess whether core plant metabolism was well represented by the filtered E. retroflexa unigene
database (27,021 contigs), it was benchmarked against plant pathways from KEGG (Moriya et al.
2007); Supplemental Dataset 1). The contig database covered all genes involved in light and dark
reactions of photosynthesis, as well as starch and sucrose metabolism, tricarboxylic acid cycle
(TCA cycle), glycolysis, galactose metabolism, pyruvate metabolism, amino sugar and nucleotide
sugar and nucleotide metabolism. Other pathways of carbohydrate metabolism, such as the pentose
phosphate pathway, fructose and mannose metabolism, and glyoxylate and dicarboxylate
metabolism lacked full coverage by few genes (Supplemental Dataset 1). In general, the metabolism
of lipids, amino acids and nucleotides were fully represented. Secondary metabolism involving
synthesis of lignin precursors derived from phenylpropanoid, carotenoid, flavonoid, and
porphyrinand chlorophyll biosynthesis were completely covered. Terpenoid and anthocyanin
synthesis were incomplete.

In summary, the presented E. retroflexa unigene database exhibited good coverage of all core plant
metabolic pathways (Supplemental Dataset 1) as well as central cellular processes (DNA repair,
DNA transcription, translation and protein; Supplemental Dataset 2), including regulatory networks
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and plant hormone signaling (Supplemental Dataset 3).

Mapping of E. retroflexa reads to S. italica improves transcriptome representation relative to
mapping the reads to E. retroflexa contigs.

To quantify gene expression, the reads were mapped to a reference sequence. Two options are
available for this: mapping of reads (i) to the de novo assembled contigs or (ii) to the genome of a
related species. For E. retroflexa transcript quantification using both approaches, mapping to the
contigs or a cross-species reference database, were compared and evaluated. At least 70% of the
reads mapped to the unigene set (Table 1), however, annotation of the unigene database with S.
italica revealed known issues with the de novo assemblies (Schliesky et al. 2012). Around 58% of
the annotated E. retroflexa unigenes aligned with a S. italica identifier, which was assigned as the
best hit to more than one unigene (Figure 1B; Supplemental Dataset 4). In a more extreme case, 100
contigs matched one S. italica identifier (Si020831m) encoding a protein of unknown function
suggesting redundancy of the transcripts in the de novo transcript assembly. C, cycle genes, such as
the alanine aminotransferase (AlaAT) and the triose-phosphate transporter (TPT) were absent in the
E. retroflexa transcript assemblies.

For comparison, E. retroflexa reads were aligned to the S. italica gene models using the Blat
algorithm. In total, 21,679 S. italica gene models were aligned through cross-species mapping of E.
retroflexa reads, with mapping efficiencies between 28-36% for all mapped samples (Table 1). To
compare both mapping approaches, the fraction of reads mapping to higher and lower expressed
sequences was visualized for all samples. Mapping the reads to S. italica gene models delivered
higher similarity between the individually mapped biological replicates than mapping to the E.
retroflexa unigenes (Supplemental Figure 2A). When mapping E. retroflexa reads to its own
unigene set, on average, 20% of all reads matched to four of the most highly expressed unigenes
(Supplemental Figure 2A), resulting in the high starting point of the curve displayed in
Supplementary Figure 2A. On the basis of these results and previous experience (Brautigam et al.
2010; Gowik et al. 2011), we opted to conduct transcript quantification by cross-species mapping of
E. retroflexa to S. italica.

The E. retroflexa transcriptomes reflect changes between different habitats and display
unexpected variability between replicates

For analyzing the degree of variation and gene expression dynamics of the E. retroflexa
transcriptomes, all samples were hierarchically clustered (Figure 2A) and reduced to their main
variances by principle component analysis (PCA; Figure 2B). Biological replicates of the aquatic
and terrestrial E. retroflexa culm transcriptomes clustered together and were separated by habitat
(Figure 2A). The PCA reflected the hierarchical clustering, with the first component separating the
samples by habitat, accounting for 36% of total sample variation and the second component with
21% describing the biological variation within the biological replicates (Figure 2B). These results
indicated that one third of the gene expression was changed by the culm’s habitat. In total, 8% of
the whole transcriptome (1,356 genes) was significantly differentially regulated between submersed
aquatic (630 up-regulated; BH corrected P-value<0.05) and terrestrial (726 up-regulated; BH
corrected P-value<0.05) culms (Supplemental Figure 3). Despite the environmental influence, all
samples were qualitatively similar with regard to the Pearson’s correlation (Supplemental Table 3),
but showed a constant factor of variability between biological replicates. To test whether the
observed variability between replicated samples was random or resulted from unintended variation
of experimental conditions, we compared the variation between biologicalreplicates of the genes
defined as differentially expressed (BH corrected P-value<0.05) and the remaining gene set. If the
variation among the samples was random, it would be randomly distributed between the
significantly changed transcripts and the remaining transcripts. We found a significant enrichment
in a set of genes (Fisher’s exact test P-value<0.001) that fulfill both criteria (i) at least two-fold
change in transcript abundance between the biological replicates and (ii) genes that were
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significantly differentially expressed between habitats (Figure 2C). Therefore, the genes that were
related to habitat acclimatization were the ones showing greater variation between replicates than
other genes.

Functional changes in the submersed aquatic and terrestrial culm transcriptomes mirror the
acclimatization of E. retroflexa to the respective habitats

The terrestrial E. retroflexa culms express more transcripts related to structure

Submersed aquatic E. retroflexa culms grew fast under water, but never lifted themselves beyond
the water surface. This is similar to what has been described for the growth habits of aquatic E.
vivipara plants (Supplemental Figure 4; (Ueno 2001). Thus, to identify the differences between
aquatic and terrestrial culm structure, the respective transcriptomes were analyzed for pathway
enrichment of cell wall related categories (Figure 3A). All changes mentioned in the text were
statistically significant. The submersed aquatic culms invested much less in transcription of genes
related to phenolic compounds, phenylpropanoid and lignin biosynthesis (Figure 3A). Transcripts of
these categories were up-regulated and enriched in the terrestrial culms (Fisher’s Exact BY
corrected P-value 4.2E-4; Figure 3A; Supplemental Figure 5; Supplemental Dataset 6). The higher
transcript abundance of structure-related genes in terrestrial culms was reflected by higher fold-
changes of the category “cellulose synthesis for cell wall enforcement” (SEC61 BETA,
CELLULOSE SYNTHASE LIKE D4; Wilcoxon rank test BY corrected P-value 0.014;
Supplemental Dataset 7) as well as enrichment of fold changed transcript levels regarding cell wall
modification, e.g. several classes of pectin esterases (PECTIN ESTERASE 11, PECTIN
METHYLESTERASE, QUARTET) known to cause cell wall stiffening (Wilcoxon rank test BY
corrected P-value 1.69E-4; Supplemental Dataset 7; (Micheli 2001)). There were at least two-fold-
changes in expression levels of transcripts involved in cell wall loosening and expansion (Wilcoxon
rank test BY corrected P-value 1.79E-10), such as glycosyl hydrolases, beta-xylosidases (BETA-
XYLOSIDASE 2 and 3) endotransglucolases (XYLOGLUCAN ENDOTRASNGLYCOSE 3, 4 and
8) and polygalacturonases (POLYGALACTURONASE1 and 3 and QUARTET?2), in the terrestrial
culms (Figure 3A; Supplemental Dataset 7).

Within the Mapman category of cell wall modification (Wilcoxon rank test BY corrected P-value
0.0016; Supplemental Dataset 7), we could observe up to five-fold-changed expression levels of
transcripts annotated as expansins (e.g. EXPANSIN7, EXPANSING, EXPANSIN11 and
EXPANSIN16; Figure 3A). Further, the terrestrial culms exhibited up-regulation of transcripts
belonging to wax synthesis needed for cuticle development (Wilcoxon rank test BY corrected P-
value 0.03; Figure 3A; Supplemental Dataset 7). These differences in structure related transcripts
were reflected by a 2.7-fold difference in dry weight to fresh weight ratio between the aquatic and
terrestrial culms (Figure 3B).

Comparing aquatically and terrestrially grown E. retroflexa culms revealed evident changes in culm
anatomy (Figure 4A). The terrestrial culms showed higher auto-fluorescence of lignified tissue
(xylem) under UV light than the aquatic culms (Figure 4B). Also, the terrestrial BSCs had weak
lignification (Figure 4B). The terrestrial epidermis was regularly interspersed with stomata whose
cell walls displayed auto-fluorescence, as well as the auto-fluorescence of cuticle waxes. In the
aquatic culms, no stomata could be detected. Thus, the anatomical and structural changes within
culm anatomy were consistent with changes in gene expression levels in the transcriptome.

The photosynthesis apparatus is enhanced in aquatically grown culms

One of the challenges for photosynthesis under water is low light availability and the quality of the
available light spectrum (Kirk 1994; Pedersen et al. 2013). We assessed the submersed aquatic and
terrestrial transcriptomes for consequences of the submerged lifestyle on photosynthesis and light
capture. Most of the Mapman annotated transcripts for light reactions includingphotosystem I and IT
polypeptide subunits, and light harvesting complexes, as well as the cytochrome b6f/c were up-
regulated in the aquatic form (Wilcoxon rank test BY corrected P-value 1.09E-13; Figure 4A;



Chapter 5. Addendum: Manuscripts prepared for publication 105

Supplemental Dataset 7). Analysis of cumulative gene expression showed that light reactions
occupy 10% of the transcriptional investment (Supplemental Figure 6). Synthesis of glycolipids in
general was up-regulated (Fisher’s exact test BY corrected P-values <0.001; Supplemental Dataset
6). Transcripts associated with the biosynthesis of thylakoid membrane lipids, such as transcripts of
DIGALACTOSYL DIACYLGLYCEROL DEFICIENT 1 and 2 (DGD1 and 2) and
SULFOQUINOVOSYLDIACYLGLYCEROL 1 and 2 (SQD1 and 2), were up-regulated in the
aquatic culms (Figure 4A, Supplemental Dataset 7). Concordantly with the enrichment of light
harvesting complexes in submersed culms, tetrapyrrole biosynthesis was up-regulated (Wilcoxon
rank test BY corrected P-value 1.52E-4; Figure 5A; Supplemental Dataset 7). Notably, in the
aquatic culms, transcripts associated with chlorophyll and carotenoid biosynthesis were twice as
abundant as in the terrestrial culms (Figure 5A; Supplemental Dataset 7).

As indicated by the transcriptomes, photometric chlorophyll determination revealed that total
chlorophyll content per dry weight was two-fold higher in the aquatic culms (P-value<0.05; Figure
5B). The transcriptome changes associated with light capture and chloroplasts were reflected in
culm anatomy. In terrestrial culms, the outer BSCs were enlarged and accumulated high numbers of
chloroplasts as seen in most C4 plants. The MCs appeared much smaller (Figure 4A). Culms grown
under submerged conditions featured less enlarged BSCs, while MC size and chloroplast number
increased, compared to terrestrial MC culm anatomy (Figure 4A).

The C, cycle signature is stronger in terrestrial culms, while aquatic culms display enhanced
expression of the Calvin-Benson-Bassham cycle and photorespiration

In addition to the detected changes in culm structure and light capture, the central carbon
metabolism was adapted to the aquatic and terrestrial habitats (Figure 5A). Ueno and colleagues
previously analyzed the localization of C,4 cycle enzymes (PEPC, NAD-ME, PPDK and RuBisCO
Large Subunit) and classified E. retroflexa as NAD-ME subtype C, plant (Ueno & Wakayama
2004). The transcriptomes of the terrestrial and aquatic culms now enabled a detailedanalysis of E.
retroflexa’s full C4 cycle and carbon concentrating mechanism under different growth conditions.
The C4 cycle showed clear differences between the terrestrial and aquatic habitats regarding
transcript levels of C, cycle genes typical for the NAD-ME/PEPCK subtype (Figure 6A). The
mentioned C, cycle genes were expressed between 593-25,621 RPM in terrestrial culms and
between 234-9,972 RPM in submersed aquatic culms (Supplemental Table 4). In the submersed
aquatic culms, abundance of C, cycle genes was between 31 to 83% of the terrestrial expression
(Figure 6A; Supplemental Table 4). The three-transporter system BILE ACID:SODIUM
SYMPORTER FAMILY PROTEIN2/SODIUM:HY DROGEN ANTIPORTER/
PHOSPHOENOLPYRUVATE TRANSLOCATOR (BASS2/NHD/PPT), importing substrates
(phosphate and pyruvate) for pyruvate, phosphate dikinase (PPDK) activity and exporting
phosphoenolpyruvate (PEP) in the MC was highly abundant in the terrestrial culms (Figure 6A).
The enzymes needed for providing the substrate for HCOs™ fixation, PPDK (regenerating PEP from
pyruvate), a cytosolic CARBONIC ANHYDRASE (CA2; converting CO, to HCOs’), and PEPC
(converting HCOs™ and PEP to oxaloacetate; OAA) were highly abundant in the terrestrial compared
to the aquatic culms. The transcripts encoding the main decarboxylating enzymes of this C, cycle
subtype, NAD-ME and also PEPCK, were relatively higher in the terrestrial culms (Figure 6A).
Also, the transcript levels of ALANINE AMINOTRANSFERASE (AlaAT) and ASPARTATE
AMINO-TRANSFERASE (AspAT) and a mitochondrial MALATE DEHYDROGENASE (MDH),
which are essential for the conversion of transfer acids, were more abundant in the terrestrial culms
(Figure 6A). In accordance with this C4 photosynthesis profile, the carbon isotope ratio (§"*C ) with
-15.76 %o was comparable to that of other C, plants (Figure 6B; Cernusak et al. 2013) (Cernusak et
al. 2013).

The aquatically grown culms had decreased Cs cycle enzyme expression, though the C,
photosynthesis signature was still higher compared to typical Cs plants. In the aquatic culms,
Calvin-Bassham-Benson cycle (CBBC) related transcripts were up-regulated (Fisher’s Exact BY
corrected P-value 1.09E-14; Figure 5A; Supplem ental Dataset 6). Furthermore, the small
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RUBISCO subunit(Fisher’s exact test BY corrected P-value 3.80E-06; Supplemental Dataset 6) and
the RUBISCO ACTIVASE (RCA; Fisher’s exact test BY corrected P-value 0.026; Figure 5A;
Supplemental Dataset 6) were significantly enriched. At the same time, transcripts related to
photorespiration were strongly up-regulated (Fisher’s exact test BY corrected P-value 7.10E-08;
Figure 5A; Supplemental Dataset 6). Especially, SERINE HYDROXYLMETHYLTRANSFERASE
(SHM) and GLYCINE DECARBOXYLASE COMPLEX (GDC) subunits were significantly up-
regulated in the aquatic culms (Figure 7; Supplemental Dataset 6). Also, the GLYCOLATE
OXIDASE (GOX) was up-regulated in the aquatic transcriptome (BH corrected P-value 0.001;
Dataset 1). Complementing the strong photorespiratory signature, transcripts related to refixation of
photorespiratory ammonia via glutamine/glutamate synthesis were up-regulated in the aquatic as
compared to the terrestrial culms (Figure 7; Supplemental Dataset 6 and 7). Reflecting this less
pronounced C, signature, the carbon isotope ratio of the aquatic culms with -19 %o (8§ **C value)
showed stronger discrimination against *C, which is closer to the range of C; plants (Figure 6B;
(Cernusak et al. 2013)).

C, cycle transcripts in the terrestrial culms showed enhanced plasticity depending on water
availability and drought stress

During its life cycle, Eleocharis plants can be subjected to great changes in its habitat of fresh water
streams and ponds, including episodes of flooding and drying (Ueno 2001). Consequently, these
sedges have evolved the ability to adjust their phenotype quickly to changing environments. Signals
of adjustments and transcriptomic plasticity were detected by comparative transcriptomic analysis.
Genes that were involved in habitat acclimatization, showed a high degree of variation between the
replicates of the same growth condition (Figure 2C).

To independently corroborate this finding, we tested the variability of C4 cycle genes under different
degrees of drought. To this end, we grew E. retroflexa plants on soil and provided them with
decreasing amounts of water per group for two weeks (Group 1: control every day 250ml water;
Group 2: every two days 250ml water; Group 3: every four days 150ml water; Group 4: no water
for 14 days). From these plants,transcripts of core C, cycle enzymes (NAD-ME, PPDK, PEPC)
were measured via qRT-PCR (Figure 8A-C). In addition, PEPC, NAD-ME, PEPCK, AspAT and
AlaAT enzyme activities were determined by coupled photometric assays (Figure 8D). Based on
transcriptional activity, reducing the water amount from group 1 to group 2 had no significant effect
on gene expression (Figure 8A-C). However, limiting the water availability to watering every fourth
day (group 3) caused a significant increase in the expression of NAD-ME (3-fold), PPDK (7-fold)
and PEPC (13-fold) between group 1 and 3 (P-value<0.001; Figure 8A-C). Enzyme assays showed
a trend towards increasing PEPC and NAD-ME activity during drought, however, the magnitude of
change was much lower and the changes were not significant between group 1 and group 3 (Figure
8D). Thus, enzyme activity remains more stable, whereas E. retroflexa reacts strongly on
transcriptional level to environmental stimuli.

To investigate what might be controlling this drought response, we took a closer look at the
comparative transcriptomes. Abscisic acid (ABA) metabolism (BY corrected P-value 0.0041) and
synthesis (BY corrected P-value 0.0038) were enriched in the terrestrial culms (Supplemental
Dataset 6). In a related species, E. vivipara, changes in C, cycle enzymes are tied to changes in
ABA concentration (Agarie et al. 2002; Ueno 2001; Ueno et al. 1988) Transcripts related to the
biosynthesis or degradation of other phytohormones were not detected as differentially expressed
(Supplemental Dataset 6; Supplemental Figure 7). On the level of transcriptional regulators, 101
transcription factors (TFs) were differentially transcribed between terrestrial (26 TFs up-regulated)
and aquatic culms (75 TFs up-regulated; Dataset 1). Interestingly, we detected significant changes
related to histone modification (BY corrected P-value 0.00059), DNA methyltransferases (DNMT)
and (DMT7; DNMT2; MET1; DRM1; CMT1; Wilcoxon rank test BY corrected P-value 0.0137).
Furthermore, ALIFIN-LIKE 1 (AL1) transcriptional regulators (AL1; AL3; AL5; AL6; AL7;
Wilcoxon rank test BY corrected P-Value 0.012) were enriched in the aquatic culms (Supplemental
Figure 7).
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7. Discussion

E. retroflexa has been described as NAD-ME C, photosynthesis performing sedge under terrestrial
conditions and as a Cs—like plant when submerged in water (Ueno & Wakayama 2004). In general,
C, plants have been proposed to display less plasticity in the range of growth habitats and
phenotypic plasticity (Sage & McKown 2006). To determine, which transcriptional programs enable
E. retroflexa to acclimatize to terrestrial and aquatic lifestyle rapidly while still performing C./Ca-
like photosynthesis, we generated comparative transcriptomes of aquatically and terrestrially grown
E. retroflexa culms. This data was contextualized with physiological and anatomical parameters,
and experiments assessing the adaptability of the C, cycle under drought stress. A phylogenetic
analysis based on ITS sequences revealed that E. retroflexa is much more closely related to E.
baldwinii than E. vivipara. Amongst these previously described C, species, E. retroflexa and E.
baldwinii have a stronger C, signature compared to E. vivipara, which has been suggested to have
evolved C, photosynthetic traits more recently (Supplemental Figure 8; Ueno 2001). It is unclear,
whether E. retroflexa is still evolving towards full C,-ness or if the display of Cs- C, intermediate
traits is a reversion from C, photosynthesis for better adaption under water.

The E. retroflexa unigene set provides a base for further molecular studies

To date, no Cyperaceae genome is available and transcriptomes have only been published for
Eleocharis baldwinii recently (Chen et al. 2014). In this study, we provide a reference database of
27,021 unigenes for E. retroflexa that covers most of all core plant pathways and most cellular
processes and regulatory pathways, as represented by the KEGG database (Moriya et al., 2007;
Supplemental Dataset 1, 2 and 3). With an N50 of 1,199 bases and average contig length of 789
bases our filtered unigene databse is in the range of other de novo assembled reference
transcriptomes, such as radish (Raphanus sativus; (Wang et al. 2013)), scarlet sage (Salvia
splendens; (Ge et al. 2014)), Megathrysus maximus and Dichantelium clandestinum (Brautigam et
al. 2014). The assembled contigs provide the basis for designing primer-sets for gRT-PCR,
indicating that the database represents the E. retroflexa transcripts to a replicable degree (Figure
8A-C).

For differential transcriptome analysis, we opted for cross-species mapping of reads rather than
mapping the reads to the unigene database as de novo contig assemblies of short RNA-seq reads
still suffer from several shortcomings. A major issue is the occurrence of redundant contigs
representing one gene locus (Papanicolaou et al. 2009), which we also observed in our assembly
(Figure 1B). This artificial inflation of contig numbers occurs particularly frequent for highly
expressed genes, as well as genes that contain highly conserved sequence motifs of large gene
families, such as transcriptional regulators (Figure 1B). These redundant contigs display slight
differences between each other, due to alternative splicing, sequencing errors, or single nucleotide
polymorphisms (SNPs) between alleles (Papanicolaou et al. 2009). Another disadvantage arises
from lowly expressed genes with subsequent low read coverage or assembly errors leading to either
fragmented contig or absence of transcripts (Martin & Wang 2011; Schliesky et al. 2012).
Mapping to related reference genomes can pose challenges for subsequent data analysis. For
example, species-specific genes cannot be mapped because they are not represented in the
reference. In addition, different genes might display different rates of sequence divergence due to
different evolutionary rates, which might lead to a bias in quantifying gene expression levels.
However, the advantages of cross-species mapping outweigh the possible shortcomings of cross-
reference mapping and this method has been successfullyused for transcriptome analyses of other
non-model species with no available reference genome (Brautigam et al. 2010; Brautigam et al.
2014; Gowik et al. 2011; Kiilahoglu et al. 2014).

Transcriptional changes between the terrestrial and the aquatic culms are closely related to
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the habitat switch and photosynthetic mode

To place the changes observed between the aquatic and terrestrial culms (mean r=0.86;
Supplemental Table 3) in context, the correlation between the two transcriptomes were compared
with published expression data from two closely related C, (Gynandropsis gynandra) and Cs;
(Tarenaya hassleriana) Cleomaceae species (Kiilahoglu et al. 2014). The comparison of aquatic and
terrestrial E. retroflexa culms shows a slightly higher similarity based on Pearson’s correlation than
between the mature leaves of T. hassleriana (Cs) and G. gynandra (C,; mean r=0.80; Supplemental
Table 3).

At the same time, comparison of the transcriptomes of a leaf derived tissue, such as petals against
mature leaf of T. hassleriana (mean r= 0.11), or root against mature leaf (mean r=0.09;
Supplemental Table 3), reveals that the adaptation of E. retroflexa culms to different habitats is
changing the transcriptome’s general dynamic only to a minor degree. Thus, we conclude, that the
changes monitored between the terrestrial and the aquatic culms should reflect the habitat switch
and photosynthetic mode of the culm tissues.

There is a high similarity between the aquatic and the terrestrial culm transcriptomes based on PCA
and HCL with around 8% (1,356 genes) of all transcripts beingdetected as significantly different
(Figure 2A-B; Supplemental Figure 3). The number of altered transcripts between the two habitats
is comparable to the number of transcripts responding to systemic responses, pathogen or pest
attack (9%, (De Vos et al. 2005)). Interestingly, it is higher than the number of transcripts detected
as significantly changed between closely related C, and Cs species, even though overall gene
expression patterns correlate more closely (~4% in Cleome and 3.4 % in Flaveria; Brautigam et al.
2010; Gowik et al. 2011).

The E. retroflexa transcriptome shows high plasticity and variability in transcripts linked to
the habitat acclimatization

Biological variation of transcript abundances between the replicates of the same habitat displayed a
clearly distinct variation, as judged on the basis of PCA and Pearson’s correlation values (Figure
2A-B; Supplemental Table 3). The transcripts displaying the strongest fluctuation between
biological replicates are identical with those that are significantly differentially regulated between
the aquatic and terrestrial habitat (Figure 2C). This indicates that transcriptional variation between
the replicates is not arbitrary or due to experimental error, but it is rather associated with
transcriptional fine-tuning of culm acclimatization.

Transcript abundance of enzymes associated with C, photosynthesis (PPDK, PEPC, NAD-ME)
increases under water deprivation (Figure 8A-C), possibly induced through the hormone abscisic
acid (ABA). These results indicate that micro-environmental cues can significantly affect the
transcriptional program of E. retroflexa. For E. vivipara, a related Eleocharis species, it has been
shown that ABA is able to induce C4-ness under submerged conditions (Agarie et al. 2002; Ueno et
al. 1988). Similarly, ABA signaling has been reported to induce CAM photosynthesis in some
facultative CAM plants (Chu et al. 1990; McElwain et al. 1992). The hormones ABA and ethylene
have been connected to aquatic leaf formation and its regulation in heterophyllous amphibious plant
species (Kuwabara et al. 2001; Minorsky 2003). In the terrestrial transcriptome ABA metabolism is
significantly up-regulated (Supplemental Dataset 6), with no trace of other plant hormone circuits
being significantly altered under aquatic or terrestrial conditions (Supplemental Figure 7). For E.
vivipara it has been reported that application of exogenous gibberellic acid to terrestrial culms can
trigger submerged (Cs) culm anatomy featuring small BSCs and the absence of stomata (Ueno
2001). However, no enhanced gibberellic acid signaling could be detected in the aquatic
transcriptome (Supplemental Figure 7), indicating that on transcriptional level different regulatory
mechanisms may play a role in E. retroflexa.

Under aquatic conditions plants can suffer from hypoxia and impeded gas exchange leading to
increased ethylene concentrations within the submerged plants (Bailey-Serres & Voesenek 2008;
Jackson 2008). In the submersed aquatic E. retroflexa transcriptome, no significant alterations
related to hypoxia-induced signaling pathways were detected (Lee et al. 2011; Mustroph et al.
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2009), implying that E. retroflexa culms were well acclimatized to the aquatic habitat at the time of
their harvest.

Intriguingly, we found significant changes related to histone modification and DNA
methyltransferases (DNMT; Supplemental Figure 7; Supplemental Dataset 7). Five ALIFIN-LIKE
transcriptional regulators were also enriched in the aquatic culms. Among those, AL1, AL5, AL6
and AL7 are known to bind to di- and trimethylated histone H3 at lysine 4 (H3K4me3/2), which are
markers of transcriptionally active chromatin (Lee et al. 2009). Enrichments of trimethylation of
histone H3 Lys4 (H3K4me3) and acetylation of histone H3 Lys9 (H3K9ac), often used as a positive
marker of histone modifications, are associated with transcriptional activity and correlate with gene
activation in response to drought stress (reviewed by (Kim et al. 2010). In rice, modification levels
of acetylation of histone H3, dimethylation of histone H3 Lys4 (H3K4me2) and trimethylation of
histone H3 Lys4 (H3K4me3) are altered on submergence-inducible genes during the process from
submergence to re-aeration (Tsuji et al. 2006). There, the submergence treatments resulted in the
decrease of H3K4me?2 levels and increase of H3K4me3 levels on the 5'- and 3'-coding regions of
submergence inducible genes alcohol dehydrogenasel (ADH1) and pyruvate decarboxylasel
(PDC1) genes (Tsuji et al. 2006).

In summary, up-regulation of transcripts encoding histone-modifying enzymes could play a role in
altering the overall expression profile in submersed culms. Interestingly, submersion of E. retroflexa
culms does not leave traces of hypoxia-stress induced signaling in the surveyed transcriptome.

E. retroflexa culms reflect acclimatization to the habitat by changes in culm structure and
photosynthesis

Earlier studies by Ueno and colleagues showed that E. retroflexa plants develop new adapted
photosynthetic culms under water, which rapidly dry out when the plants are transferred to soil
(Ueno 2001; Ueno & Wakayama 2004). When grown under water, E. retroflexa culms grow fast;
however, they never lift beyond the water surface (Supplemental Figure 4B), which is similar to E.
vivipara’s growth habit (Ueno 2001). This could be connected with a decreased investment in genes
related to phenolic compounds, phenylpropanoid and lignin biosynthesis in aquatic culms (Figure
3A). Characteristically, submerged leaves have two main strategies to survive in the wet habitat, by
either growing out of the water by stem elongation or the development of aquatically accustomed
leaves (Mommer & Visser 2005). Clearly, the latter is true for E. retroflexa. Comparison of cross
sections of aquatic and terrestrial culms, revealed decreased auto-fluorescence of phenolic
compounds indicating the presence of lignin (Figure 4B). Reduced investment and thus reduced
cost in fixed carbon in vascular bundles and lignin are a characteristic for aquatic plants (Sculthorpe
1967). Aquatic plants apparently need less cell wall reinforcement in the water, since a cell wall
constrains the rate and direction of turgor-driven cell growth (Bailey-Serres & Voesenek 2008).
Also evident in the transcriptome is the significantly higher fold-change in transcript levels related
to cell wall modification and enlargement, such as various expansins in the terrestrial culms (Figure
3A, Supplemental Dataset 7). This seems to be concomitant with the observed enlarged BSCs in the
terrestrial culms (Figure 4; Ueno & Wakayama 2004). Besides the decreased need for leaf rigidity
under water, the aquatic environment poses unique challenges for photosynthesis by low light
availability and a shift in light spectrum (Kirk 1994; Pedersen et al. 2013). We find that E.
retroflexa overcomes these challenges by a 10% higher investment in transcripts related to light
reactions and photosystems (Supplemental Figure 6; Figure 5A). The aquatically adapted plant
Rumex palustris shows lower PSII abundance after acclimatization to submergence compared to
terrestrially acclimation (Mommer et al. 2005b). In submerged E. retroflexa transcriptomes both
photosystems are increased (Figure 5A). When submerged, E. retroflexa culms have a higher
demand of light absorption, which is structurally supported by higher abundance of transcripts
related to galactolipid biosynthesis and transcripts needed for thylakoid membrane assembly
(Figure 5A). The higher transcript abundances portioned into both photosystem polypeptide
subunits, light harvesting complexes and in chlorophyll and carotenoid biosynthesis, indicate that
aquatic culms have to adjust their photosynthetic apparatus as an adaption to lower light intensities
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and a change in light spectrum under water (Holmes & Klein 1987; Sand-Jensen 1989).
Interestingly, during shade avoidance plants display higher chlorophyll per dry weight (Bailey et al.
2004), similar to what is observed in submerged E. retroflexa for chlorophyll content (Figure 5B).
Hence, the adaption of the light harvesting machinery of E. retroflexa might derive from a shade
avoidance response (SAR) as it has been suggested for other submerged growing plant species
(Boeger & Poulson 2003; Frost-Christensen & Sand-Jensen 1995; Mommer et al. 2005a).

On the regulatory level, the GOLDEN-2-LIKE 1 (GLK1) transcription factor is significantly (three-
fold) up-regulated in the aquatic culms (150/50 RPM). Prior studies in the C, plant Zea mays
showed that the GOLDEN-2 gene is exclusively expressed in the BSCs, whereas GLK1 is only
expressed in MCs (Langdale & Kidner 1994; Rossini et al. 2001). In both cell types, these
transcription factors are important for chloroplast biogenesis (Rossini et al. 2001). The results
presented here for aquatic culms are consistent with the described function of GLK1 acting as
nuclear regulator of photosynthetic capacity (Waters et al. 2009), especially under submerged
conditions when MCs are being enlarged and accumulate more chloroplasts (Figure 4A).

E. retroflexa culms display a change in its C, photosynthesis profile depending on
environmental cues

E. retroflexa has been described as a NAD-ME subtype C.-like photosynthesis performing species
under aquatic and terrestrial conditions, though the C, cycle enzymes (PPDK, PEPC and NAD-ME)
show slightly lower protein abundance in the aquatic form (Ueno & Wakayama 2004); Figure 6A).
In both transcriptomes and in the enzyme activity assays we found evidence for the presence of two
decarboxylating enzymes —-NAD-ME and PEPCK (Figure 8D), as it has been described for G.
gynandra and M. maximum (Brautigam et al. 2014; Sommer et al. 2012).

During submergence, photosynthesis rates drop in non-adapted terrestrial species, due to the
increased gas diffusion resistance, restricted access to light and biochemical limitations (Centritto et
al. 2003; Long & Bernacchi 2003). Aquatic acclimated culms are thinner and have reduced cuticles
to decrease the internal diffusion path for CO; to the chloroplasts (Maberly & Madsen 2002;
Madsen & Sandjensen 1991). Aquatic E. retroflexa culms visually appear to be thinner, have less
dry matter (Figure 3B) and their transcriptional investment in cuticle waxes is down-regulated
(Figure 3A). The reduction of cuticle thickness has been reported to lead to a reduction of the gas
diffusion resistance in aquatic plants (Frost-Christensen et al. 2003b). Typical C, architecture is
dissolved in aquatic culms: the MCs adjacent to epidermis are massively enlarged with high
chloroplast content in aquatic culms (Figure 4A), as it has been reported for other aquatically
adapted plants (Mommer & Visser 2005). For reducing the diffusion path length, the chloroplasts
are present in all epidermal and sub-epidermal cells and positioned towards the exterior of the cells
(Mommer et al. 2005b). All these monitored acclimations of submersed aquatic E. retroflexa culms
support the hypothesis that CO. directly enters the MCs of the aquatic leaves via diffusion through
the epidermis and not via stomata (Mommer et al. 2005b).

Another mechanism of aquatic plants for reducing gas diffusion resistance is the conversion of
CO; to HCOs' for highersolubility catalyzed by carbonic anhydrases (CA; reviewed by Pedersen et
al. 2013). In E. retroflexa, CARBONIC ANHYDRASE (CA2) appears to be recruited to the C4
cycle by its up-regulation in the terrestrial culms, whereas in the aquatic culms the BETA
CARBONIC ANHYDRASE 5 is 1.5 fold higher accumulated (Dataset 1; BH corrected P-value
0.0003).

Per definition, Cs-like species display higher C, cycle activities than in a Cs- C4 intermediate,
but lack complete BSC compartmentalization of RuBisCO (Edwards & Ku 1987). It has been
postulated earlier, that E. retroflexa culms maintain a Cs-like profile when submerged based on C,
cycle enzymes and RuBisCO protein immuno-localizations (Ueno & Wakayama 2004).
Transcriptome analysis revealed, that the terrestrial culms have a stronger C, cycle signature than
the aquatic culms (Figure 6A). The small subunit of the RUBISCO is two-fold more highly
expressed in the aquatic culms (Dataset 1) and the large RuBisCO subunit is present in BSCs as
well as MCs (Ueno & Wakayama 2004). However, the aquatic culms show an atypically high
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expression of transcripts related to photorespiration for either aquatically adapted (Mommer et al.
2006) or Cy-like plants (Mallmann et al. 2014); Figure 5A). Especially, SHM and GDC subunits are
significantly up-regulated in the aquatic culms (Figure 7). Typically, underwater photosynthesis in
non-acclimated terrestrial plants is characterized by high photorespiratory rates, as reduced gas
diffusion rates under water will lead to relatively low internal CO- concentrations compared with
the internal oxygen concentrations in the presence of light (Jahnke et al. 1991; Maberly & Spence
1989). Similar conditions can occur for aquatic adapted plants, when they grow a dense canopy,
which leads CO, depletion and O, super-saturation of the water during the day time (Keeley 1999).
In the genus Flaveria, Cs- C, intermediate species have been reported to display a similar
photorespiratory signature as C; species (Mallmann et al. 2014), while maintaining the C, cycle in
parallel. In evolutionary terms, the establishment of a photorespiratory CO, pump-—also termed as C,
photosynthesis- is thought to be a necessary step towards Cs-ness (Gowik et al. 2011; Heckmann et
al. 2013; Mallmann et al. 2014; Sage 2004; Schulze et al. 2013).

In aquatic E. retroflexa culms this high photorespiratory signature might stem from two factors: (i)
abolishment of the strict RuBisCO compartmentalization to the BSCs in the aquatic culms as seen
in the terrestrial culms (Ueno & Wakayama 2004) and (ii) dense vegetation of E. retroflexa plants
leading to CO, depletion under water. A possible explanation for the photorespiratory signature not
being associated with an apparent fitness penalty in aquatic E. retroflexa culms could be that the
photorespiratory cycle is used for an efficient CO, re-fixation and balancing O, and CO, availability
at the site of RuBisCO, which arises from higher-diffusion resistance for CO, uptake and
continuous photosynthesis action. Thus, these plants might complement thereby the C. cycle
possibly by using photorespiration for cycling each intercellular CO, until it is fixed in form of
carbon compounds, as it is known from Cs- C, intermediate species.

Besides the genus Eleocharis, the monocotyledonous Orcuttiea family has amphibious C4 species
(Keeley 1998). When grown on soil, these species perform C4 photosynthesis and when submerged
they switch to Cs-like photosynthesis without classic Kranz anatomy (Keeley 1998). Single-cell C,4
photosynthesis has been also found in facultative aquatic species, e.g. Hydrilla and Egeria, under
limited CO; availability and warm water temperatures (Bowes et al. 2002; Casati et al. 2000;
Reiskind et al. 1997). To date, no examples of classic two-cell BSC/MC C, photosynthesis have
been discovered for an aquatic plant species. With the variety of mechanisms evolvedto circuamvent
the gas diffusion resistance and optimize CO- fixation, one may wonder whether performing two-
cell C, photosynthesis is actually feasible under water.

Conclusions

In this study, we present an in depth analysis of E. retroflexa transcriptional acclimatization to
terrestrial and aquatic habitats. The assembly of the transcriptome provides a unigene set for further
molecular studies. The transcriptomes of the terrestrial and aquatic culms enabled a detailed
analysis of E. retroflexa’s full C, cycle, carbon concentrating mechanism and metabolism under
different growth condition. The aquatic E. retroflexa transcriptome reflects many traits known for
other heterophyllous aquatic plant species. E. retroflexa is surprisingly flexible in its usage of the C,
cycle and reacts fast to micro-environmental changes, such as water deprivation. While classic
Kranz anatomy is lost under water, E retroflexa possibly uses a C,-like photorespiratory cycle to
supplement the C, cycle as seen in Cs- C, intermediate plant species.
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10. Tables

Table 1. Sequencing and mapping statistics and transcriptome dynamics of E. retroflexa
read samples aligned to the S. italica genome and the E. retroflexa transcriptome assembly.

Eleocharis samples Aquatic 1 Aquatic2 | Terrestrial 1 = Terrestrial 2 Terrestrial 3
Raw reads 30469686 34239945 22011612 30043954 25010427
Cleaned reads 28203253 33838855 21729249 29391792 24629693
Mapped reads to S. italica 7768905 12337799 7648795 8182178 7585432
Mapped reads to unigene database (>200 bases) 7593124 23674037 18779815 24787798 17606148
Mapping efficiency to S. italica 28 36 35 28 31
Mapping efficiency to unigenes 27 70 86 84 71
Number of S. italica IDs >20 RPM 4882 5263 5826 5807 5495
Number of S. italica IDs > 1,000 RPM 1132 143 135 136 136
Number of S. italica ID matching 19298 20248 19893 20041 19814
Number of unigenes matching 34971 38548 38324 38352 38489
S.italica IDs covered by reads (%) 54.4 57.1 56.1 56.5 55.9

E. retroflexa unigenes covered by reads (%) 79.8 88 87.5 87.5 87.8
Transcript number >0 RPM aligned to S. italica 19298 20248 19893 20041 19814
Transcript number >1 RPM aligned to S. italica 14875 15378 16001 15910 15654
Transcript number >20 RPM aligned to S. italica 4882 5263 5826 5807 5495

Transcript number >1,000 RPM aligned to S. italica 132 143 135 136 136



Chapter 5. Addendum: Manuscripts prepared for publication

118

11. Figure legends
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Figure 1. Annotation of E. retroflexa contigs.

42%

®No match in Uniref (14,305)
OPlant annotated contigs (21,832)
B Fungi annotated contigs (3,497)
B Algae annotated contigs (527)
BBacteria annotated contigs (831)
Bnsect annotated contigs (1,640)

Bother non plant annotated contigs (2,257)

01 contig per S. italica ID (7,400)
@2 contigs per S. italica ID (3,112)
B3 contigs per S. italica ID (1,380)
B84 contigs per S. italica ID (599)
®>5 contigs per S. italica cds (5,226)

(A) Annotation of contigs against Uniref 100. Distribution of contigs annotated by Uniref100 based
on major taxonomic categories of plant, bacteria, algae, fungi and other non-plant annotated
contigs. Total contig number is indicated in parentheses. (B) Annotation of contigs using alignments
to the S. italica predicted proteome. The percentage of contigs per unique S. italica protein, showing
redundancy in assembled contigs is displayed. The number of best matching contigs per predicted

S. italica identifier is indicated in parentheses.
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Figure 2. Transcriptome dynamics and variability between samples and habitat.

(A) Hierarchical clustering of all sequenced E. retroflexa samples. E. retroflexa transcriptomes (>1
RPM filtered) were clustered, after normalizing to z-scores per row,with Euclidean distance and
average linkage. (B) Principle component analysis (PCA) between submersed aquatic and terrestrial
E. retroflexa transcriptomes. Plot shows all sequenced samples from aquatic (white) and terrestrial
(black) E. retroflexa (n=3; RPM). First component (x-axis) separates samples by habitat (36%) of
all data variability, and second component (y-axis) describes biological sample variability (21%)

within each growth condition. (C) Variance plot between biological replicates and significant
changed transcripts.
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Figure 3. Structural differences between submersed aquatic and terrestrial E. retroflexa
culms.

(A) Overview of secondary and carbon metabolism transcript levels in E. retroflexa culms.
Heatmaps depict log2 fold-changes of submersed aquatic versus terrestrial transcript levels in RPM.
Red (ratio<0) represents a decrease of transcript levels in submersed aquatic culms. Blue indicates
(ratio>0) an increase of transcript levels in terrestrial culms. Asterisks indicate significant fold-
changes calculated by Wilcoxon Rank sum test. Benjamini-Yekutieli (BY) FDR corrected P-values
(" P-value<0.05; ™ P-value<0.01; ™" P-value<0.001). Heatmaps were generated with Mapman tool
(Usadel et al. 2005). (B) Comparison of water content and biomass between terrestrial (black) and
aquatic (white culms) as ratio dry weight (DW) against fresh weight (FW) in percent. n= 3
biological replicates; error bars + SE, standard error.

A E reiroflexa, terrestrial E. reiroflexa, submersed aquatic

"

! — -

Figure 4. Culm anatomy of mature E. retroflexa plants grown under terrestrial (left) and
aquatic (right) conditions.

(A) Microscopic images of cross-sectioned E. retroflexa culms grown either on soil or submersed
aquatic conditions. (B) Auto-fluorescence microscopic images of E. retroflexa cross-sectioned
culms grown either on soil or under water. Scale bar: 20pm. Cell types are indicated by closed
arrows. BSC: bundle sheath cell; MC: mesophyll cell; MS: mestome sheath; V: vein.
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Figure 5. Transcriptional and physiological differences between submerse aquatic and
terrestrial E. retroflexa culms.

(A) Overview of central metabolism transcript levels in E. retroflexa. Heatmaps show log2 fold-
changes of submerse aquatic versus terrestrial transcript levels in RPM. Red (ratio<0) represents an
increase of transcript levels in submersed aquatic and blue (ratio>0) an increase of transcript levels
in terrestrial culms. Asterisks indicate significant fold-changes calculated with Wilcoxon Rank Test.
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P-values (" P-value<0.05; ™ P-value<0.01; ™ P-value<0.001) were Benjamini-Yekutieli FDR
corrected. Heatmaps were generated with Mapman tool (Usadel et al. 2005). (B) Total chlorophyll
content in terrestrial (black) and submersed aquatic (white) culms as pg per mg dry weight (DW).
n= 4 biological replicates; error bars + SE, standard error. Asterisks indicate statistically significant
differences between terrestrial and submerse aquatic samples (" P-value<0.05).
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Figure 6. Genes encoding for C, photosynthesis are altered between terrestrial and submersed
aquatic E. retroflexa culms.

(A) Schematic overview of the NAD-ME/PEPCK C, cycle known for C, plants (adapted from
Sommer et al 2012). Relative transcript abundances between terrestrial (black) and submersed
aquatic (white) transcriptomes are shown in small insets and were normalized by setting the highest
expressed condition to 1 for each gene. Asterisks denote significant expression changes between
aquatic and terrestrial samples (Edge R; FDR Benjamini-Hochberg corrected P-values). ™ P-
value<0.01; * P-value<0.05. Localization of C, enzymes in E. retroflexa is assumed from literature
(Ueno et al., 2004). Red boxes indicate relevant C, cycle transporter and blue boxes soluble C,4
cycle enzymes. PEPC: PHOSPHOENOLPYRUVATE CARBOXYLASE; CA2: CARBONIC
ANHYDRASEZ2; DIC: DICARBOXYLATE CARRIER; AspAT: ASPARTATE
AMINOTRANSFERASE; mMDH: mitochondrial MALATE DEHYDROGENASE; NAD-ME1:
NAD-dependent MALIC ENZYME1; AlaAT: ALANINE AMINOTRANSFERASE; PEPCK:
PHOSPHOENOLPYRUVATE CARBOXYKINASE; BASS: BILE ACID:SODIUM
SYMPORTER; NHD: SODIUM:HYDROGEN ANTIPORTER; PPDK: PYRUVATE
ORTHOPHOSPHATE DIKINASE; PPT: PHOSPHATE/PHOSPHOENOLPYRUVATE
TRANSLOCATOR (B) "C/"C isotope ratio of terrestrial (black) and aquatic (grey) culms; n=3.
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Figure 7. Genes encoding for photorespiration are enhanced in the submersed aquatically
grown culms.

Schematic overview of the photorespiratory pathway known for Cs- C4 photosynthesis intermediate
plants (adapted from Gowik et al 2012). Relative transcript abundances between terrestrial (black)
and submersed aquatic (white) transcriptomes are shown in small insets and were normalized by
setting the highest expressed condition to 1 for each gene. Asterisks denote significant expression
changes between aquatic and terrestrial samples (Edge R; Benjamini-Hochberg FDR corrected P-
value). ™ P-value<0.01; ™" P-value<0.001. Localization of photorespiratory enzymes is assumed
from literature (reviewed by Sage et al. 2012). PGP: 2-PHOSPHOGLY COLATE PHOSPHATASE;
GOX: GLYCOLATE OXIDASE; GGT: GLUTAMATE:GLYOXYLATE OXIDASE; GDC:
GLYCINE DECARBOXYLASE; SHM: SERINE HYDROXYLMETHYL TRANSFERASE; SGT:
SERINE:GLYOXYLATE AMINOTRANSFERASE; HPR1: NADH-dependent
HYDROXYPYRUVATE REDUCTASE; GLYK: GLYCERATE KINASE
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Figure 8. Analysis of metabolic plasticity of E. retroflexa terrestrial culms under increasing
drought stress.

(A-C) Transcriptional pattern of select C, and photorespiratory genes in water-deprived
terrestrially grown E. retroflexa culms. Quantitative real-time PCR was performed on samples
from 12 week old terrestrial E. retroflexa culms subjected to drought stress for 14 days (group 1:
control, every day 250 ml water (white); group 2: every two days 250ml water (light grey); group 3:
every four days 150ml water (dark grey); group 4: no water for 14 days (black)). PPDK (A), PEPC
(B), NAD-ME (C) were normalized with UBQ10 as housekeeping control. MNE: Mean
Normalized Expression; n=3 + SE, Standard Error. Asterisks indicate statistically significant

seokok

differences between control and group 3 (" P-Value<0.001). (D) Enzyme activity measurement of
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soluble C, cycle enzymes in water deprived terrestrially grown E. retroflexa culms. Enzyme
activities of PEPC, NAD-ME, PEPCK, AspAT, AlaAT were measured from 12 week old terrestrial
E. retroflexa culms subjected to drought stress for 14 days (Group 1: control, every day 250ml
water (white); every four days 150ml water (dark grey); Group 4: no water for 14 days (black)).
FW: fresh weight; error bars +SE; 3 biological replicates each with 3 technical replicates. Asterisks
indicate statistically significant differences between control and group 3 (" P-values<0.01; ™ P-
Value<0.001). Cross indicates inset.
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Datasets

Dataset 1. Annotated transcriptome expression data (RPM) of E. retroflexa submersed aquatic and
terrestrial culms.
Dataset 2. CAP3 assembled filtered E. retroflexa unigene database.

13. Supporting Information

Supplemental Datasets

Supplemental Dataset 1. Metabolic pathways covered by E.retroflexa unigene database.
Supplemental Data Set 2. Cellular processes covered by E. retroflexa unigene database.
Supplemental Dataset 3. Regulatory processes covered by E. retroflexa unigene database.
Supplemental Dataset 4. E retroflexa contigs annotated with Uniref100 via tblastx based on
highest bitscore.

Supplemental Dataset 5. E. retroflexa contigs annotated against S. italica V2.1 primary transcripts.
Supplemental Dataset 6. Mapman category enrichment analysis (Fisher's Exact test).
Supplemental Dataset 7. Wilcoxon rank sum test of Mapman categories.

Supplemental Figures

Supplemental Figure 1. Histogram of E. retroflexa unigene database.

Supplemental Figure 2. Cumulative relative expression plots of reads mappedagainst various
references by BLAT.

Supplemental Figure 3. Comparison of submersed aquatic and terrestrial E. retroflexa
transcriptomes.

Supplemental Figure 4. Photographic images of E. retroflexa cultivation.

Supplemental Figure 5. Quantitative transcript abundance patterns between submersed aquatic and
terrestrial E. retroflexa culms.

Supplemental Figure 6. Transcriptional investment of submersed aquatic and terrestrial E.
retroflexa culms.

Supplemental Figure 7. Transcriptional regulation and plant hormone expression patterns of
submersed aquatic or terrestrial E. retroflexa culms.

Supplemental Figure 8. Phylogeny of E. retroflexa based on internal transcribed spacer (ITS)
sequences.

Supplemental Tables

Supplemental Table 1. Overview of E. retroflexa qRT-PCR primer.

Supplemental Table 2. Overview of E. retroflexa CAP3 assembly statistics and annotation of
contigs.

Supplemental Table 3. Pearson's correlation (r) of transcriptome data.

Supplemental Table 4. Averaged C, cycle transcripts (RPMs) of E. retroflexa submersed aquatic
and terrestrial transcriptomes
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Main Findings

This manuscript integrates transcriptional data from multiple species to investigate how
changes in gene expression following gene duplication have contributed to the evolution
of C4 photosynthesis. The enzymes, transporters, and direct regulators of the core-
Cy4 cycle show dramatic changes in expression from their nearest paralogs; this is true
even in duplicates originating after C4 evolution. Further, the classical features of Cy
expression (high expression, tissue-specific expression, and photosynthetic-like expres-
sion pattern) are not shared with the nearest non-Cy orthologs. Looking beyond the
core Cy4 cycle, we find several functions enriched in duplicates that are split between
various M, BS, mature or immature expression patterns. Some of these functions are
consistent for areas of specialization in C4 photosynthesis, including ATP-consuming
members of photosynthetic cycles, auxin response and various subcategories of cell wall.
Enlarged gene families showed a flexibility in evolving gene expression patterns relevant
to Cy-photosynthesis. A genome wide correlation of gene family size with expression
divergence included frequent gain/loss of photosynthetic expression pattern. Finally, in
maize there was a correlation between gene family size and tissue specificity, which was
not the case in rice, indicating gene duplication helps precondition development of tissue

specificity important for C4 photosynthesis.

Contributions

e Experimental design
e Optimization of tissue separation method

e Wet lab work: RNAseq, Enzyme assays, metabolite extraction
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Whole genome duplications at the base of the vertebrate and angiosperm lineages are hy-
pothesized to have promoted the rapid evolution, radiation, and success of these lineages.
However, the evidence is limited to the timing of radiation shortly after whole genome dupli-
cations and examples from individual gene families. Here we test how expression divergence
following gene duplication is exploited by the complex trait C, photosynthesis on a genome-
wide scale. Known C, genes and functional categories related to C, anatomy and energy
balance show expression divergence between tissues where additional specialization is re-
quired in C, plants. Higher levels of gene duplication were associated with higher specificity
in the key C, tissues: mesophyll and bundle sheath. This held in ancient duplicates, providing
evidence that whole genome duplications precondition the evolution of C, photosynthesis.

Whole genome duplications (WGD) are proposed to have facilitated the evolution of mor-
phological diversity in lineages such as vertebrates [1-3] and flowering plants (Angiosperms) [4,
5]. The Angiosperm lineage underwent a WGD prior to the radiation and diversification of the two
major clades: monocots and dicots [4]. Similarly early vertebrates underwent two WGDs, shortly
before and after the branching off of the hagfish, and before the radiation of the main vertebrate
lineages [6]. However, timing of ancient WGDs should not be over interpreted as there are many
known WGDs, which are not apparently associated with major morphological specialization or ra-
diation events [7, 8]. There is anecdotal evidence for the contribution of ancient WGDs to lineage
specific features, such as the expression of neural regulatory paralogs in the neural crest, a tissue
type only found in vertebrates [3]. There is a limited amount of experimental evidence linking gene
duplication to trait evolution on a broader scale; for instance, genes with stress-responsive expres-
sion are enriched in tandem duplicates in Arabidopsis thaliana [9]. However, most genome wide
studies have focused on the ramifications of gene-duplication on the divergence of gene sequence
and expression.
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Expression divergence is a promising target to unravel the functional importance and con-
sequences of gene duplication on a genome-wide scale. Analyses of the transcriptomes of fungi,
animals and plants have elucidated basic trends in expression divergence [10]. These trends in-
clude greater divergence in duplicates from small scale duplications than WGDs [11, 12] and a
correlation of synonymous and—in young duplicates—non synonymous substitutions rate (dS and
dN) with expression divergence [13—15]. Importantly, young duplicates show relaxed purifying
selection on both their sequence and expression patterns [16, 17]. To elucidate the contribution of
gen(ome) duplication to the evolution of novel traits, we examine how expression divergence has
contributed to the evolution of the complex trait C, photosynthesis on a genome wide scale.

The C, trait is an evolutionary “patch” to the ancestral C3 photosynthetic type. This “patch”
helps plants thrive in hot and arid environments. The core of C; photosynthesis is a biochemical
cycle that pumps CO, from the outer mesophyll (M) tissue to the interior bundle sheath (BS) tissue.
Evolution of C, involves extensive anatomical changes and change in expression of hundreds or
perhaps thousands of genes [18-22]. Despite this complexity, C4 has evolved in more than 66
different lineages [23]. This surprising degree of convergent evolution is possible, in part, because
of the pre-existence of all necessary enzymes [24]. Gene duplication is thought to precondition the
evolution of C, photosynthesis by allowing maintenance of ancestral gene function and recruitment
to C4 photosynthesis. However, this necessity has been recently questioned [25, 26] and largely
investigated only for the core genes of the C, cycle [27].

We investigate how expression divergence following gene duplication is utilized by the C,4
trait in Zea mays. Z. mays is a highly duplicated C, species that underwent two readily traceable
WGDs: the pan-grass duplication (~70 mya) and the Z. mays specific tetraploidy event (5-12
mya)[28]. Z. mays belongs to the Andropogoneae, which evolved C, photosynthesis ~20 mya
[29]. Integrating transcriptomics [30-36] and phylogenetics, we characterize how the expression
divergence of known C, genes and functions contribute to the specialized biochemistry, energy
balance, and anatomy of the trait. We find that large gene families have more divergent expression,
and more BS and M tissue specificity genome wide, even in duplications that occurred long before
the evolution of C, photosynthesis.

Results

Measurement and compilation of expression data in grasses to cover tissues of interest to
C,-photosynthesis. To evaluate how gene duplication could contribute to the evolution of C,
photosynthesis in terms of expression divergence, we first needed a transcriptome dataset covering
tissues where C4 photosynthesis requires specialization. The specialized anatomy found in Cy
species is set up during leaf development [18, 37], and leaf gradients provide a powerful tool
to understand C, photosynthesis [30, 38—40]. Coordination of the C, cycle requires extensive
anatomical and metabolic specialization between M and BS tissue [41]. Therefore, we sampled,
enriched and analyzed M and BS tissues across a developing Z. mays leaf (Supplementary Fig. 1).
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We harvested a developmental gradient from a Z. mays leaf; enriched BS and M tissues by a
method modified from [42]; and measured levels of metabolites, transcripts, and enzyme activity
(Supplementary Dataset 1, 2). This mechanical tissue enrichment method provides high quality
RNA and metabolites because tissues are snap frozen at harvest and not thawed until their extrac-
tion for down-stream analyses. To estimate the original distributions in M and BS tissues from the
partial enrichment data, we “deconvoluted” the data based on marker enzymes or transcripts (see
methods; Supplementary Fig. 2). The deconvolution included a test for whether a target transcript,
enzyme activity, or metabolite was significantly closer in distribution to either the M or BS marker.
The deconvoluted data for mature tissues was consistent with previous studies with M and BS spe-
cific transcriptomes [39, 43, 44] (Supplementary Fig. 3, 4, 5, Supplementary Table 1), indicating
that the separation method was effective.

To categorize the data and analyze the developmental processes covered by it, we performed
functional enrichment analysis for clusters and genes significantly enriched in BS or M. Of the
eight clusters, six showed simple patterns, and were high in the M, BS, or both in the leaf tip
or base, respectively; while the remaining two clusters were less distinct and termed “mixed-
base” and “mixed-M” (Supplementary Fig. 6). Enrichments in mature tissue were consistent with
previous separation studies (Supplementary Fig. 4, 5, supplementary note). In developing tissue,
the BS cluster enrichments (Fisher’s exact, fdr <0.05) included categories of cell and cell wall, as
well as lignin biosynthesis. The developing M cluster was enriched in categories including lipid
biosynthesis and tetrapyrrole biosynthesis (Supplementary Dataset 3).

To provide perspective for evolutionary questions, published transcriptome data was col-
lected from Z. mays, Sorghum bicolor, Setaria italica, Brachypodium distachion, and Oryza sativa
[30-36] and remapped to the latest respective genome release. This data included photosynthetic
and non-photosynthetic tissues; and, where possible, also included developing leaf or separation
of BS and M tissue. In each grass, the total collected data was sufficient to show a clear pattern for
photosynthetic genes (Supplementary Fig. 7, 8); for Z. mays, S. italica, and O. sativa, the compiled
data included separation of BS and M tissue.

Known C, genes show high expression divergence, photosynthetic expression patterns and
tissue specificity. To investigate how gene duplication and expression divergence relate to the
evolution of C, photosynthesis, we first examined how much and what sort of expression diver-
gence occurs in the known genes of the core-C, cycle. To this end, we qualitatively analyzed and
quantitatively compared the expression divergence of core-C, genes to the genome-wide back-
ground.

The core-C, genes showed high, photosynthetic-like, and tissue-specific expression patterns
(Fig. 1), which were not shared with their nearest paralogs and orthologs (Fig. 2). Many genes
of the C, cycle are known to be tissue specific to orchestrate the pumping of CO5 from M to BS
[41], which was consistent with our data (Fig. 1, Supplementary Fig. 9, 10, 11, 12, supplementary
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note) Similarly, core-C4 genes required in both tissue types, were expressed fairly evenly between
mature M and BS tissue, with the exception of Aspartate Aminotransferase. Interestingly, four
C, genes had a paralog that clustered with the opposite tissue specificity of the Cy-paralog. All
C, paralogs had expression patterns peaking in mature leaf tissue (Fig. 1), highly correlated with
other photosynthesis genes (defined from MapMan categories [45]; Supplementary Fig. 7), and the
enzymes and transporters were expressed very highly (>300 FPKM; Fig. 2).

To understand when divergence in core-C,4 expression occurs, we examined expression pat-
terns in a phylogenetic context. For each C, gene tree, we selected the (non-C,) homologs in each
species that were phylogenetically closest to the Z. mays C, gene and compared their expression
to the remaining homologs (Fig. 2). No significant differences were found between the nearest
and remaining homologs in expression level, correlation to photosynthetic pattern, or tissue speci-
ficity (Fig. 2; Supplementary Table 2). Even in young, syntenic paralogs, there are large changes
in expression pattern and level (Supplementary Fig. 13, 14, 15). Quantitatively, the C, genes
were significantly more divergent in pattern (p = 0.016) and level (p = 1.01 * 107°) in BS & M
gradient and other photosynthetic, but not heterotrophic tissues (Fig. 2; Supplementary Table 3).
Further, C; genes were sufficiently divergent to significantly improve (pattern p = 6.88 % 1075;
level p = 0.0014) a multiple regression model for correlations to expression divergence (synteny,
dS, dN, # Z. mays paralogs; Supplementary Fig. 16; Supplementary Table 4, 5).

As the protein sequences of many core C, genes are known to evolve under positive selec-
tion [27, 46], and the core C4 genes were highly divergent in expression; we checked for a general
relationship between positive selection and expression pattern divergence. While no significant
relation between pairwise dN/dS and expression divergence was observed (pattern p = 0.38; level
p = 0.73), there was a significant relation between dN and expression divergence in duplicates
originating in the Z. mays tetraploidy, which are all of the same age (r> = 0.036, p=6.57 * 10713;
Supplementary Fig. 17). Positive selection can be more readily and reliably identified when more
sequence information is included [47]; therefore, we compared positive selection to divergence
in a test set of 64 whole gene families. While there was a negative correlation (Spearman’s R
(rs) = —0.08) between the p-value for significance of positive selection at a branch, and the sum
of pairs for expression divergence between this branch and its sister branch, this was not signifi-
cant (p = 0.11). With only one of the three measures for sequence level selective pressure (dN/dS,
dN of duplicates from WGDs, significance of dN/dS at tree branch), significantly related to ex-
pression divergence, but all trending in the same direction of more divergence with more selective
pressure, the relation between sequence level selective pressure and expression divergence remains
inconclusive. However, the C, genes are clear outliers.

Divergent expression between paralogs relates to specialization in C, anatomy and energy
balance. An integrated C, trait requires modifications to metabolism and anatomy that go far
beyond the establishment of the core C4 cycle, which is reflected in the high number of genes—
and functional groups there of—that are differentially regulated between closely related Cs and C,
species [18-22]. If WGDs, and not just gene duplications, are important for the evolution of C,

4
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photosynthesis, we expect gene duplication to contribute to the greater complexity of the C, trait.

To determine whether expression divergence contributed to the greater complexity of Cy4
photosynthesis, we asked whether any gene functions (MapMan categories) showed a tendency to-
wards particular patterns of expression divergence. We used a graph theory approach to categorize
the patterns of expression divergence, with the k-means expression clusters as nodes, and paralog
pairs as edges (Fig. 3). For example, a pair of paralogs expressed in clusters 1 and 2, respectively,
were assigned to the edge 1_2, while a pair of paralogs that were both expressed in cluster 1, were
assigned to the edge connecting cluster 1 to itself, that is the “loop”, 1_1. To reduce noise, we
excluded paralogs in different clusters that were more similar in expression to each other than to
their cluster centers. Then we tested all edges for functional enrichments (MapMan categories).
Most significant enrichments (fdr <0.05) were found in loops, and these were very similar to the
enrichment of all genes in the cluster (Supplementary Dataset 3, 4). Among the 76 enrichments in
non-loop edges, the photosynthesis category was enriched in the edge 3 5 (“M-tip” to “BS-tip”).
Specifically, edge 3_5 included subunits of photosystem I, and ATP-consuming enzymes from
the Calvin-Benson-Bassham (CBB) and photorespiratory cycle (Supplementary Table 6). Other
enrichments included several categories of cell wall and auxin response in edge 2_7 (“BS-base”
to “even-base”) and miscellaneous gluco- galacto- and mannosidases in edge 47 (“M-base” to
“even-base”; Supplementary Dataset 4).

Evidence for a preconditioning effect of gene duplication in changes in photosynthetic ex-
pression pattern and tissue-specific expression patterns. C, photosynthesis involves extensive
anatomical and metabolic changes to leaf tissue, in particular specialization of functions between
M and BS tissue. If gene duplication contributes to C4 photosynthesis, we expect it contribute to
modifications in which genes are expressed in photosynthetic tissues and tissue specificity.

For the observed correlation between expression divergence and gene family size (Supple-
mentary Fig. 16; Supplementary Table 5) to facilitate the evolution of C, photosynthesis, we fur-
ther expect expression divergence to include recruitment of genes to a photosynthetic pattern. To
test this, we first classified the expression pattern of every gene in every species as photosyn-
thetic or not. This classification was based on the bi-modal distribution of 7, between each gene’s
expression pattern and the expression pattern of the photosynthesis genes (MapMan category; Sup-
plementary Fig. 18). This was used to test whether duplication level (# Z. mays paralogs) related
to how frequently photosynthetic expression patterns were shared between species or were species
specific. We found that higher levels of gene duplication were associated with species specificity
in both presence and absence of photosynthetic pattern compared to conserved photosynthetic
pattern across all species (Fig. 4; Supplementary Fig. 19). This indicates the general correlation
between gene duplication level and expression divergence includes both recruitment to, and loss
of, photosynthetic pattern.

To test whether gene duplication preconditions the tissue specificity that is characteristic
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of C, photosynthesis, we tested for a correlation between gene family size and tissue specificity.
The average p-value for tissue specificity along the developmental leaf gradient was negatively
correlated (rs=-0.071; p<0.001) with gene family size (Fig. 4). To determine if this was related to
C, photosynthesis, we compared the p-value for tissue specificity in rice to gene family size and
found the opposite pattern (Fig. 4; r,=0.029; p<0.05). Thus, in the Z. mays data, but not in the rice
data, larger gene families show higher tissue specificity.

For the C, genes, we saw divergence in expression both before and after C, evolution. There-
fore, we asked if the observed correlations between change in photosynthetic pattern and increased
tissue-specificity of expression occurred before or after C4-evolution. We identified “ancient” or-
thogroups, which had not further expanded after the time of the pan-grass genome duplication
(min pairwise dS >1), and “young” orthogroups, which have expanded entirely since the time of
the Z. mays tetraploidy (max pairwise dS <0.3). The association between gene family size and in-
creased change in photosynthetic expression pattern, largely held in both ancient and young gene
families (Supplementary Fig. 20, 21). The increase in tissue-specificity with gene family size was
found in ancient gene families; however, the opposite correlation was found in young gene families
(Supplementary Fig. 22). This may relate to silencing of younger duplicates. In summary, ancient
gene duplications are associated with increased changes in gene expression patterns relevant to the
evolution of Cy, in particular increased tissue specificity.

Discussion

Ancient whole genome duplications are thought to have promoted the evolution of the morpho-
logical diversity observed in vertebrates and angiosperms today. However, few studies link gene
duplication to evolutionary traits on a genome wide scale. Here, we have tested how gene duplica-
tion (including the WGDs at ~70mya and 5-12mya) [28] and the following expression divergence
have contributed to the evolution and integration of the complex trait C, photosynthesis at ~20mya
[29].

We find high expression divergence in the core-C, genes, in particular recruitment of the
C, paralog to a high amplitude, photosynthetic-like, tissue-specific expression pattern. This diver-
gence was significantly more than expected, especially when accounting for the sequence features
and Z. mays gene family size. Similarly, there is a striking co-occurrence of positive selection on
the amino acid sequence [27, 46] and expression divergence in core-C, genes, but on a wider scale
we found only tentative evidence for a relationship between gene sequence positive selection and
expression divergence.

Functional categories key to C, photosynthesis show specialized expression divergence. Par-
alogs with functions related to C, anatomy are enriched in particular patterns of divergence in im-
mature tissue. The modifications in vascular patterning required for C, photosynthesis are thought
to require changes in auxin perception [48], and both auxin response transcription factors and their
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downstream targets are enriched in the edge between the BS-base and even-base clusters (Supple-
mentary Dataset 4). This edge is further enriched in cell wall categories, which could support the
specialized anatomy observed in the BS cell wall [49]. Genes classified under miscellaneous gluco-
galacto- and mannosidases were enriched in the edge between the M-base and even-base clusters
(Supplementary Dataset 4). These genes included 1,3 beta-galactosidases and various cellulases,
which are often associated with loosening or modification of the cell wall [50, 51].

Paralogs with functions relating to energy balance are enriched between M-tip and BS-tip
clusters. Maize has a complex energy balance between cell types, with photosystem II restricted
to M cells, and several cycles shuttling reducing equivalents into the BS. Further, the use of two
decarboxylation enzymes is proposed to add robustness to the energy balance between subtypes in
fluctuating light conditions [52, 53]. Similarly, the ATP-consuming enzymes with paralogs in the
edge between BS-tip and M-tip clusters could add robustness or fine-regulation to energy balance.
Alternatively, two of these enzymes have their highest expression in the M, and the secondary
BS specific paralog could provide an overflow mechanism if and when diffusion were to become
limiting to the photorespiratory or CBB cycles.

Duplication promotes changes or specialization in expression related to C4 photosynthesis.
Paralogs show relaxed purifying selection after duplication in both sequence and expression pattern
[16, 17]. This is consistent with the correlation between gene family size and expression divergence
found here (Supplementary Fig. 16) considering that older duplicates show only partial redundancy
[54] and the initial relaxation in purifying selection decreases over time [55].

One particular change in expression associated with the evolution of C, photosynthesis is the
recruitment of genes to a photosynthetic-like pattern with expression peaking in mature leaf tissue.
This has been reported [18] and was observed here for the core C, genes. Further recruitment to
the leaf is thought to relate to other aspects of the Cy-leaf, for instance BS tissue characteristics
are thought to derive, to some degree, from endodermis tissue of the root by recruitment of the
scarecrow regulatory module [30, 56, 57]. This recruitment, as well as the changes in expression
of hundreds to thousands of genes observed between mature leaves of closely related C4 species
[18-22], could be facilitated by gene duplication as larger gene families showed more frequent
gain and loss of photosynthetic-like expression pattern.

Evolution of C, involves a massive functional change for BS tissue, which is ancestrally a
“smart pipe” regulating access to the vasculature [58, 59], but takes on a major photosynthetic func-
tion. Similarly, M tissue undergoes metabolic specialization as many functions are divided between
M and BS tissues [35, 37, 39, 43, 44, 60]. Here we showed a correlation between gene-family size
and tissue specificity in Z. mays, which could support recruitment of the BS to photosynthesis or
support any of the extensive specialization seen between M and BS cells. This correlation held in
ancient gene-families, which have not expanded since the pan-grass duplication roughly 50 million
years before C, evolution [28, 29]. Thus, ancient genome duplications precondition the evolution
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of expression patterns important for C, photosynthesis.

An interesting question is how duplication mechanistically facilitates changes in expression.
Small scale duplications show more divergence in expression, which has been attributed to du-
plication without the regulatory sequence. While for genes duplicated with cis-regulatory region,
it could be due to more rapid accumulation of single nucleotide polymorphisms associated with
reduced purifying selection. Alternatively, in a species like Z. mays, which is still undergoing
diploidization and massive genome arrangement after the tetraploidy event [61, 62], expression
divergence may result from the rearrangement or loss of neighboring genes causing a switch in
cis-regulatory region. Notably, the core-C, duplicates with high divergence despite their youth and
colinearity (PEPCK, PPDK, and PPDK-RP) all show rearrangement of genes in the immediate
upstream region (Supplementary Fig. 23) [63]. We speculate that this may have contributed to
the high divergence of C, genes, which could not be accounted for based on their sequence char-
acteristics (dS, dN, dN/dS) nor gene family size. Finally, where transcriptional regulators show
expression divergence (e.g. Auxin Response Factors diverging between “BS-base” and “even-
base” clusters; Supplementary Dataset 4), their down-stream targets can be affected, which could
have an effect, for instance, if a duplicated transcriptional enhancer showed a conserved DNA
binding, but degenerate protein-protein interactions, and thereby became antagonistic to the other
copy. A change of this type would be one way to achieve the observed tissue specificity of some
C; cis-regulatory regions when heterogously expressed in C, species [25].

Overall this study connects genome-wide changes in expression to the evolution of a com-
plex trait, showing both that duplication is beneficial and elucidating its advantages. It builds a
bridge between the numerous single-gene family studies and large-scale correlations to improve
our understanding of evolutionary processes. To further understand the contribution of WGDs to
complex trait evolution, it will be important to perform further large-scale, yet function-oriented
studies. In particular, examining species with relatively recent WGDs and evolution of trait of
interest would increase specificity and potentially allow for a more mechanistic understanding of
divergence after WGD.
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Fig. 1: The core C} cycle: abundance and distribution of transcripts and enzyme activities.
Ordering of all bars from left to right is immature to mature M, followed by immature to mature
BS. Bars show transcript abundance in FPKM with colors denoting different paralogs. Black lines
represent relative enzyme activity. Inside: schematic summary of the core Cy cycle with enzymes
as pentagons, transporters as circles, and regulatory proteins as stars. Chloroplastic enzymes are
in green compartments and the putative mitochondrial reaction in the purple compartment.
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Fig. 2: Expression characteristics and divergence of the core Cy genes. The similarity (r,) in
expression to the PS (photosynthesis) MapMan category (a), the absolute expression level
(excluding regulatory genes)(b), and the BS or M tissue specificity (for Cy genes tissue specific in
Z. mays only)(c) between C'y genes (green), their phylogenetically closest homologs in each
species(blue), and the remaining homologs (red). Example classification of homologs on a
perfect, no-loss gene tree (d). Where there was only one non-Cy homolog in any species (grey),
these homologs could not be classified as closest nor remaining and were excluded.
Quantification of the divergence in expression pattern (e) and level (f) between the C, genes and
their paralogs vs between all other paralogs.
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beta-galactosidase regulation of transcription receptor kinases

Fig. 3: Paralogs in the edges between expression clusters and their functional enrichments.
Example’s of significantly enriched functions (fdr <0.05) are shown with an arrow to edge
between clusters in which they are enriched (all significant enrichments included in
Supplementary Dataset 4). Clusters plotted as z-scores with M base to tip followed by BS base to
tip from left to right. The width of the lines connecting clusters is relative to the number of pairs
in the edge connecting the respective clusters, while the color indicates whether the edges are
larger (blue) or smaller (yellow) than expected based on the total number of pairs in non-loop
edges of the connected clusters.
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Fig. 4: The relationship between paralog number and expression characteristics related to C
evolution. The relation between photosynthetic pattern evolution and group size (# paralogs in
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expression pattern (see Supplementary Fig. 18) are considered conserved, while cases where 4 of
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Methods

Statistical notes. Unless otherwise noted, all statistical analysis was performed in the R statistical
environment. Whenever a test was performed more than 20 times, the false discovery rate [64] was
calculated from the resulting p-value.

Obtaining and processing plant Genome Data. Genome and gene-model data was downloaded
for 12 grasses with available genomes and for banana as an outgroup from Phytozome 10.0 (Z.
mays, S. bicolor, S. italica, O. sativa, B. distachyon, Panicum halli, Panicum virgatum; [65])
or Gramene V40 (Oryza brachyantha, Oryza glaberrima, Triticum aestivum, Triticum urartu,
Hordeum vulgare, Musa acuminata; [66]). In cases with multiple gene models, the longest protein
sequence was used for further analysis.

Defining homology. Three methods were used to define homologous genes as appropriate for
the context. First, BLAST [67] was used to define pairs of homolgous genes by reciprocal best
hits as well as the ’best’ ortholog for a Z. mays gene by one-directional best blast hit. Second,
OrthoMCL [68] was used to more inclusively define whole orthogroups/gene families. Third, we
used paralogs which were previously found to have originated from the pan-grass WGD, the Z.
mays specific tetraploidy, or from tandem duplications [28].

Mapping between species and genome annotations. Combining data for this study required
confident mapping of gene identity between different genome releases. As not all genes with the
same identifier show any homology, we used a combination of BLAST and provided mappings
(i.e. matching IDs, ftp://ftp.gramene.org/pub/gramene/maizesequence.org/release-5a/working-set/
4a_discontinued_ids.txt) to obtain confident mappings. Mappings were given a score of O for a
provided mapping and a reciprocal best BLAST hit, 2 for only a reciprocal best blast hit, 3 for
a provided mapping and best BLAST hit from Z. mays 6a to the other genome, and 5 for only
a best BLAST hit from 6a to the other genome. Ties were broken randomly. The same scoring
was used for interspecies mappings, but without provided mappings. Finally, before using the
annotated duplicate origins [28] we filtered pairs that didn’t pass a final quality check to see if
the mapped WGD derived duplicates showed collinearity using McscanX [69] and if the mapped
tandem duplicates occurred within 40 genes of each other.

Phylogenetic analysis. Multiple sequence alignment for orthologous groups was performed with
prank [70], and in the case of pairwise Z. mays sequences with MAFFT [71]. The ungapped align-
ment area of the resulting multiple sequence alignment was maximized by filtering poorly aligned
and gap-causing sequences with seqSieve (https://pypi.python.org/pypi/seqSieve/0.9.1). Resulting
protein alignments were translated to codons with pal2nal [72]. Phylogentic trees were constructed
with RaxML [73]. Plots were produced using the ete2 python package [74]. For display only, we
manually corrected the PPDK tree so that the paralogs originating from the Z. mays tetraploidy
were sister to each other. Pairwise estimates for the synonymous and non-synonymous substi-
tution rate (dS and dN) were calculated using codeml from the PAML package [75]. In a test
set (described at end of methods) the signature of positive selection (dN/dS >1) was tested using
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the branch site model, and significance calculated with a likelihood ratio test [76]. This test was
performed at all Z. mays genes, their parental branches, and the parental branches there of.

Plant Growth conditions and harvest. Z. mays B73 were grown in the summer of 2012 in the
same green house and conditions as previously described [38]. The 3rd leaf was harvested when
it measured 18 cm from the 2nd ligule to the leaf tip. Two different harvesting methods were
performed. In the first, a leaf gradient consisting of 5 sequential developmental slices (4 cm each)
were harvested simultaneously using the “leaf guillotine” [38]. This method required 10s to extract
the 3rd leaf and properly align it, which does not allow for reliable estimates of the metabolite
distributions for high-turnover photosynthetic metabolites. Therefore, a second harvesting method
was performed, in which the plants were positioned above two liquid nitrogen containers and two
8 cm slices were cut with connected scissors (Supplementary Fig. 1). With this method there was
a delay of less than 1s between slicing and quenching. The full, five slice gradient was used for
RNA sequencing, and the faster two slice gradient was used for metabolite extraction.

Tissue enrichment. Mesohpyll and bundle sheath tissues were mechanically enriched by serial
filtration on liquid nitrogen using a method modified from [42]. Ground material was filtered
through 250, 80, and 41pM meshes on liquid nitrogen. Three fractions were selected for further
analysis because they showed the most enrichment of bundle sheath tissue (did not pass through
80u M mesh), most enrichment in mesophyll tissue (passed through 41;:M mesh) or intermediate,
but consistent proportions of tissues (did not pass through 41,M mesh).

Extraction and abundance measurements metabolites/enzymes. Enzymes were extracted and
desalted as described in [21] from the three enrichment fractions, and the enzyme activity was
measured through chlorometric assays as described in [77, 78]. Metabolites were extracted and
quantified via gas chromatography/electron-impact time-of-flight mass spectrometry as described
in [79]. To consistently exclude data where the peak was hard to distinguish from the background,
low-signal metabolites were excluded. Further individual replicates with a raw % abundance in
BS of more than 3 standard deviations from the mean were excluded. The integrated peaks were
divided by the area of the ribitol (internal standard) peak and the fresh weight, and to further reduce
noise and compensate for FW/DW differences between the cell types by the mean abundance
for the replicate. Therefore, normalized differences between metabolites represent not absolute
distribution, but distribution relative to the other metabolites, particularly sucrose and the other
highly-abundant metabolites.

Sequencing and estimating transcriptional abundances. RNA was extracted with QIAGEN
RNeasy Plant kits, according to the manufactures instructions except for the addition of an extra
wash step in 80% EtOH. Libraries were prepped from RNA with a RNA integrity number >8 and
sequenced with the Illumina HiSeq 2000 platform. All additional reads were downloaded from the
Sequence Read Archives [80]. Illumina adaptors were trimmed using cutadapt [81] and trimmed
for quality using FASTX (Hannon Lab). Trimmed reads were mapped to the 6a release of the Z.
mays B73 genome with Tophat2 [82] and transcripts abundance calculated with Cufflinks [83].
However, one study [39] used for minor comparisons was mapped only to the 5a genome. For the
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one microarray study included [36] data was downloaded from Gene Expression Ombibus [84],
and the expression and significance calculated with GEO2R, which uses the Limma R package
[85]. Non-default parameters used for all bioinformatics programs are provided (Supplementary
Table 7).

Estimation of initial tissue specificity by ‘“deconvolution”. The abundance of metabolites, en-
zymes and transcripts was compared to abundance of BS and M markers to estimate the original tis-
sue specificity by a method modified from [42]. First, to allow for comparison of data with different
absolute expression levels, all data was converted into fraction of total transcript in developmental
slice. Second, marker transcript (or marker enzyme) levels were used as proxies for the amount
of M and BS tissue in each enrichment fraction. The natural log of the BS marker/M marker was
plotted against the natural log of a target unknown/M marker across all samples, and the slope of
a regression line between these two log ratios estimated the fraction of target gene transcripts that
are localized to the BS Supplementary Fig. 2. To determine if target unknowns were more related
to either of the tissue markers, we tested whether the slope of this line was significantly different
from 0.5 (corresponding to a null enrichment of 50% M, 50% BS). This was automated with a lin-
ear regression in R and calculated for every non-marker enzyme, metabolite, and every gene that
had a minimum FPKM >0. Tissue specificity was estimated independently in each developmental
slice. We assumed the average abundance between the raw values of all enrichment fractions was
equal to the average abundance between M and BS. Therefore, to estimate the “pure” abundance
values the estimated fraction in BS and M (1 - fraction BS) were multiplied by 2 x the average
FPKM value for the developmental slice. For enzyme and metabolite data, the enzyme activity
of PEPC and NADPME were used as markers for M and BS respectively. For RNA sequencing
data, Lipoxygenase 2 (GRMZM?2G015419) and the sum of Ribulose-phosphate 3-epimerase (GR-
MZM2G026807) and Phenylalanine ammonia-lyase 1 (GRMZM2G074604) were used as M and
BS markers, because these markers showed similar enrichment to-, but more steady enrichment
than- PEPC and NADPME throughout development.

K-means clustering. K-means clustering was performed to get an overview of the data and allow
qualitative categorization of divergence between paralogs. K-means clustering was performed
on all genes where the initial tissue specificity could be estimated in every developmental slice
(minimum raw FPKM >0). To choose the number of clusters, the sum of standard error (SSE)
of clusters with the original data was compared to the SSE of clusters with scrambled data [86].
We proceeded with 8 clusters as this provided a fairly low SSE for the original data and a large
difference in SSE between original and scrambled data Supplementary Fig. 24. Clustering was
repeated 10,000 times and the solution with the lowest SSE was selected. Each cluster was tested
for functional enrichment in all distinct MapMan [45] categories with a Fisher’s Exact test.

Defining divergence. We employ two quantitative methods and one qualitative method to esti-

mate divergence. First, we use transformed Pearson correlation between expression patterns as an

interval scaled variable for the amount of divergence in expression pattern. The transformation

is performed to provide an unboulided and more normally distributed value. The transformation
+r

of Pearson’s r (r,) is equal to In(;—~). Second, to measure divergence in expression level, we
-'p
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recorded the absolute value of the natural log for the ratio between peak expression of the paralogs
(|ln(%) D). Finally, to evaluate divergence in a qualitative fashion, we developed a clus-
tering based method to track particular patterns of divergence. Using graph theory, we considered
the k-means clusters nodes, and pairs of paralogs formed edges either between them or, when both
paralogs occurred in the same cluster, loops. To avoid assigning pairs of paralogs to a divergent
(non-loop) edge, if they had a conserved expression pattern that was intermediate between the clus-
ters, we excluded “boundary” pairs from further analyses. Boundary pairs were defined as pairs in
a non-loop edge where the 7, between the expression pattern of the two paralogs was higher than

the the 7, of either pair to its cluster center.

Regression analysis. Multiple linear regression was used to compare the expression divergence
(for both pattern and level) of two paralogs to their other characteristics (dN, dS, dN/dS, number
of Z. mays paralogs in orthogroup, whether either paralog was a Cy gene or not). The calculated
p-value represents the chance of seeing the observed improvement in model fit of adding the factor
in question to a model already containing all the other factors if the null hypothesis (no relation)
is true. When comparing values that did not approach a normal distribution (e.g. p-values, FPKM,
% abundance in BS or M) we performed Spearman rank correlation.

Controlling pairwise counting bias. Some analyses could be sensitive to a bias resulting from
counting the pairwise combinations of different sized orthogroups. For instance, there are three
pairwise combinations of the group “a”, “b”, “c” (“a-b”, “a-c”, and “b-c”’) and every group member
is counted twice; however, add ’d’ to the group and there are six pairwise combinations (“a-b”, “a-
c”, “a-d”, “b-c”, “b-d”, “c-d”) and every group member is counted three times. To control for
this, without introducing other bias by sub setting the data (e.g. taking reciprocal best blast hits
selects for young paralogs from small gene families), we scrambled the data to get an empirical
p-value accounting for this bias. Specifically we scrambled expression information, but held gene
family information constant and counted the number of instances where the result was as, or more,
extreme than the original to obtain an empirical p-value.

We expected this bias to be most problematic for two analyses: the correlation between num-
ber of Z. mays genes in orthogroup and the expression divergence and the functional enrichment in
edges between clusters. To test the significance of the correlation between the number of Z. mays
genes in the orthogroup and expression divergence we scrambled the expression patterns of genes
and re-calculated rp between the afore mentioned values 3200 times. To test for an enrichment (or
depletion) in edges between clusters and MapMan functional categories, we scrambled the cluster
assignment of ’divergent’ and ’conserved’ pairs 63999 times, and counted the number of cases
where each functional category was more or less enriched than the original in each cluster pair
using the Python Language [87].

Calculating divergence on phylogenetic tree We used a mean of pairs method to calculate the
divergence for nodes of a phylogenetic trees. Pairs consisted of any genes originating from the
same species and occurring on different daughter branches of the node. The mean divergence
across all pairs was taken as the divergence at the node. The test set where this was calculated
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consisted of 64 orthogroups of 60 genes or less with at least one divergent pair of Z. mays genes
and one conserved pair of Z. mays genes. The orthogroups were sorted by the expression of lowest
paralog contributing to the conserved or divergent pair, and the 64 most highly expressed were
chosen.
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Supplementary Information
Supplemental Note

C, cycle. The key feature of Cy photosynthesis is the biochemical pump which concentrates C'Os
at the site of Rubisco and suppress the costly process of photorespiration. This can result in a 50%
increase in photosynthetic efficiency [88]. To achieve this, C, plants use the non-oxygen sensitive
enzyme, Phosphoenolpyruvate Carboxylase (PEPC), to fix C'O, onto Phosphoenolpyruvate (PEP)
in the M. The resulting 4-carbon acid must diffuse to the BS, and be decarboxylated, releasing
COs. In Z. mays, the primary decarboxylating enzyme is NADP Malic Enzyme (NADPME); how-
ever, around 15% of the carbon appears to flow through the secondary decarboxylating enzyme
PEP Carboxykinase (PEPCK) [38, 89, 90]. The resulting 3-carbon acid diffuses back to the M and
is regenerated to PEP, as necessary, completing the cycle. In addition to the carbon shuttle, a small
part of the Calvin Benson Bassham cycle is localized to the M and the rest to the BS, resulting in a
triphosphate based redox shuttle transporting reducing equivalents to the BS. Both the C); cycle and
redox shuttle require upregulation of metabolite transporters to support the high flux of metabolites
in and out of subcellular compartments. However, only two transporters have been fully character-
ized in Z. mays. Here-after, when we refer to the core-C) cycle, we are referring to the enzymes
of the primary and secondary Cj cycle, the known transporters Phosphoenolpyruvate/Phosphate
Translocator (PPT) and Triose Phosphate Transporter (TPT), and the two established regulatory
proteins PEPC Kinase (PPCK) and Pyruvate Phosphate Dikinase - Regulatory Protein (PPDK-
RP).

The elements of the key C} cycle are well distributed in our data. Transcripts, and where
available enzyme activity, for the enzymes responsible for regenerating PEP (Pyruvate Phosphate
Dikinase, PPDK), converting (Carbonic Anhydrase; CA) and fixing the C'O, (PEPC), and con-
verting the resulting oxaloacetate (OAA) to the transfer acid Mal (NADP Malate Dehydrogenase;
NADPMDH) are higher in the M as expected (p <0.05, enzymes; fdr <0.05, transcripts in Slice
3 - 1; except NADPMDH in Slice 2 where fdr = 0.058; Supplementary Fig. 10, 11. The decar-
boxylation enzymes are both higher in the BS (fdr <0.05, transcripts in Slice 4 - 1; Supplementary
Fig. 10, 11), and the enzyme which can convert OAA that was transported as aspartate to malate
(NAD Malate Dehydrogenase; NADMDH) showed a preference for the BS (p <0.05, enzyme in
Slice 1; fdr <0.05, transcripts in Slice 3 - 2);Supplementary Fig. 10). Several activities in the cycle
are expected to be balanced between tissue types, including the TPT transporter, and the Aspartate-
and Alanine-Amino Transferase (AspAT and AlaAT). TPT expression is quite even between tissues
Supplementary Fig. 12, while AlaAT is enriched in the M at the level of transcripts but not enzyme
activity Supplementary Fig. 10. In contrast, for AspAT both enzyme activity and transcripts are
strongly enriched in the M. However, we find a M specific paralog with high expression level,
and a BS specific paralog with a low expression level, which is very consistent with the previous
studies [39, 44], and even with S. italica [35].
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Metabolites. The metabolic data is hard to interpret as separation was not sufficient to produce sig-
nificant results after multiple hypothesis correction. However, as there is very little data available
for the separation of metabolites between BS and M cells, we want to describe the data anyways
to provide information that may help in the design or analysis of future studies.

This study shows the care that will be required to confidently measure the values of photo-
synthetically active metabolites. The major advantage of the employed technique, is the immediate
shock freezing, and frozen processing of tissue, which allows very little time for changes in leaf
metabolome. Unfortunately, the employed thecnique allows for only modest enrichment of tis-
sues, and in contrast to enzymes and transcripts there are no known internal metabolite controls
that are close-to-perfectly tissue specific, and as small molecular weight metabolites can readily
diffuse across the plasmodesmata, there are unlikely to be any fully tissue specific and cytoplasmic
metabolites. Therefore, enzyme activity was used for normalization.

Although nothing was significant, we will try to briefly summarize the trends in the data.
Metabolites in the core-C'y cycle all behaved similarly in our data, with a tendency towards BS en-
richment in slice 3_4 and a tendency towards M enrichment in slice 1_2 (Supplementary Fig. 25).
The mature tendency towards M matches expectation for aspartate and malate, which need to dif-
fuse from the M to the BS. Two previous studies [42, 91] also estimated that concentrations of
malate were higher in the M than the BS (Supplementary Fig. 30). Glutamate and a-ketoglutarate
are not expected to show a net flux between tissues, and the tendency towards M in mature tissue
is therefore unexpected; however, the estimated % M is surprisingly consistent with that reported
by [91]. In contrast a-alanine showed a tendency opposite to that of the expected concentra-
tion gradient, and incosistent with the previously reported even distribution [91] (Supplementary
Fig. 30). Notably, there were also major differences between the fast 2-slice harvest and slower
S-slice harvest (e.g. a-ketoglutarate; Supplementary Fig. 30). The lack of statistically significant
enrichments, differences between the developmental stages, differences in slow harvest vs fast har-
vest, and inconsistency with previous data (Supplementary Fig. 30), point to, if nothing else, the
lability of metabolites. The same lability that makes metabolites hard to measure between experi-
ments and sensitive for instance to shading or cooling, means the plant must be able to tolerate a
non-continuous distribution of metabolites between tissues.

All the measured photorespiratory metabolites had a tendency towards BS enrichment, as is
expected with the BS specific localization of the photorespiratory cycle (Supplementary Fig. 26).
Other categories of sugars (Supplementary Fig. 27), amino- (Supplementary Fig. 28) and other
organic acids (Supplementary Fig. 29) showed a variety of distributions, with frequent change both
in level and tendency towards tissue specificity between the two slices. Indeed the metabolites
appeared to show more frequent changes in tissue preference than the enzymes or transcripts.
While this may simply reflect the generally high error and low-significance, it may also, in part,
reflect how dynamic the metabolome is.
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Transcription factors of interest There is strong interest in engineering the C} trait into C'5 crop
species to increase photosynthetic efficiency and ultimately growth and yield. However, the com-
plexity of the C trait goes well beyond the capabilities of even the most successful current en-
gineering methods. However, the highly convergent nature of Cj-evolution provides hope that
extreme changes may be facilitated by comparatively simple changes in regulatory architecture.
Therefore, we used the compiled expression data to highlight some top-candiate transcription fac-
tors of interest to understanding C; photosynthesis and its evolution.

Individual studies targeting transcription factors of interest to the C} trait in Z. mays, have
provided candidate lists from X-Y members [30, 38, 39, 43, 44]. While this remains a very am-
bitious number for individual characterization, taking the intersection of various studies is an ex-
tremely strict measure, that results in O remaining candidates [43]. Therefore, we take a more
permissive and inclusive approach to find transcription factors that are of interest in understanding
C'; photosynthesis supported by four or more of the following six criteria relating to C'y photosyn-
thesis, its evolution, and kranz anatomy. The criteria were: 1) significantly associated with either
the M or BS marker in all 5 slices in this study; 2) consistent direction of enrichment across all
samples and studies (all BS >M or all M >BS; 3) the FPKM in Z. mays leaf (“V5_Tip_s-2_Leaf”,
[31] was at least twice that of both B. distachyon and O. sativa leaves [32]; 4) The peak expression
in floral primordia was at least 1.5 times that of husk primodia [30]; 5) expressed at least 20 FPKM
in floral primordia; And 6) show a correlation to the PS expression pattern (r,,) higher that 0.4 in
Z. mays, but not in B. distachyon or O. sativa. In total, 19 transcription factors met these criteria
(Supplementary Dataset 5).

Among the identified transcription factors are ones with particularly interesting orthologs in
A. thaliana. Three DOF transcription factors were selected (GRMZM2G114998, AC233935.1 -
FGO005, and GRMZM2G179069), all of which had higher FPKM in maize and the other C'y species
than either C'3 species, a photosynthetic-like expression pattern in Z. mays but not in either C's
species, and were more highly expressed in floral than husk primordia. Further, in concordance
with the enrichment of the whole DOF family among BS specific genes, all three selected DOF
genes were higher in the BS of every comparison, and significantly higher in the BS in every slice
of our leaf gradient. The A. thaliana ortholog of GRMZM2G114998, AT4G24060 or DOF4.6,
is expressed at the sites of early vein formation [92], making DOF4.6 an interesting candidate in
understanding the narrower vein spacing in C); species. The other two DOF family transcription
factoers, GRMZM2G179069 and AC233935.1_FGO00S5, share their closest A. thaliana homolog,
AT3G55370 or OBP3, which is a mediator of phytochrome signaling [93]. Phytochrome signaling
is a major regulator of photomorphogenesis or how a plant develops in response to light [94].
Another mediator of phytochome signaling, the COP9 signalosome, has been putatively linked to
the differences in leaf development seen between C5 and Cj sister species [18].

Two auxin response regulators were identified, both of which were higher in Z. mays than
either C}y species, and higher in floral than husk primordia. Further ARF3 was expressed highly in
the floral primordia, and consistently higher in M than BS; while AXR2 had a photosynthetic pat-

26



Chapter 5. Addendum: Manuscripts prepared for publication

157

tern in Z. mays and S. bicolor that was not shared with the C5 species, and was consistently higher
in BS than M. In A. thaliana, ARF3 (AT2G33860) helps mediate the specification of abaxial and
adaxial fate [95, 96]. In a study in grasses, the C leaves showed more asymmetry, and modi-
fied M/BS ratios between abaxial and adaxial regions, while the 3 leaves did not [97]. AXR2
(AT3G23050) is involved in the interplay between ABA and auxin response [98]. Auxin is a ma-
jor hormone for specifying vascular cell fate [99], and modifications in auxin signaling, through
modifications in synthesis, transport, perception and timing, are thought to be related to the spe-
cialized vein pattering in C'y species [48]. Finally, in relation to the enhanced secondary cell walls
in BS, MYB52 (GRMZM?2G455869) is an exceptionally interesting candidate. MYBS52 showed
over twice the FPKM in the C} species compared to the C'3 species, showed a photosynthetic-like
expression pattern specifically in the C; species, was expressed more highly in the BS in every
comparison, and significantly so across the leaf gradient. A. thaliana over expressing MYB52
(AT1G17950) show hypersensitivity to ABA and increased drought tolerance [100]. MYBS52 was
further identified in a “post-genomic” screen for secondary cell wall related proteins, and it’s mu-
tant showed hyper-lignification [101]. In summary, the transcription factors discussed here and
the rest from (Supplementary Dataset 5) are highly interesting candidates, which warrant further
investigation to see if their promising expression patterns and annotations might help drive any of
the features of BS or M tissue specificity in C; species.

Advancements in understanding the differences between BS and M cells. To determine if this
separation method was consistent with previous studies at a functional level, we tested sets of
genes significantly co-regulated with M and BS markers and our k-means clusters for enrichments
in MapMan functional categories. To facilitate the comparison of the various M and BS separation
studies, we re-ran enrichment testing for all provided [39, 43] or described [44] gene sets that were
considered differentially regulated between BS and M cells. For comparability, each set was com-
pared to a background of the 6a genome release. Enrichments in genes specific to the BS were quite
consistent between studies (Supplementary Fig. 5), with a handful of categories shared between
all samples and studies. Many of these categories are well understood (e.g. the Calvin Benson
Bassham cycle) or have hypothesized benefits (e.g. S- assimilation, the DOF transcription factor
family; [39, 44, 60, 102]. However, one previously un-examined category, misc.myrosinases-
lectin-jacalin, was consistently enriched in the BS. An A. thaliana homolog (AT4G19840) of the
Z. mays myrosinases-lectin-jacalins is a phloem sap protein with a putative role in defense [103,
104], indicating that this category may relate to conserved BS functions and not C; photosynthesis.
In addition to functions that were consistent across all tissues, many sub categories of protein syn-
thesis were enriched in BS specific genes specifically in three comparable younger tissues (slice 4,
slice 3, and section -1 from [43]).

Enrichments in M specific genes showed greater variability between studies (Supplementary
Fig. 4). While no categories were enriched in every sample, there was still a strong bias for particu-
lar categories. For instance, 20 categories were enriched in seven or more of the ten samples. These
included several subcategories of the photosynthesis light reactions, particularly photosystem II;
lipid metabolism and lipid transfer proteins; isoprenoid/carotenoid synthesis; and light signaling.
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Interestingly, transport was consistently enriched in both M and BS specific genes, indicating it is
a category generally undergoing specialization between tissues.

The above analyses compared genes differentially expressed in each developmental slice
individually, and to integrate gradient and tissue specificity patterns we performed a functional
enrichment analysis on k-means clusters. As clustering was performed only on genes expressed
sufficiently to be “deconvoluted” (min FPKM >0), but compared, as above, to the unfiltered 6a
genome; some major categories such as RNA, protein, and signaling were enriched in most to all
clusters, and not assigned.unknown was frequently depleted. Therefore, we focus on the smaller
categories and more specific enrichments.

Clusters 2 and 5 consisted of genes with high expression in the BS base and tip, respec-
tively, and showed a distinct set of enrichments. In cluster 2 many developmental and structural
categories were enriched; including cell and cell organization; cell wall proteins and precursor
synthesis; lignin synthesis; and categories likely related to the cell wall such as 8- 1,3 glucan
hydrolases. Additionally several regulation related categories were enriched, such as hormone
metabolism with jasmonate and auxin response, and a few transcription factor families. In con-
trast, in cluster 5, with expression high in the BS tip, the enrichments were dominated by major
energy and metabolism categories. In relation to energy production, cluster 5 was enriched in
the photosynthetic categories of Calvin Benson Bassham cycle, and photorespiration, as well as
mitochondrial electron transport and the TCA cycle. Related to metabolism, cluster 5 was en-
riched in major and minor carbohydrate metabolism, sulfur metabolism, nucleotide metabolism,
secondary nitrogen metabolism, polyamine metabolism, and the oxidative pentose phosphate path-
way. Finally, cluster 5 was enriched in a set of regulatory categories distinct from that of cluster 2,
including ethylene metabolism and response, and six transcription factor families, of which, only
basic Helix-Loop-Helix was shared with cluster 2. In summary, while genes and categories sig-
nificantly up-regulated in the BS were fairly constant across the leaf (Supplementary Fig. 5) [43],
strong differences could be seen in functions of clusters peaking in the BS base or tip, with the base
more specialized in development, cell wall and lignification, while the tip was more specialized in
photosynthesis and metabolism. Both BS base and tip were enriched in regulatory genes, but
largely distinct subcategories of hormone metabolism/response, and transcription factor families.

Similarly, in the M we observed distinct enrichments in the M base cluster (4) and the M tip
cluster (3). In the M base cluster 4, enrichments included lipid metabolism and some development,
protein and signaling categories, as well as tetrapyrolle synthesis. While in the M tip cluster 3,
there were strong enrichments in photosynthesis including both photosystem I and photosystem II,
and a concomitant enrichment in light stress. In addition, cluster 3 was enriched in isoprenoid and
flavenoid biosynthesis, and the often down-stream-of-photoreceptors family, CONSTANS.

Clusters expressed highly in both tip tissues (6) or both base tissues (7) showed enrichments
distinct from the individual tissue types. Most striking in cluster 6, were not the few enrichments,
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such as heat stress, that were specific to this cluster; but the lack of an enrichment in the PS cat-
egories that was so characteristic of the tissue specific tip clusters 3 and 5. The even base cluster
7, shared cell wall enrichments with the BS base cluster 2, showed distinct auxin related enrich-
ments (auxin response factor (ARF) and Aux/IAA family instead of the auxin.induced-regulated-
responsive-activated in cluster 2), and was the only cluster enriched in brasinosteroid metabolism.

The “mixed” categories 1 and 8 appear to contain biological information despite their weird
appearance. The deconvolution method is such that it can induce a small pattern in a fairly evenly
expressed gene. Double checking the raw data for these clusters, we see that cluster 1 can be de-
scribed as expressed evenly high in the base, and otherwise slightly higher in the BS than M, while
cluster 8 can be described as expressed highest in tip and base, and shows mild M enrichment in
some slices (Supplementary Fig. 31). Cluster 1 shared enrichments with other more basal clusters,
like cell wall and protein synthesis, as well as histones. Cluster 8 was enriched in cytoskeleton,
lipid degradation, minor CHO metabolism, protein degradation and targeting, various regulation
of transcription and signaling pathways, and various stress categories.

Bundle fraction contains not only BS but also tracheary elements. Consistent with expecta-
tions for the enrichment method, the transcriptome reflects co-enrichment of the vascular tissue
with the BS tissue. Ethylene response is enriched in the BS in every slice, which has been im-
plicated in triggering cambial cell division and xylem growth in populus and Zinna cell cultures
[105, 106]. We observed many positive regulators of tracheary elements with peak expression in
the basal BS slice (BS5). Both vascular cells and BS cells have highly developed and lignified
secondary cell walls, which would be difficult to tease apart from each other in the enrichments
in cell wall and lignin biosynthesis in basal BS up-regulated genes. However, LAC17 is neces-
sary for lignification of the protoxylem elements in A. thaliana [107], and three of it’s homologs
in Z. mays are expressed (21-309 FPKM), and BS specific (fdr <0.05) in the basal slice. In the
vasculature, programmed cell death is induced after secondary cell wall deposition [108]. Among
genes associated with programmed cell death we find XYLEM CYSTEIN PROTEASE (XCP) 1
(GRMZM?2G066326) and 2 (GRMZM2G367701) highly (664 and 398 FPKM) and specifically
(fdr <0.01) expressed in BSS5.
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Supplemental Datasets

Supplementary Dataset 1: Spreadsheet with transcriptional, annotation, and mapping information
for Z. mays genes

Supplementary Dataset 2: Spreadsheet with metabolic and enzyme activity data

Supplementary Dataset 3: Spreadsheet with significant enrichments for tissue specific genes in
each slice and for k-means clusters

Supplementary Dataset 4: Spreadsheet with significant enrichments for edges between clusters

Supplementary Dataset 5: Spreadsheet with transcription factors meeting the criteria of interest
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Supplemental figures
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Supplementary Fig. 1: Visual summary of tissues (a) and harvest method (b). The five 4 cm slices
(a) were harvested for transcriptome analysis using the leaf “guilotine” [38], while the two 8 cm
(a) slices were harvested for metabolite analysis using two pairs of attached scissors (b).
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Supplementary Fig. 2: Example comparision between target genes and markers used to
“deconvolute” data, that is, estimate the original distribution of target abundance between BS and
M cells [42]. PEPC (GRMZM2G083841) as an example of a M specific target, NADPME
(GRMZM2G085019) as an example of a BS specific target, and a peptidase M28
(GRMZM2G159171) as an example of a non-enriched target. The slope of the linear regression
line yields the estimated fraction of abundance in BS.
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Supplementary Fig. 3: Comparison between transcript BS/M ratios in mature leaf in
“deconvoluted” data (Slice 1) and a previous study using laser micro disection (Section +9) [43].
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Supplementary Fig. 4: Comparison of tissue enrichments between studies. For comparability all
enrichments were calculated with the significantly tissue-specific genes (as defined in each study)
in the foreground and the remainder of the unfiltered 6a genome in the background for a Fisher’s
exact test. The most-consistent enrichments (those enriched in at least 7 samples) are labeled. For
the sake of compact display, green bars indicate highlighted categories are subcategories of the
more basal category indicated with an arrow, and square bracets indicate enrichment of both basal
category and [sub category] 34
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Supplementary Fig. 5: Comparison of tissue enrichments between studies. For comparability all
enrichments were calculated with the significantly tissue-specific genes (as defined in each study)
in the foreground and the remainder of the unfiltered 6a genome in the background for a Fisher’s
exact test. The most-consistent enrichments are labeled. Categories enriched in every sample are
labeled in black, and those only enriched in the most similar immature tissues (Slice 4 and 3 here,
and section -1 from [43]) are labeled in blue. For the sake of compact display, green bars indicate
highlighted categories are subcategories of the more basal category indicated with an arrow, and
square bracets indicate enrichment of both basal category and [sub category].
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Supplementary Fig. 6: K-means clustering of BS & M gradient, individual genes in grey and

centers in black.
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. sativa, and (e) Z. mays.

Supplementary Fig. 7: Photosynthetic expression pattern (blue) in tissues used to define it in (a)
, (¢) S. italica, (d) O

B. distachyon, (b) S. bicolor.
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Supplementary Fig. 8: Cartoon summary of the types of tissues coverd by the expression data in

each species.
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Supplementary Fig. 16: Comparison of sequence and gene family factors to divergence in pattern

(transformed pearson correlation; above) and level divergence

to the largest bin. The red diamonds indicate pairs including core Cy genes. To control age prior
to plotting colinearity, pairs were filterd to those with dS <1.6, after which the mean dS of
colinear (0.397) and non-colinear (0.402) pairs did not significantly differ (t-test p = 0.44).
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Supplementary Fig. 17: The relationship between expression pattern divergence and possible
indicators of selection pressure. In (a) divergence is compared to the dN of genes with different
annotated origins [28] including those where all duplicates are of the same age (the Z. mays
tetraploidy and pan-grass WGDs). In (b) divergence at a branch on a phylogenetic tree is
compared to the significance of positive selection at the same branch of the tree.
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Supplementary Fig. 20: the relationship between group size (# paralogs in orthogroup in
respective species) and photosynthetic pattern evolution in “ancient orthogroups” (min dS >1).
cases where all 5 species show a photosynthetic-like expression pattern (see Supplementary
Fig. 18) are considerd conserved, while cases where 4 of 5 or 1 of 5 species show a
photosynthetic-like expression pattern are considered gain or loss, respectively. The odd species
out is Z. mays in (a), s. bicolor in (b), S. italica in (c), o. sativa in (d), and B. distachtyon in (e).
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Supplementary Fig. 21: The relationship between group size (# paralogs in orthogroup in
respective species) and photosynthetic pattern evolution in “young orthogroups” (min dS <0.3).
Cases where all 5 species show a photosynthetic-like expression pattern (see Supplementary
Fig. 18) are considerd conserved, while cases where 4 of 5 or 1 of 5 species show a
photosynthetic-like expression pattern are considered gain or loss, respectively. The odd species
out is Z. mays in (a), S. bicolor in (b), S. italica in (c), O. sativa in (d), and B. distachtyon in (e).
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Supplementary Fig. 22: The relationship between group size (# paralogs in orthogroup in
respective species) and significance of tissue specificity (average p-value) in (a) “ancient
orthogroups” (min dS >1) and (b) “young orthogroups” (min dS <0.3)
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Supplementary Fig. 23: Local gene organization of syntenic, young duplicates with high
divergence (in boxes). Namely, (a) PEPCK, (b) PPDK, and (c) PPDK-RP. Data and visualization
from Plaza 3.0 [63]. Different colors or shades denote different homologous groups.
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Supplementary Fig. 24: Sum of standard error compared between original and random data with a
different number of cluster centers.
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Supplementary Fig. 25: Distribution of measured core C4 metabolites between slice 3 4 and 1.2

and between M and BS. Values are relative between slices for each metabolite (mean = 1), and
normalized by sum peak area (so distributions are relative to other metabolites, and not absolute).
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Supplementary Fig. 26: Distribution of measured photorespiratory metabolites between slice 3_4
and 1_2 and between M and BS. Values are relative between slices for each metabolite (mean =
1), and normalized by sum peak area (so distributions are relative to other metabolites, and not
absolute).
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Supplementary Fig. 27: Distribution of measured sugars between slice 3 4 and 1_2 and between
M and BS. Values are relative between slices for each metabolite (mean = 1), and normalized by
sum peak area (so distributions are relative to other metabolites, and not absolute).
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Supplementary Fig. 28: Distribution of measured non-C4 core nor photorespiratory amino acids

between slice 3 4 and 1_2 and between M and BS. Values are relative between slices for each
metabolite (mean = 1), and normalized by sum peak area (so distributions are relative to other
metabolites, and not absolute). Metabolites split arbitrarily into (a) and (b) for plotting clarity.
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Supplementary Fig. 29: Distribution of measured non-C4 core nor photorespiratory organic acids

between slice 3 4 and 1_2 and between M and BS. Values are relative between slices for each
metabolite (mean = 1), and normalized by sum peak area (so distributions are relative to other
metabolites, and not absolute). Metabolites split arbitrarily into (a) and (b) for plotting clarity.
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Supplementary Fig. 30: Comparison between the cell specificity of metabolites that have been
measured in previous studies [42, 91]; the fast, 2-slice metabolite havest; and the slower, 5-slice

gradient harvest.
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Supplementary Fig. 31: K-means clustering of BS & M gradient, plotted with the z-score of the

raw (not deconvoluted) expression data. Individual genes in grey and centers in black.
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Supplemental Tables

Supplementary Table 1: Comparison of BS/M values between studies by linear regression. The
study using enzymatic and mechanical separation [44] reported the purest tissues, while the
studies using laser micro dissection [39, 43] are more able to separate BS from vascular bundle.
In mature tissue Slice 1 and Section + 9 [43] were compared; while in immature tissue Slice 4, 5
and Section -1 [43] were compared.

Min > 10 FPKM Min > 100 FPKM

x.study y.study slope p.value r? slope p.value r?
[44] [39] 032 1.21x107°" 0.35 0.44 1.32x1072" 0.64
[44] [43] 0.33 3.45 x 1071 0.36 039 8.71 x 1073t  0.51
Mature  [44] S1 0.40 4.91 x 107%2 0.27 0.71 9.22x 107  0.63
[39] [43] 096 ~0 0.94 0.99 8.72x 10716 0.97
[39] S1 094 222x107'% 043 1.13 254 x107% 0.64
[43] S1 0.94 9.65x 10729 0.42 1.16 4.79 x 1074 0.59
Immature [43] S5 0.61 7.21 x 107102 0.24 0.68 1.99 x 10730 0.42
[43] S4 0.70 1.39 x 1077 0.37 0.68 2.92x 1073 045

Supplementary Table 2: P-values from wilcox-rank test for differences between the C; genes,
their closest homologs, and their remaining homologs.

C,y on remaining
. notes on data
vs closest vs remaining  vs closest
7, to photosynthesis ~ 1.21 x 1075 1.84 x 1077 0.15 see Table S.Tissues
peak FPKM 4.77 x 1076 7.84 x 1077 0.37 no PPDK_RP, PPCK
tissue specificity 9.32 x 1073 3.22 x 1074 0.61 Cy > 0.7 only
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Supplementary Table 3: P-values for a t-test of the divergence between the C4 core genes and all
their paralogs vs all other paralog pairs in genome.

Pattern divergence Level divergence
In(152) in(C i)
M & BS gradient 0.016 1.01 x 107°
primordial leaf/husk gradient [30] 0.638 0.085
Atlas including leaves [31] 0.048 0.130
All non-leaf/husk tissues from above 0.683 0.417
All leaf/husk tissues from above 4.72 x 1074 1.40 x 1076
Supplementary Table 4: Multiple regression of expression level divergence vs sequence and gene
family features.
features estimate Sti:f;rd p-value r-squared
ds 0.029 0.0099 3.28 x 107%
dN -0.017 0.0102 9.76 x 107
deconvoluted Colinearity -0.050 0.0097 2.90 x 107°7  0.0045
BS & M gradient  # paralogs Z. mays 0.007 0.0094 4.48 x 107
dN/dS -0.003 0.0087 7.37 x 107
C4 or not 0.027 0.0087 1.67 x 1079
ds 0.053 0.0054 1.02 x 10722
dN -0.012 0.0056 3.81 x 1072
non-photosynthetic ~ Colinearity -0.051 0.0055 7.35x 10721 0.00461
atlas tissues[31] # paralogs Z. mays ~ -0.026 0.0055 1.77 x 1079
dN/dS 0.007 0.0052 2.11 x 107%
C4 or not 0.003 0.0052 5.41 x 107
all (developing) ds 0.040 0.0099 4.89 x 107%
photosynthetic dN -0.020 0.0102 5.33 x 1072
tissues (deconvoluted, Colinearity -0.051 0.0097 1.76 x 10797 0.0061
primordial[30] # paralogs Z. mays 0.020 0.0094 3.78 x 1072
and atlas[31] dN/dS 0.001 0.0087 8.80 x 107
C4 or not 0.025 0.0087 3.46 x 1079

62



Chapter 5. Addendum: Manuscripts prepared for publication 193
Supplementary Table 5: Multiple regression of expression pattern divergence vs sequence and
gene family features.

features estimate standard p-value r-squared
error
ds 0.060 0.0098 5.77 x 10710
dN 0.029 0.0100 4.30 x 1079
deconvoluted Colinearity -0.096 0.0095 8.56 x 1072*  0.034
BS & M gradient  # paralogs Z. mays 0.068 0.0093 2.71 x 10713
dN/dS -0.007 0.0086 3.88 x 107%
C4 or not 0.039 0.0086 6.52 x 107
ds 0.029 0.0054 9.58 x 107%
dN 0.027 0.0055 9.52 x 1077
non-photosynthetic ~ Colinearity -0.065 0.0054 2.29 x 1073 0.025
atlas tissues[31] # paralogs Z. mays 0.108 0.0054 3.76 x 10787
dN/dS -0.009 0.0052 9.69 x 10792
C4 or not 0.005 0.0051 3.51 x 107
all (developing) ds 0.108 0.0095 6.97 x 107
photosynthetic dN -0.029 0.0097 2.69 x 1079
tissues (deconvoluted, Colinearity -0.148 0.0093 1.78 x 10~ 0.085
primordial[30], # paralogs Z. mays 0.160 0.0090 2.54 x 107%
and atlas[31]) dN/dS -0.009 0.0084 2.68 x 107
C4 or not 0.041 0.0084 1.18 x 107%
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Supplementary Table 6: The paralog pairs of the MapMan PS category, which occurred
non-ambiguously in the edge of Clusters 3 “M-tip” and 5 “BS-tip”, and whether they consume
ATP

MapMan Uses
Paral MapM f P
aralogs bincode apMan subcategory of PS ATP Clusters
calvin cycle
GRMZM2G089136, GRMZM2G382914 1.3.3 phosphoglycerate kinase Y 3,5
GRMZM2G026024, GRMZM2G463280 1.3.12 PRK Y 573
GRMZM2G162529, GRMZM2G463280 1.3.12 PRK Y 53
photorespiration
GRMZM2G018786, GRMZM2G054663 1.2.7 glycerate kinase Y 3,5
GRMZM2G076239, GRMZM2G129246 1.2.2 glycolate oxydase N 3,5
lightreaction
GRMZM2G010555, GRMZM2G102349 1.1.40 cyclic electron flow-chlororespiration N 53
GRMZM5G885392, GRMZMS5G896082  1.1.40 cyclic electron flow-chlororespiration N 3,5
GRMZM2G048313, GRMZM2G122337 1.1.5.2 other electron carrier (ox/red).ferredoxin N 53
GRMZM?2G329047, GRMZM2G377855 1.1.2.2 photosystem L.PSI polypeptide subunits N 53
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Supplementary Table 7: Non-default parameters used for bioinformatics programs.

tophat2

For studies with reads shorter than 50 bases --segment-length=N (N = read

length/Z) was set so that reads were mapped in at least 2 segments
--b2-very-sensitive and --read-realign-edit-dist=0 were set to increase sen-

sitivity
-G <file.gtf> was used to guide mappings to annotated transcriptome

cufflinks?2

-u was set to improve distribution of reads mapping to more than one position
-G <file.gtf> was used to guide assembly to annotated transcriptome

cutadapt

-e(.1 was used to set the maximum fraction of errors for a match
-OS was used to require an adaptor match to be at least 5 bases long

fastq-quality-trimmer

-Q33 indicates the quality encoding

-125 was used to discard trimmed reads shorter than 25 bases
-t28 was set for the quality score threshhold

blastall

-p blastn was used for BLAST searches in nucleotide space between Z. mays
genome releases, while -p blastp was used for BLAST searches in protein

space between species
-m8 was set for a tabular output
-FF was set to turn off quality filtering, and thereby allow avoid excluding

perfect matches between different Z. mays genome releases
-ele-1 was set to skip any matches of a quality where 0.1 or more would be

expected by chance based on database size

McscanX

-w1, -k300, -m50, and -g-0.5 were set to err on the sensitive side while de-
tecting colinearity

Prank

+F was set as recommended for sequences with many insertions or deletions

Mafft

--auto was used

RaxML

-m PROTGAMMAIJTT was set to employ the JTT amino acid substitution
matrix with optimized substitution rates, and a gamma model of rate hetero-

genity including invariant sites.
-k was used to print branch lengths

-NautoMR was used to stop bootstrapping after convergence
-b 123 is used to set a seed for random numbers while bootstrapping
-p 12345 was used to set a seed for random numbers in parsimony inference

codeml

runmode = -2, model = 0, and Nssites = 0 F3x4 model were used to estimate

pairwise dN and dS
runmode = 0, seqtype = 1, CodonFreq = 2, model = 2, Nssites = 2, fix -

kappa = 0, and kapa = 2 were used for both null and alternative branch site

model
The nggative log likelihood of the null model with parameters fix_omega =

1 and omega = 1 in the null model was compared to the alternative model
with parameters fix_omega = 0 and omega = 1.5 to determine significance of
dN/dS signature >1 for the branch site models
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Supplementary Table 8: Tissues used for differnet analyses

Z. mays

‘ rp PS ‘ Leaf & husk | mature tissue specificity

6DAS _Prim_Root [31]
24H_Germ_seed [31]
16DAP_Embryo [31]
V3_Stem_SAM [31]
12DAP_W _seed [31]
10DAP_W _seed [31]
16DAP_W _seed [31]
14DAP_W _seed [31]
14DAP _Endopsperm [31]
12DAP _Endopsperm [31]
16DAP _Endosperm [31]
V9_13th_Leaf [31]
V9_11th_Leaf [31]

V9 _Immature_Leaves [31]
R2_13th Leaf [31]
VT_13th Leaf [31]

V9 _8th_Leaf [31]
V5_Tip_s-2_Leaf [31]

All primordia samples [30]
M5

M4

M3

M2

M1

BS5

BS4

BS3

BS2

BS1

T i S o Tl

T A A I e e A LS

S. italica

rp PS

M [35]

BS [35]

leaf ligule 4 + 1 [33]
leaf ligule 3 - 1 [33]
leaf ligule 3 + 2 [33]
leaf tip - 1 [33]

root [34]

stem [34]

leaf [34]

spica [34]

<
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