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Abstract

One of the most remarkable examples of convergent evolution is the tran-
sition from C; to C4 photosynthesis, an event that occurred on over 60
independent occasions. The evolution of Cy is particularly noteworthy be-
cause of the complexity of the developmental and metabolic changes that
took place. In most cases, compartmentalized metabolic reactions were fa-
cilitated by the development of a distinct leaf anatomy known as Kranz.
C4 Kranz anatomy differs from ancestral C; anatomy with respect to vein
spacing patterns across the leaf, cell-type specification around veins, and
cell-specific organelle function. Here we review our current understanding
of how Kranz anatomy evolved and how it develops, with a focus on studies
that are dissecting the underlying genetic mechanisms. This research field
has gained prominence in recent years because understanding the genetic
regulation of Kranz may enable the C;-to-Cy transition to be engineered,
an endeavor that would significantly enhance crop productivity.

249


https://doi.org/10.1146/annurev-genet-120417-031217
https://doi.org/10.1146/annurev-genet-120417-031217
https://www.annualreviews.org/doi/full/10.1146/annurev-genet-120417-031217

INTRODUCTION

Underpinning virtually all life on earth is the process of photosynthesis, whereby plants, algae, and
photosynthetic bacteria use light energy to fix inorganic carbon dioxide (CO,) into organic sug-
ars. The most common form of photosynthesis is termed C; because CO; is fixed by the enzyme
ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) into a three-carbon compound (3).
Despite its ubiquity, however, C; photosynthesis is hampered by the inability of RuBisCO to
faithfully distinguish between CO; and O,, leading to competing carboxylation and oxygenation
reactions (reviewed in 87). Oxygenation, which is elevated in hot, dry environments, yields phos-
phoglycolate, which has to be recycled in an energy-consuming process termed photorespiration
(reviewed in 4). Both temperature increases and drought stress thus increase photorespiration and
decrease photosynthetic efficiency in C; plants.

A variety of strategies to concentrate CO, around RuBisCO and thus to reduce photores-
piration can be found in nature. These include the carbon-concentrating mechanisms of many
cyanobacteria and green algae, and both crassulacean acid metabolism and C4 photosynthesis in
flowering plants (reviewed in 108). Of these divergent strategies, C4 photosynthesis is the most
agronomically important, because productive crop species such as maize, sorghum, and sugar-
cane are Cy, as are many weeds. The most common form of the C4 pathway (50) involves the
spatial separation of metabolic reactions between two cell types organized within a characteristic
leaf anatomy known as Kranz (named as such because Kranz is German for wreath and the two
cell types form wreaths around the leaf veins) (8, 48). CO, is initially fixed by an O,-insensitive
carboxylase into a four-carbon compound (hence C; pathway) in the outer mesophyll cells of the
leaf, and then the C4 compound is transferred to inner vascular sheath cells, where it is decarboxy-
lated to release CO, for refixation by RuBisCO (reviewed in 42, 71). This intercellular C4 shuttle
concentrates COj; at the site of RuBisCO, leading to low levels of photorespiration and enhanced
photosynthetic efficiency relative to C; plants, particularly in hot and/or dry environments.

The more efficient C4 pathway, which evolved from the C; pathway on multiple independent
occasions (114), accounts for approximately 25% of primary productivity on the planet despite
being used by only 3% of species (30, 132). The seeming ease with which the transition from
C; to Cy repeatedly occurred, combined with the superior productivity of the C4 pathway, has
prompted ambitious attempts to engineer C; crops such as rice to use the C;4 pathway (55, 140).
This goal can be achieved, however, only with a more substantial understanding of the fundamental
mechanisms that underpin both the metabolic pathway and the anatomical framework within
which it operates. Although the genes encoding enzymes of the C4 pathway were identified over
30 years ago (reviewed in 71), forward genetic screens over many years failed to provide any insight
into the genes that regulate Kranz anatomy (e.g., 72, 109). More recently, however, genome-wide
analyses have started to reveal the genetic complexity underpinning Kranz development (41,
145, 146, 148). In this review, with a focus on leaf anatomy, we cover both past successes and
future challenges in the endeavor to genetically dissect the developmental innovations that have
underpinned the evolution of Cy,

C4 LEAF ANATOMY
Single Cell Versus Kranz

In C; leaves of monocots and eudicots, veins are generally encircled by one or more layers of vas-
cular sheath cells (mestome sheath and/or bundle sheath) and are separated from adjacent veins by
at least six mesophyll cells. RuBisCO and, hence, C; carbon fixation primarily occur in the meso-
phyll cells, whereas vascular sheath cells load metabolites into the vein, provide structural support,
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Figure 1

Comparison of C3 and Cy leaf anatomy. Diagrams showing transverse cross sections of mature C3 rice (#) and C4 maize (b) leaves. Cell
outlines: upper and lower epidermis ( gray), sclerenchyma (strengthening tissue comprised of cells with thickened cell walls) (yellow),
vasculature (black), mestome sheath (blue), bundle sheath (dark green), and mesophyll (light and dark pink). The middle layer of
mesophyll cells (dark pink) highlights the difference in cell number between veins in C3 and Cy species. The localization of RuBisCO
enzyme accumulation (/ight green) also differs. Abbreviation: RuBisCO, ribulose-1,5-bisphosphate carboxylase/oxygenase.

and are proposed to facilitate cavitation repair during drought stress (reviewed in 47). Although
the C4 photosynthetic pathway can also operate in the context of single cells, with initial fixation
and subsequent decarboxylation reactions split between distinct intracellular compartments (33,
141), the majority of Cs4 species compartmentalize reactions between two distinct cell types in
the leaf. In Cy4 leaves with Kranz anatomy, concentric rings of photosynthetic vascular sheath and
mesophyll cells surround each vein, and adjacent veins are often separated by just two mesophyll
cells (8) (Figure 1).

Kranz Variations

The Kranz anatomy found in maize that is illustrated in Figure 1 is representative of the classical
NADP-ME subtype in which decarboxylation is carried out by NADP-dependent malic enzyme
in a single layer of bundle sheath cells surrounding each vein. There is, however, a great deal
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Table 1  Poaceae Kranz subtypes®
Anatomical variations
Number BS
Mestome | of BS cell suberin
Subtype sheath layers BS chloroplasts layer Other
Classical NADP-ME Absent 1 Agranal and centrifugal Present NA
(includes maize
and Setaria) (Figure 1)
Classical NAD-ME Present 1 Granal and centripetal Absent NA
Classical PEP-CK Present 1 Granal and centrifugal or | Present NA
peripheral
Arundinelloid Absent 1 Agranal and centrifugal Present Presence of distinctive cells
that are similar to BS but not
associated with a vascular
bundle
Aristidoid Absent 2 Agranal and centrifugal in | Absent NA
the inner Kranz BS,
granal and centripetal in
the outer BS
Stipagrostoid Present 1 Reduced grana and Absent NA
centripetal
Eriachneoid Present 1 Granal and centrifugal Absent NA
Neurachneoid Absent 2 Reduced grana and Present There are examples of this
centrifugal in the inner subtype with either
Kranz BS, few NADP-ME or PEP-CK
chloroplasts in the outer biochemistry. These are
BS associated with further
subtle anatomical variations.
Triodioid Present 1 Granal and centrifugal Absent BS form extensions toward
chlorenchyma.

*Table adapted from Reference 34.
Abbreviations: BS, bundle sheath; NA, not applicable; NADP-ME, nicotinamide adenine dinucleotide phosphate malic enzyme; NAD-ME, nicotinamide
adenine dinucleotide malic enzyme; PEP-CK, phosphoenolpyruvate carboxykinase.
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of variation in Kranz forms between species. Table 1 summarizes the variations found within
the Poaceae grasses (of which maize is a member), but note that similar variations are found in
other Cy lineages, both monocot and eudicot (C4 species evolved only within the angiosperms).
In the four subfamilies of the Poaceae that contain Cy species, there are at least nine distinct
Kranz forms (34). Between the nine forms, there are five key traits that differ: (#) the number of
bundle sheath cell layers around veins, (b) presence or absence of a mestome sheath, (¢) presence or
absence of a suberin layer between bundle sheath and mesophyll cells, (d) chloroplast positioning
in the photosynthetic vascular sheath cell layer (centripetal or centrifugal), and (e) chloroplast
dimorphism (or not) between photosynthetic vascular sheath and mesophyll cells. One further
anatomical feature of note is the presence of distinctive cells in the Arundinelloid subtype, which
are similar to bundle sheath cells in terms of both ultrastructure and C; enzyme expression, despite
not being associated with a vascular bundle (17, 23, 142). The observed variation in Kranz forms
presumably reflects the multiple evolutionary origins of the C4 pathway (114).
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Given the range of different Kranz types, can anything be considered a fundamental Kranz
trait? One feature that does not vary across two-cell C4 lineages is the presence of concentric
layers of outer mesophyll and inner vascular sheath cells. The outer mesophyll cell layer is ideally
placed to fix CO; that diffuses into the leaf through stomata, whereas the inner sheath layer enables
decarboxylation at the site of RuBisCO. The two layers are in close contact to allow the transfer
of metabolites. However, both vascular sheath and mesophyll cell layers are also present in C;
leaves, and thus the key Kranz traitis the functionalization of the vascular sheath for photosynthesis
rather than the presence of the distinct cell types per se. A second unifying feature of all Kranz
forms is a ratio of vascular sheath to mesophyll cell volume (per unit leaf area) that is higher
than in C; species, but even this shared trait can be realized in a number of different ways. For
example, increased vein density and/or vascular sheath cell size increase the proportion of vascular
sheath tissue in the leaf relative to that seen in C; leaves. In light of the variation observed, any
investigation into the genetic basis of Kranz development requires an understanding of both the
phylogenetic and ontogenetic origins of C4 leaf anatomy.

C4 EVOLUTION

Ecological Drivers

Despite the variations exhibited in both biochemistry and anatomy, C4 photosynthesis remains
one of the most striking examples of convergent evolution. The latest estimates suggest that there
are 66-68 angiosperm lineages containing Cy species, with eudicots and monocots accounting
for 36 and 30-32 of the lineages, respectively (46, 114, 116). Within the grasses, the so-called
PACMAD clade accounts for all 18 of the Cy4 lineages, with the sister BEP clade containing none
(138). Given the advantage of Cy4 in conditions where effective O,:CO, ratios are high, it is not
surprising that the first C4 origins coincided with a drop in atmospheric CO, around 30 million
years ago (12). However, many origins have been dated much later (13), and a number have been
correlated with periods of reduced annual precipitation (31) or associated with drought-tolerant
saline resistant lineages (61). These observations suggest that C4 may have been selected for—in
part—as a water-conserving method (105), but given that C, species are more prevalent at higher
temperatures in many habitats, temperature was also likely to have been an important ecological
driver (32). Analyses of evolutionary trajectories from C; to Kranz leaf anatomy should thus
view CO; levels, drought conditions, and temperature as potential agents of selection and should
consider likely anatomical transitions that might have occurred in the face of such environmental
pressures.

The C;-to-Kranz Trajectory

The independent origins of C4 are not evenly distributed across the angiosperm phylogeny, and
many lineages that have experienced seemingly conducive environmental conditions for C, evo-
lution contain no Cy species. Instead, Cy4 origins are clustered in certain clades, suggesting that
within those clades preadaptive or enabling traits were acquired prior to the evolution of Cy itself.
A number of recent studies have attempted to determine what those traits might be. One approach
quantified anatomical traits in C; and C4 species of the PACMAD and BEP grasses (which ac-
count for 18 and 0 origins of Cy, respectively) and concluded that C; PACMAD grasses had larger
vascular sheath to mesophyll cell volumes by comparison to BEP grasses (14). On the basis of this
study, it has been suggested that increased vascular sheath cell volume (either through increased
cell size or increased vein density) in some C; species may have been an enabling anatomical trait

www.annualreviews.org o Genetic Regulation of Kranz Anatomy



for the subsequent evolution of Kranz anatomy (14) and that this trait may have facilitated better
cavitation repair and thus enhanced fitness in the face of drought stress (47).

Other approaches aimed at dissecting the evolutionary transition from C; to C4 have exploited
the existence of so-called C; intermediate species that can be found in families that also contain
both C; and Cy species (114). These intermediates, which are characterized by the presence of a
glycine shuttle and restriction of glycine decarboxylase activity (and hence photorespiration) to
vascular sheath cells, were proposed to represent a crucial metabolic stepping stone from Cs to Cy
(96). This proposal was supported by a modeling approach that used photosynthesis parameters
to predict the evolutionary trajectory from C; to C4 metabolism (51). By randomly adding various
metabolic traits to the C; state, and by using the criterion that traits could be fixed only if they
increased overall fitness, the model mapped acquisition of the C, glycine shuttle to an early stage
of the trajectory, with evolution of the compartmentalized C,4 pathway mapping to a much later
point (51). A second model that mapped a phenotypic landscape based on both biochemical and
anatomical traits in C, intermediates similarly positioned the localization of glycine decarboxylase
activity in vascular sheath cells at an early stage in the trajectory and Cy cycle activation much later
(151). It has been proposed that the final metabolic transition to C4 could have been triggered
by a detrimental nitrogen imbalance between vascular sheath and mesophyll cells in C, plants
(caused by localized glycine decarboxylase activity in the vascular sheath) (92). Crucially, if such
an imbalance existed in ancestral C; species, it could have been ameliorated by the evolution of a
shuttle that moved nitrogen back from vascular sheath to mesophyll cells, a role that some of the
reactions in C; photosynthesis could fulfill (92).

Although there is general consensus around the likely metabolic transition from C; to Cs,
and agreement that metabolic changes were preceded by at least some anatomical modifications
(reviewed in 115), ordering the anatomical transitions along the evolutionary trajectory is not
straightforward. This is in part because many Kranz traits exist to a greater or lesser degree in C;
species and as such, the trajectory probably differed depending on the precise ancestral condition
in each lineage (88, 151). That said, analyses of both eudicot and monocot lineages point toward
two key intermediate steps (29, 65, 88, 97, 115, 117, 129). Studies in the eudicot genera Flaveria
and Heliotropium have been particularly informative in determining this trajectory because both
contain a number of C, intermediate species. In Flaveria, phylogenetic analysis resolved F. pringlei
and F. robusta as the closest C; species to the C; intermediates (64, 95). Conspicuously, both species
exhibit greater chloroplast and mitochondrial volumes in vascular sheath cells than do other C;
species in the genus (117). This suggests that the phenotype, which has been termed proto-Kranz,
was an enabler for the subsequent evolution of C,. Proto-Kranz anatomy has also been identified
in C; species of Heliotropium (97) and in C; grasses of the PACMAD clade, but not of the BEP
clade (65). Whether proto-Kranz has any fitness benefit (or cost) is not known, but RuBisCO ac-
cumulates in chloroplasts and glycine decarboxylase accumulates in mitochondria, suggesting that
the vascular sheath cells are functionalized for photosynthesis and photorespiration. Functional-
ization can occur in mestome and/or vascular sheath cells, can involve reorientation of organelles
within the sheath cells, and can be accompanied by increased vein density and/or ratio of vascular
sheath to mesophyll cell volume (14, 29, 65, 88, 97, 115, 117, 129). Notably, the single unifying
feature of the transition from C; to proto-Kranz, i.e., activation of organelle function in vascular
sheath cells, is also the single shared trait between all Kranz types (34) and is the only trait that
can clearly distinguish C; and C; species (88). The combined evidence from qualitative, quantita-
tive, and modeling approaches is thus consistent with a C;-to-Kranz trajectory that proceeded via
proto-Kranz and then C, intermediates; both steps require modification of organelle biogenesis
and function, with or without concomitant changes to vein density or vascular sheath cell volume.
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ONTOGENY OF KRANZ ANATOMY

Formation of Veins

The key features of Kranz anatomy are patterned early in leaf development, with the vascular
network providing the scaffold around which cell-type differentiation occurs. In both monocots
and eudicots, leaf primordia are formed on the flanks of the shoot apical meristem (SAM), with
distinct cell layers of the meristem contributing to different tissues in the leaf (reviewed in 130).
In eudicot SAMs there are three cell layers (L1, L2, and L3), whereas monocots comprise just L1
and L2. Procambial meristems that initiate vascular development in the leaf are normally formed
from L3- or L2-derived tissue in eudicots and from the innermost layer of L2-derived tissue in
monocots, although in all cases cell fate is dictated by cell position in the innermost layer rather
than by lineage (see Reference 131, for example).

The ontogeny of vascular development in C, plants has been studied primarily in maize (35,
112, 125) but also in other monocots (24, 134) and in eudicots such as Flaveria (94) and Cleome
(1, 69). In all cases, after a new leaf primordium is initiated, procambial tissue that will form the
midvein (the highest-rank order vein) is laid down acropetally (from base to tip). Depending on
species, the other major veins of the leaf then develop acropetally, basipetally (tip to base), or both,
before the lower-rank veins are initiated and develop basipetally (reviewed in 101). In eudicots,
vein ranks are referred to consecutively as primary (1°) (i.e., midvein), 2°, 3°, and so on. 2° veins
initiate from the midvein toward the leaf margins as the leaf lamina is formed, and then as the leaf
expands, 3° and lower-rank veins form the reticulate vascular network characteristic of eudicot
leaves. In monocots, the lowest-ranked veins have been inconsistently referred to as either small
or minor intermediate veins (6, 101, 112, 125) but are here termed rank-2 intermediate veins
(Figure 2). Both C; and C; monocots form lateral veins and rank-1 intermediate veins, whereas
rank-2 intermediate veins are found only in C4 leaves. A similar situation is seen in eudicots, for
example, Cy4 species of Cleorne form 1°—7°-ranked veins, whereas closely related C; species form
only 1°-6° ranks (69). The relatively high vein density associated with Kranz anatomy in Cy leaves
is thus achieved through the development of more lower-rank veins than in comparable C; leaves.
This observation suggests that ground meristem tissue in the innermost leaf layers of Cy4 leaves
remains competent to form procambium for longer than equivalent tissue in C; leaves, and, thus,
that a suppressor of mesophyll cell differentiation in the innermost leaf layer may be a key Kranz
regulator.

The timing and sequence of vascular initiation events in C4 leaves have also been most studied in
maize (summarized in Figure 2) (reviewed in 101). As in all grasses, maize leaves are characterized
by a series of longitudinal veins that run parallel to the proximo-distal leaf axis. Lateral veins are
formed approximately one plastochron (the time interval between primordia initiation) later than
midvein differentiation. Lateral vein initiation and extension are completed within the first four
plastochrons, whereas the initiation of both rank-1 and rank-2 intermediate veins continues to
plastochron 6 (125). The midvein, lateral veins, and rank-1 intermediates extend throughout the
leaf blade and sheath, whereas rank-2 intermediate veins are generally restricted to the leaf blade,
terminating near the blade-sheath boundary (112). As such, the leaf blade has classical Kranz
anatomy, whereas the leaf sheath has a more C;-like anatomy with wider spaced veins and 6-
8 mesophyll cells between adjacent vein pairs. Transverse veins that connect the longitudinal
veins across the mediolateral leaf axis are the last to be initiated and are formed in a basipetal
direction. Crucially, as intermediate veins are initiated and differentiate, they do so in a fixed
position relative to neighboring veins and appear to use existing veins as a positional landmark

(101).
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Leaf development in maize. (#) Direction of vein growth in the developing maize leaf blade: acropetal growth of midvein and lateral
veins (dark blue) and basipetal growth of rank-1 (orange) and rank-2 (black) intermediate veins. (b—d) Diagrams of transverse leaf cross
sections showing consecutive steps of tissue patterning. (b)) Procambium initiation (green) occurs in the innermost layer of ground tissue
(light blue). Procambium differentiates into various cell types to give vascular bundles, including bundle sheath (BS) cells. (c) Additional
procambium (green) is initiated from ground tissue (/ight blue) whilst adjacent lateral (dark blue) and rank-1 intermediate (orange) veins
are developing. (4) At the latter stages of leaf development, once veins have developed, e.g., lateral (dark blue) and rank-2 intermediates
(black), mesophyll (M) progenitor cells (zziddle layer, dark pink) divide to give the BS-M-M-BS radial tissue patterning seen in maize.

(e) Diagram of a transverse cross section of the mature maize leaf showing lateral vein (dark blue), rank-1 (orange) and rank-2 (black)
intermediate veins, and the middle layer of mesophyll cells (pink). Images adapted from Reference 148 with permission.
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Cell-Type Specification Around Veins

As veins develop, surrounding vascular sheath and mesophyll cells are specified from either pro-
cambial or ground meristem tissue. Interestingly, examination of cell division patterns across
multiple C; and C4 species demonstrated that the layer of vascular sheath cells closest to the vein
is always derived from procambium, but in cases where two vascular sheath cell layers are present,
the outer layer is derived from the surrounding ground meristem tissue (22). This distinction
means that it is possible for bundle sheath cells to be derived from either procambial or ground
meristem tissue, depending on whether an inner vascular sheath is present. For example, Cs rice
leaves have an inner mestome sheath and outer bundle sheath cell layer around veins, whereas
C4 maize leaves have a single bundle sheath layer. As such, both rice mestome sheath and maize
bundle sheath cells are derived from procambium, and both rice bundle sheath cells and maize
mesophyll cells are derived from ground meristem tissue (118). Given that procambial meristems
themselves arise from ground meristem tissue in the leaf, however, this distinction is essentially
one of timing.

Clonal analysis in maize revealed that mesophyll cells in the innermost leaf layer differentiate
from the L2-derived tissue that also gives rise to procambium and bundle sheath cells (74), and a
similar scenario was discovered in the C4 grass Stenotaphrum secundatum (134). The fact that both
bundle sheath and mesophyll cells originate from the same cell lineage indicates that the early
specification of bundle sheath and mesophyll cell types in maize must be induced by positional
signals, as opposed to lineage-based determinants. Later in development, however, when pro-
cambial centers have become committed to the vascular differentiation program, bundle sheath
cell specification is restricted to that lineage. At this point, aberrant periclinal divisions within the
bundle sheath cell layer result in two daughter bundle sheath cells, one of which is ectopically
positioned in the mesophyll cell domain (57). Because bundle sheath and mesophyll cells differ-
entiate in coordination with the vein they surround (i.e., cells around the midvein develop first
and those around rank-2 intermediate veins develop last) (75, 77), it was proposed that positional
signals emanating from developing veins induce the differentiation of C4-like bundle sheath and
mesophyll cells (76). This hypothesis was supported by the observation that in the husk leaves
of maize, where veins are separated by at least ten mesophyll cells as opposed to the two seen in
foliar leaves, cells more than a two-cell radius from a vein differentiated in a default manner as
C; mesophyll (78). Despite being proposed over 25 years ago, a role for vein-derived positional
signals in the patterning of bundle sheath and mesophyll cells of Cy leaves has yet to be validated
at a molecular level.

GENETIC REGULATION OF KRANZ DEVELOPMENT

Identification of Regulators

Traditional approaches to gene discovery such as forward genetic screens have offered little insight
into the genetic regulators that underpin the development of Kranz anatomy. Mutagenesis screens
with the C4 grass Panicum maximum produced several lines with abnormal vein spacing and one
wide vein spacing mutant (Jarge interveinal space 1) with a CO, compensation value characteristic
of C; photosynthesis (40). Unfortunately, however, these lines were lost before any molecular
characterization could be carried out. More recent screens of 30,000 M2 lines of Sorghum: bicolor
led to the identification of two wide vein spacing mutants, both of which were underpinned by
mutations in CYTOCHROME P450-90D2 (CYP90D2), a gene that encodes an enzyme in the
brassinosteroid biosynthesis pathway (109). In both mutants, altered vein spacing was caused by
an increase in mesophyll cell size and number, but the leaf blades were also thicker than normal and
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resembled leaf sheath tissue. It was thus concluded that perturbations in brassinosteroid synthesis
and/or downstream signaling resulted in a shift from blade to sheath domain identity, as opposed
to any specific disruptions to vascular patterning. More subtle phenotypes were reported to result
from mutations in maize orthologs of the Arabidopsis transcription factors AASHORTROOT
(AtSHR) and AtSCARECROW (AtSCR) (126, 127). In Arabidopsis, AtSHR and AtSCR work
together to specify cell types around vascular tissue in both the root and the shoot, with mutations
in either gene leading to obvious defects in cell patterning and/or differentiation (5, 26, 53, 68,
123, 153). By contrast, only mild perturbations were observed in the maize mutants, with some
vascular bundles exhibiting ectopic bundle sheath cells but many veins across the leaf developing
normally. Notably, the failure to identify Kranz-specific defects in experiments designed to screen
for mutations in single genes suggests either that mutations condition lethal phenotypes or that
multiple genes and/or extensive regulatory redundancy are likely to be involved.

Untangling the likely complex genetic networks underpinning Kranz development is a sig-
nificant challenge, but over the past few years transcriptomics-based approaches have provided
fresh insight. A study that was specifically designed to capture developmental regulators of Kranz
anatomy took advantage of two distinct leaf types in maize: the foliar leaves, which act as the
main photosynthetic tissue and exhibit conventional Kranz anatomy, and the husk leaves, which
exhibit more C;-like anatomy (78, 146). A similar developmental trajectory takes place in both
leaf types between plastochrons (P) 1 and 3, when the midvein and lateral veins are initiated. After
P3, however, the trajectory diverges in that rank-2 intermediate veins (and hence Kranz anatomy)
are initiated in foliar but not husk leaves (146). On the basis of this distinction, transcriptomes
were generated from both foliar and husk leaves at stages before (P1/2), during (P3/4), and after
(P5) Kranz initiation (146). Given the developmental trajectory, a positive regulator of Kranz
anatomy should be expressed at higher levels in foliar primordia than in husk primordia, prior to
P5. In contrast, a negative regulator should be expressed at higher levels in husk primordia than
in foliar primordia. Using these criteria, comparative expression analysis between the different
developmental stages in foliar and husk leaves identified 283 candidate positive regulators and 142
candidate negative regulators of Kranz anatomy, with additional candidates identified through co-
expression analysis (146). Prominentin the list of candidate regulators were many genes implicated
in auxin signaling, and genes related to the SHR/SCR pathway.

Determining the function of potential Kranz regulators identified through bioinformatic anal-
yses is not trivial when lists comprise more than a handful of candidate genes, not least because
there are currently no C, species that are suitable for high-throughput transgenic analysis. As
such, decisions about which (and how many) genes to work with are based at least in part on the
species being used as an experimental chassis. Thus far, functional analyses of Kranz development
have been carried out primarily in monocots—with maize and, more recently, green millet (Sezaria
viridis) (10, 15) being the most practical organisms of choice. Regardless of experimental system,
however, candidate gene lists still need to be prioritized for functional analysis. A first step in this
process is the correct assignment of gene orthology through accurate phylogenetic analysis. This
is not straightforward, however, in the context of C; versus C4 comparisons, because even with
the 1,000 plants (1KP) transcriptome data set (93), genome-wide information for C4; monocots
is relatively underrepresented. As a consequence, cross-referencing candidate gene lists against
other relevant transcriptome data sets is a necessity. For example, comparisons can be made with
data sets that highlight genome-wide expression differences between closely related Cs; and Cy
species (1,7,45,69,92,137, 143), between different developmental stages (79, 82, 83, 85, 106), and
between isolated bundle sheath and mesophyll cell types (135). This approach allows the spatial
and temporal expression dynamics of candidate genes to be mapped onto a range of phenotypic
landscapes with or without Kranz anatomy; thus, it enabled prioritization of the 283 candidate
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Figure 3

Steps of Kranz development. (#) Cells in the innermost leaf layer are competent (pale blue) to form
procambium. (b)) Procambium (P) (green) is initiated at intervals across the mediolateral leaf axis.

(¢) Procambial centers become committed to form vascular tissue (orange) [here rank-1 intermediate veins
(V) and surrounding bundle sheath (BS) cells]. (d) As cell divisions increase the leaf width, further procambial
centers are initiated between existing rank-1 intermediate veins. (¢) Mesophyll (M) cells ( pink) are specified
around rank-1 intermediate veins at the same time as rank-2 intermediate procambial centers become
specified (black). (f) BS and M cells around rank-1 intermediate veins become photosynthetic ( green fill) at
the same time as M cells are specified around rank-2 intermediates.

regulators identified in the maize foliar versus husk leaf analysis discussed above (41, 146). Ul-
timately, however, loss-of-function and gain-of-function analyses in planta are the only way to
validate the necessity and sufficiency of gene function.

A Contextual Framework for Kranz Regulation

To provide a framework for interrogating the genetic network underpinning Kranz anatomy, it
is useful to revisit the key steps in the developmental pathway. Figure 3 summarizes those steps:
(@) Cells of the innermost leaf layer become competent to form procambium, (b) procambium is
initiated, (c) procambium is committed to form vascular centers, (d) cell types are radially patterned
around veins, and (e) vascular sheath and mesophyll cells become photosynthetic. Importantly, two
key factors distinguish Kranz from C; anatomy during this process: First, cells in the innermost
leaf layer remain competent to form procambium for as long as cell divisions are increasing leaf
width (as such, intermediate veins fill gaps between existing adjacent veins), and second, vascular
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sheath (normally bundle sheath) cells become photosynthetic. While recognizing that the Kranz
developmental pathway is likely to be a continuum, both spatially and temporally, dividing the
process into the three steps of (#) procambium formation, (/) radial patterning of cell types around
veins, and () photosynthetic functionalization is a helpful way to interrogate potential underlying
genetic mechanisms. Each step will now be considered in turn.

Procambium Formation

For many years, auxin has been proposed as a regulator of vascular development. The canalization
theory hypothesizes that auxin induces de novo specification of procambial initials from within
a field of equivalent ground meristem cells and then guides the apical-basal trajectory of differ-
entiating veins via polarized flow through dividing cells (113). There is now molecular evidence
to support this theory, at least in the context of the Arabidopsis leaf where procambial centers
are initiated at sites of auxin maxima (121). These auxin maxima are formed when (and where)
neighboring cells with opposing polarity of the PIN-FORMED (PIN1) auxin efflux transporter
converge. Auxin accumulation at the convergence point is perceived by the auxin responsive tran-
scription factor MONOPTEROS/AUXIN RESPONSE FACTOR 5 (MP/ARFS) that then acts
to elevate PIN1 expression, the polar localization of which leads to canalization of auxin flow
through a narrow strand of preprocambial cells (119, 120). Crucially, MP/ARFS also activates ex-
pression of the HD-ZIP III transcription factor ARABIDOPSIS THALIANA HOMEOBOX 8
(AtHBS); this protein marks preprocambial cell identity, stabilizes PINT1 localization (27), and acts
to maintain meristematic competence in the procambial center (62). The stabilization of PINT1 re-
inforces flow along the developing procambial strand and thus prevents auxin maxima (and hence
new procambium) from forming in neighboring cells. Although the PIN1-MP/ARF5-AtHB8
feedback loop is sufficient to explain how auxin maxima induce vascular formation in Arabidopsis,
it is how many maxima form that distinguishes C; anatomy from Kranz anatomy. Indeed, higher
vein densities in the leaves of C4 eudicots relative to C; eudicots have been associated with elevated
levels of auxin biosynthesis and transport (56), but the mechanism that regulates precisely where
procambium is initiated, and how far apart procambial initials are spaced, is not known.

In both eudicots and monocots, a correlation exists between the ability of ground meristem
cells to proliferate and the extent to which procambium can be initiated. When cell proliferation
is compromised, for example by overexpression of a negative cell-cycle regulator in Arabidopsis
(63) or by mutation in the ABNORMAL VASCULAR BUNDLES (AVB) gene in rice (90), leaf size
is reduced and fewer veins are initiated in the leaf. In contrast, when cell proliferation is increased
by constitutive expression of the AINTEGUMENTA gene in Arabidopsis, leaves are bigger and
more veins are initiated (63). This association between cell proliferation and vein density is seen
most clearly in the uniform strap-shaped leaves of monocots, where in both C; and C4 grasses
there is a linear relationship between vein number and leaf blade width (21, 112). Given this
relationship, the development of a higher vein density within a leaf of any given width may require
a greater proportion of ground meristem cells to retain proliferation capacity through the specific
developmental time window when inductive signals are transmitted. In this scenario, proliferation
capacity could be a competence factor that distinguishes ground meristem cells in C; and Cy4 leaf
primordia, enabling more cells per unit area to respond to procambium-inducing auxin maxima
in Cy4 leaves than in C;.

Auxin is unlikely to regulate procambium initiation in monocots through an identical gene
network to that found in Arabidopsis, not least because monocots have more than one PINI gene
(103). However, auxin flow probably plays a role as evidenced by perturbed vascular development
in rice and maize leaves grown on polar transport inhibitors (120, 136), and auxin maxima may
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similarly arise through the formation of PIN1 convergence points (60), albeit with different PIN1
gene family members having distinct roles in this process (102, 121). Specifically, SISTER OF
PIN1 (SoPIN1) may act to establish convergence points in the epidermis, with PIN1a and PIN1b
diverting auxin flow into internal tissues, thus establishing preprocambial strands (103). The
question then becomes whether higher vein densities are established because auxin maxima are
more closely spaced in Cy4 leaves than in C; leaves or because more cells within a given field are
competent to receive the signal. In the mutant and transgenic lines of C; and C4 monocots that
have been characterized so far, plants with closer vein spacing than normal have narrower leaves
than wild type, and those with wider vein spacing have broader leaves (e.g., 37, 38, 109, 122, 128,
145). In the transition from C; to Kranz, however, the relationship between vein number and
leaf width has to be perturbed. As such, genuine regulators of procambium positioning during
Kranz development will be revealed only when manipulation of gene function, or maybe of auxin
maxima, leads to an increased number of longitudinal veins in a C; leaf, or to a decreased number
in a Cy leaf, without any alteration to leaf width.

Radial Patterning

It has previously been hypothesized that the patterning of vascular sheath and mesophyll cell types
in Kranz anatomy is analogous to radial patterning of endodermal and cortical cell types around
the root vasculature (35, 100). This suggestion arose because the vascular sheath layer in the shoot
and the endodermal layer in the root have long been considered analogous, despite arising from
different stem cell populations and at distinct developmental points (36). Comparative analyses of
the SHR/SCR pathway have given traction to the idea of a shared patterning mechanism in shoots
and roots, but other studies have suggested that in leaves the pathway regulates cell proliferation
rather than cell patterning per se (25). Whether patterning or proliferation, however, there is
currently no evidence to suggest that there is a distinct variant of the SHR/SCR pathway that
operates around veins of C; as opposed to Cy leaves.

In Arabidopsis roots, AtSHR is transcribed and translated in the vasculature, and the protein
moves into the adjacent cell layer where it is bound and sequestered to the nucleus by AtSCR
(20, 52). Together, this AtSHR/AtSCR complex regulates the expression of a suite of target genes
that specify endodermal identity (18, 43, 81, 98). Furthermore, nuclear sequestration by AtSCR
prevents AtSHR movement beyond the endodermis (20, 52). The absence of AtSCR and AtSHR
in the cell layer adjacent to the endodermis leads to the formation of cortex. In shoots of Atscr
and Atshr mutants, misspecification of cell types in the hypocotyl leads to aberrant gravitropic
responses (68) and bundle sheath cell formation is impaired in the leaf (19). Interestingly, AtSHR
is one of the genes that is coexpressed with AtHB§ during procambium initiation in the Arabidopsis
leaf (44), providing a direct link between vein formation and the patterning of surrounding cell
types. Although discovered in Arabidopsis, three pieces of evidence point to AtSCR and AtSHR
function being conserved in monocots: () The rice OsSHR protein is mobile in Arabidopsis (152)
and interacts with AtSCR in vitro (20), (b) the maize ZmSCR1 gene complements the A#ser mutant
phenotype (84), and (¢) both the OsSHR and AtSHR proteins induce supernumerary cortical cell
layers when overexpressed in rice (54).

Transcriptome data sets have identified SHR and SCR orthologs as candidate regulators of
Kranz anatomy (41, 145, 146). In maize, ZmSHRI is expressed in both the developing vasculature
and bundle sheath cells (11, 82), whereas ZmSCRI is preferentially expressed in bundle sheath
cells (11, 82). These expression profiles and the phenotypes of Zmscrl and Zmshrl mutants (126,
127) support a role for the SHR/SCR pathway in the regulation of radial patterning around leaf
veins in maize and are consistent with the proposal that bundle sheath and mesophyll cell types
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are specified by a positional signal emanating from the veins (76). However, a number of issues
need to be resolved; for example, the phenotypes of both Zmscrl and Zmshrl mutants are subtle,
with most of the vascular bundles in each leaf developing normally (126, 127). This observation
suggests genetic redundancy, either in terms of individual genes or at the pathway level. Notably,
there was a duplication of SHR at the base of the monocots, such that the majority of monocot
genomes encode SHR1 and SHR2 genes orthologous to ArSHR. The situation in maize is further
complicated by the recent maize whole genome duplication, which led to homeolog duplicates of
both ZmSCR1 and ZmSHR?2 (but not ZmSHRI).

In Arabidopsis, INDETERMINATE DOMAIN (IDD) genes such as AtJACKDAW (AtJKD)
modulate activity of the SHR/SCR pathway (86, 104, 150). Three IDD genes have been identified
as candidate Kranz regulators (41, 146). One is NAKED ENDOSPERM]1 (ZmNKD1), which acts
redundantly with the duplicate ZmNKD? to regulate cell patterning in the aleurone (155), and the
other two are ZmRAVENI (ZmRVNI) (previously ZmIDD?2) and ZmIDD14. Consistent with a role
in modulating the activity of either ZmSCRI or ZmSHRI during Kranz development, ZmNKD1
is preferentially expressed in mesophyll cells and ZmRVNI is preferentially expressed in bundle
sheath cells of mature maize leaves (11, 82). Given the number of genes involved, however, and
the presence of homeologs for many of them (at least in maize), functional analysis of this pathway
is likely to take years, particularly because validation of a specific role in Kranz patterning will
require elucidation of function in both C; and C; grasses.

Functionalization of Vascular Sheath Cells for Photosynthesis

Differences between developmental processes in bundle sheath and mesophyll cells result in cell
types with distinct chloroplast morphology and metabolism in both C; and C4 species (2, 66,
70, 80, 91). Insight into mechanisms operating in C4 plants has been gained from forward mu-
tagenesis experiments in maize, where screens for cell-type-specific perturbations in chloroplast
development identified a class of bundle sheath defective mutants but failed to identify mutants with
perturbed mesophyll chloroplast development (9, 72, 73, 111). Although these screens were by no
means exhaustive, one interpretation of the failure to identify mesophyll-specific defects is that any
such perturbations negatively impacted bundle sheath development, resulting in general rather
than cell-specific chloroplast defects. In this scenario, chloroplast development in maize bundle
sheath cells is dependent on signals from adjacent, functional mesophyll cells. Intriguingly, the op-
posite is inferred from mutagenesis in C; eudicots (mainly Arabidopsis), where a class of reticulated
mutants has been identified in which bundle sheath cells differentiate normally but mesophyll cell
development is abnormal (reviewed in 89). Most of the reticulated phenotypes are caused by mu-
tations in genes encoding plastid-localized proteins that are involved in primary metabolism, but
counterintuitively, at least some of the genes are expressed preferentially in vasculature-associated
cells rather than mesophyll cells (67, 133, 139). On this basis, it has been proposed that meso-
phyll cell differentiation in C; eudicots is dependent on metabolic signals (and/or supplies) from
adjacent veins and/or vascular sheath cells. Inevitably, comparisons between Cj; eudicots and Cy
monocots are complicated by the overlapping effects of C; versus C; and eudicot versus monocot
traits, but the suggestion that metabolites function non-cell-autonomously to regulate chloroplast
development in bundle sheath and mesophyll cells of both C; and C, plants (albeit with possibly
opposing signal/receiver roles) is one that could focus future studies.

Although chloroplast biogenesis is regulated by many non-cell-autonomous signals, both en-
vironmental (e.g., light) and developmental, cell-autonomous processes also play a role, with
nuclear-encoded transcription factors regulating the accumulation of many plastid-targeted prod-
ucts. Maize GOLDEN2 (ZmG?2) was the first of these regulators to be identified, following the
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isolation of a mutant with a bundle sheath defective phenotype (16, 49, 58, 73). Genome-wide
expression profiles of isolated bundle sheath and mesophyll cells from a number of C4 monocots
and eudicots have also been used to identify potential transcriptional regulators of photosynthetic
development in each cell type (1, 11, 28, 59, 82, 107, 135). To date, however, only ZmG2 has
been functionally validated as a cell-specific regulator, with mutant plants exhibiting rudimentary
chloroplasts in bundle sheath cells but normal mesophyll cell chloroplasts (16, 73). ZmG2 encodes
a myb-related transcription factor of the GARP family (49) that is expressed preferentially in
bundle sheath cells, whereas the related gene ZmG2-likel (ZmmGLKI) is expressed preferentially
in mesophyll cells (110). This distinction contrasts with the situation in Cs plants, where if more
than one GLK gene is present in the genome, the genes act redundantly to promote photosyn-
thetic development of mesophyll cells (39, 144, 154). Direct targets of GLK activity, at least in
Arabidopsis, include a suite of genes encoding enzymes of the chlorophyll biosynthesis pathway and
proteins required for light harvesting (149). On the basis of phylogenetic and expression analyses
in a range of C; and C; species, it has been hypothesized that gene duplication and subsequent
differential expression of G2 and GLKI may have enabled C, evolution through neofunctionaliza-
tion of GLK protein activity between the two cell types (144). Although this scenario is likely too
simplistic, expression of either ZmG2 or ZmGLKI from the constitutive maize ubiquitin promoter
is sufficient to induce the sustained development of vascular sheath cell chloroplasts (both bun-
dle sheath and mestome sheath) in rice (147), whereas constitutive activation of the endogenous
OsGLKI gene does not have the same effect (99). This difference suggests either that the maize
transgenes are not regulated in the same way as endogenous rice genes (transcriptionally and/or
posttranscriptionally) or that orthologous transcription factors from Cs and Cy species may have
inherently distinct effects on chloroplast development.

PROSPECTS FOR ENGINEERING KRANZ ANATOMY IN C; PLANTS

Attempts to engineer C; crops such as rice to use the C4 pathway are currently held back by
uncertainty over how Kranz anatomy is regulated in Cy species. In an ideal world, elucidating
the genetic mechanisms that underpin Kranz anatomy would be completed prior to engineering
efforts. However, with the pressing need to increase rice yields, and the potential for Cy rice
to achieve that goal (55, 140), engineering attempts need to be made in parallel with discovery
approaches. Thus far, constitutive expression of candidate Kranz regulators from maize has failed
to induce Cy-like leaf anatomy in rice (145), a result that is perhaps not surprising given the likely
complexity of regulatory mechanisms. Indeed, multiple genes may need to be modified simulta-
neously, with precise control of both spatial and temporal expression domains. Discovering the
nature of those control mechanisms will take time, not least because gain-of-function experiments
often bring about unexpected phenotypes. For example, expression of ZmSHRI in rice bundle
sheath cells has no effect on vascular development or on bundle sheath cell specification but leads
to the formation of supernumerary stomatal files in the overlying epidermis (124). This phenotype
indicates that the SHR pathway may coordinate the positioning of veins and stomata in monocot
leaves, a suggestion that is consistent with the fact that stomatal files are always positioned above
(and/or below) the flanks of vascular bundles in the leaf. Although this hypothesis needs further
testing, it is the first to propose a molecular link between the patterning of veins and stomata.
As such, an engineering approach has provided novel insight into a fundamental developmental
process. In a similar fashion, a possible mechanistic explanation for a key evolutionary event was
provided by the recent finding that constitutive expression of either ZmG2 or ZmGLKI in rice
induces organelle development in bundle sheath cells to the same extent as seen in proto-Kranz
species (147). The finding that modification of a single gene can recapitulate the transition from
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C; to proto-Kranz suggests that the steps from proto-Kranz through C; to C4 may be similarly
straightforward once the key anatomical regulators are identified. Advances in transcriptomic
approaches, genome editing technologies, and Kranz-related genetic resources mean that past
hindrances to identification are quickly dispersing, and with collaborative efforts, the prospects
for finding these regulators and engineering Kranz are brighter than ever before.
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