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Abstract
In C4 plants, the enzymatic machinery underpinning photosynthesis can vary, with,
for example, three distinct C4 acid decarboxylases being used to release CO2 in the
vicinity of RuBisCO. For decades, these decarboxylases have been used to classify
C4 species into three biochemical sub-types. However, more recently, the notion that
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C4 species mix and match C4 acid decarboxylases has increased in popularity, and as
a consequence, the validity of specific biochemical sub-types has been questioned.
Using five species from the grass tribe Paniceae, we show that, although in some
species transcripts and enzymes involved in multiple C4 acid decarboxylases accumulate, in others, transcript abundance and enzyme activity is almost entirely from one
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decarboxylase. In addition, the development of a bundle sheath isolation procedure
for a close C3 species in the Paniceae enables the preliminary exploration of C4 subtype evolution.
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I N T RO DU CT I O N

generates high concentrations of CO2 around RuBisCO. In many C4
plants, the release of CO2 occurs in bundle sheath (BS) cells

C4 photosynthesis is often considered the most productive mecha-

(Furbank, 2016; Hatch, 1992; von Caemmerer et al., 2017). Although

nism by which plants convert sunlight into chemical energy (Kopriva &

this pump demands additional ATP inputs, in warm environments

Weber, 2021; Niklaus & Kelly, 2019; Sage, 2004; Wang et al., 2012).

where RuBisCO catalyzes high rates of oxygenation (and therefore

The C4 pathway leads to increased photosynthetic efficiency because

photorespiration), the C4 pathway increases photosynthetic efficiency

high concentrations of CO2 are supplied to RuBisCO. Since its discov-

compared with the ancestral C3 state.

ery in the 1960s (Hatch & Slack, 1966), a unified understanding of the

Elucidation of the C4 pathway was initially based on analysis of

biochemistry underpinning C4 photosynthesis has emerged. This basic

sugarcane (Saccharum spp. L.) and maize (corn, Zea mays L.), which

system comprises a biochemical pump that initially fixes HCO3 into

both use the chloroplastic NADP-DEPENDENT MALIC ENZYME

C4 acids in mesophyll (M) cells. Subsequently, diffusion of these C4

(NADP-ME) to release CO2 in BS cells. However, it became apparent

acids into a separate compartment, followed by their decarboxylation,

that not all species used this chloroplastic enzyme. For example,
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Megathyrsus maximus (formerly Panicum maximum), Urochloa texanum

Cenchrinae, Melinidinae, and Panicineae (CMP) form a well-supported

(formerly Panicum texanum), and Sporobolus poiretti used the cytosolic

phylogenetic clade of C4 species with many C3 species sister to the

enzyme PHOSPHONENOLPYRUVATE CARBOXYKINASE (PEPCK)

clade (Grass Phylogeny Working Group II, 2012; Vicentini et al., 2008;

(Edwards et al., 1971) to release CO2 in the BS, whereas Atriplex

Washburn et al., 2015). Studies based solely or predominantly on

spongiosa and Panicum miliaceum showed high activities of the mito-

nuclear genes have confirmed this CMP clade, but nuclear gene phy-

chondrial NAD-DEPENDENT MALIC ENZYME (NAD-ME) (Hatch &

logenies show a slightly different relationship between the CMP clade

Kagawa, 1974). These findings led to the consensus that different C4

and other species in the Paniceae by placing the subtribe

species made preferential use of one C4 acid decarboxylase and

Anthephorineae as sister to the CMP clade and the C3 relatives then

resulted in the classification of C4 plants into one of three distinct bio-

sister to this combined clade. These phylogenies support a CMPA

chemical pathways (Edwards et al., 1971; Hatch et al., 1975; Hatch &

clade of C4 species potentially sharing a single C3 ancestor (Vicentini

Kagawa, 1976). According to Furbank (2016), there was some early

et al., 2008; Washburn et al., 2017). This clade is here referred to as

discussion about whether the sub-types were mutually exclusive or if

the CMP(A) clade in order to indicate the incongruence found

one species might employ two or more sub-types together, but in

between nuclear and chloroplast phylogenies (Figure 1). The analyses

general, the sub-types were described as distinct (Hatch, 1987).

here performed are equally valid regardless of the inclusion of

For several decades, this description of three sub-types has been

Anthephorineae.

standard practice (Hibberd & Covshoff, 2010; Sheen, 1999) and even

How and why C4 photosynthesis and its sub-types evolved has

used in taxonomic classification (Brown, 1977). However, more recent

been

work has provided evidence that some C4 species use multiple C4 acid

Raghavendra, 1980; Rawsthorne, 1992; Sage, 2001, 2004; Sage

investigated

for

many

years

(Langdale,

2011;

decarboxylases. Maize, for example, was traditionally classified as

et al., 2012; Schluter & Weber, 2020). Current hypotheses suggest an

using NADP-ME, but evidence has mounted that it and sugarcane

intermediate C3–C4 stage in which a photorespiratory pump operated

both have high activities of PEPCK (Bellasio & Griffiths, 2013; Cacefo

(Blätke & Bräutigam, 2019; Bräutigam & Gowik, 2016; Heckmann

et al., 2019; Furbank, 2011; Koteyeva et al., 2015; Majeran

et al., 2013; Mallmann et al., 2014; Sage, 2004; Sage et al., 2012).

et al., 2010; Pick et al., 2011; Sharwood et al., 2014; Walker

Each C4 sub-type would require at least some distinct evolutionary

et al., 1997; Wang et al., 2014; Weissmann et al., 2016; Wingler

innovations, and the question of how or why multiple sub-types

et al., 1999). This blurring of the NADP-ME C4 sub-type coincided

would evolve from the same C3 ancestor remains unanswered,

with observations that many plants with high amounts of PEPCK also

although some evidence suggests it could be related to light quality

contained either NADP-ME or NAD-ME (Furbank, 2011). Further-

and/or

more, computational models of the C4 pathways suggested that BS

Bräutigam, 2019; Pinto et al., 2016; Sonawane et al., 2018).

nutrient

availability

(Arp

et

al.,

2021;

Blätke

&

energy requirements could not be met in a system with only PEPCK

To better determine whether the PEPCK pathway represents a

decarboxylation (Wang et al., 2014). It has therefore been suggested

true biochemical sub-type and investigate the extent to which C4 spe-

that PEPCK may never function on its own as a distinct sub-type

cies make use of mixtures of C4 acid decarboxylases, global patterns

(Bräutigam et al., 2014; Furbank, 2011; Wang et al., 2014).

of mRNA abundance were assessed from BS- and M-enriched sam-

Alternatives to the three sub-type classification have since been

ples across phylogenetically spaced C4 plants that were traditionally

proposed and used in a number of recent publications. These include

defined as exclusively using one of each of the C4 sub-types. These

a two-sub-type system (based on the use of NADP-ME or NAD-ME),

species belong to each subtribe of the CMP(A) described above. The

as well as a four-sub-type classification placing species into NADP-

C3 species Sacciolepis indica, another member of the Paniceae and sis-

ME, NAD-ME, NADP-ME + PEPCK, and NAD-ME + PEPCK sub-

ter to the CMP(A) clade (sister to CMP in chloroplast phylogeny and

types (Rao & Dixon, 2016; Wang et al., 2014; Washburn et al., 2015).

sister to CMPA in nuclear phylogeny), was included in the analysis to

At present, none of these classification schemes have been widely

provide insight into the ancestral state and evolutionary transition

adopted by the community. Moreover, convincing experimental evi-

from C3 to different C4 sub-types (Washburn et al., 2015, 2017). A

dence (i.e., transcriptomic or proteomic data) that species traditionally

simple method was developed for isolating BS cells from the C3 spe-

defined as belonging to the PEPCK sub-type actually use another C4

cies S. indica.

acid decarboxylation enzyme at a higher level than PEPCK is lacking,
whereas enzyme activity measurements in the older literature indicate
strong

PEPCK

predominance

for

several

species

(Gutierrez

2
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et al., 1974; Lin et al., 1993; Prendergast et al., 1987).
Only one group of species, the tribe Paniceae (Poaceae) has been

2.1

|

Plant materials

documented to contain all three classical biochemical sub-types of C4
photosynthesis together in a pattern consistent with a single C4 origin

Accessions from five plant species were used in this study: Setaria

(Sage et al., 2011). The subtribe Cenchrinae consists of species using

italica yugu1, Urochloa fusca LBJWC-52, Panicum hallii FIL2, Digitaria

the classical NADP-ME C4 sub-type, the subtribe Melinidinae the

californica PI 364670, and S. indica PI 338609. More details on the

PEPCK sub-type, and the Panicinae the NAD-ME sub-type (Gutierrez

accessions can be found in Washburn et al. (2015) with exception of

et al., 1974; Lin et al., 1993; Prendergast et al., 1987). The subtribes

P. hallii FIL2, obtained from Thomas Juenger of the University of
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F I G U R E 1 Phylogenetic relationships
between a subset of species in the grass
tribe Paniceae (Poaceae). The
photosynthetic type (C3 or C4) and C4
sub-type of each species is labeled in the
colored triangle next to it. NAD-ME, NADDEPENDENT MALIC ENZYME; NADP-ME,
NADP-DEPENDENT MALIC ENZYME;
PEPCK, PHOSPHONENOLPYRUVATE
CARBOXYKINASE. (a) Phylogeny based on
nuclear genes (Vicentini et al., 2008;
Washburn et al., 2017). (b) Phylogeny
based on chloroplast genes (Washburn
et al., 2015)

Texas at Austin with further details at P. hallii v2.0, DOE-JGI, http://

damaged to the point that the purity of M sap obtained from them

phytozome.jgi.doe.gov/.

was called into question. Leaves that were rolled gently enough not to

Plant materials for RNA sequencing (RNA-Seq) were grown in

damage the BS strands and contaminate the M sap resulted in sap

controlled growth chambers at the University of Missouri in Columbia.

with insufficient quantities of RNA for sequencing. It is our opinion

Plants were grown under 16 h of light (from 6:00 a.m. to 8:00 p.m.)

that M sap could be sampled using (1) low-input mRNA extraction and

and 8 h of darkness with temperatures of 23 C during the day and

sequencing procedures, (2) a more precise instrument for leaf rolling



20 C at night. Lights were placed between 86 and 88 cm above the

such as that described by Leegood (1985), and/or (3) further experi-

plants providing approximately 250 μmol of light at plant level. Plant-

mentation with the developmental stage at which M sap is extracted.

ings were grown in four replicates in a completely randomized design

This resulted in a total of 30 samples used for RNA extraction,

with 32 plants per replicate (except for S. indica where plants were

sequencing, and analysis, consisting of three replicates of BS and M

smaller and grown with 64 plants per replicate). The third leaf was

(or whole-leaf [WL] tissue for the C3) respectively for each of the five

sampled between 11:00 a.m. and 3:00 p.m. using established leaf

species.

rolling and mechanical BS isolation methods with some modifications
(see the supporting information) (Chang et al., 2012; Covshoff
et al., 2013; John et al., 2014; Sheen & Bogorad, 1985). Due to time

2.2

|

Sequencing

and cost constraints, only three of the four replicates (each based on a
pool of 32 or 64 plants respectively) were processed for sequencing.

RNA was extracted using the PureLink® RNA Mini Kit (Invitrogen,

The protocol used for obtaining BS strands in S. indica was the

Carlsbad, CA, USA), and mRNA-Seq libraries were constructed and

same as that used for the C4 species. Variations on the amount of

sequenced by the University of Missouri DNA Core Facility using the

time for each blending step were investigated, but only resulted in

TruSeq Stranded mRNA Sample Prep Kit (Illumina, Inc., San Diego,

higher levels of contamination as viewed under a microscope. That

CA, USA) and the Illumina HiSeq and NextSeq platforms.

said, even when microscopic examination indicated higher contamination levels in some S. indica BS samples, transcript abundance levels
were qualitatively similar to samples with less apparent contamina-

2.3

|

Analysis

tion. One step that may have been key to the isolation of C3 BS
strands was the use of leaf rolling on the sampled leaves just prior to

Each mRNA sample was quality trimmed and mapped to the Sorghum

the BS strand isolation procedure (Furbank et al., 1985; John

bicolor genome Version 3.1.1 (DOE-JGI, 2017; Paterson et al., 2009).

et al., 2014). This enables the removal of at least some M sap prior to

All species were mapped to S. bicolor because reference genomes do

BS isolation.

not exist for some of the species in this study and the reference

M-enriched samples where not successfully obtained for S. indica

genomes that do exist are of variable quality leading to bias. Mapping

in this study because of the sensitivity of the C3 leaves to rolling. Very

all species to S. bicolor, which is equally related to all, also allows for

small amounts of leaf rolling pressure resulted in the leaves becoming

orthology assignment during the mapping step as opposed to later in
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the process. This resulted in mapping rates of around 50% for all spe-

ADP, and 50-mM KHCO3. Background rates were measured for

cies. Although this is a low mapping rate compared with typical within

5 min, then 1.2 U of malate dehydrogenase was added, and rates

species mapping experiments, it is sufficient for comparing the

were measured for a further 5 min. Assays were initiated with the

expression of most genes, particularly those that are well conserved

addition of 2-mM phosphoenolpyruvate (PEP). For NAD-ME activity,

across species, such as the photosynthesis-related genes here exam-

assay buffer contained 25-mM HEPES–NaOH pH 7.2, 5-mM L-malic

ined. Raw sequence was processed using Trimmomatic and Trinity

acid, 2-mM NAD, 5-mM DTT, and 0.2-mM EDTA. Background rates

v2.8.4 following the workflows outlined on the Trinity website (Bolger

were measured for 5 min, and then 24-mM MnCl2 and 0.1-mM coen-

et al., 2014; Grabherr et al., 2011; Haas et al., 2013). This processing

zyme A were used to initiate the reaction. For NADP-ME activity,

included the use of eXpress and Bowtie2 for read mapping and cou-

assay buffer contained 25-mM tricine–KOH pH 8.3, 5-mM L-malic

nting as well as edgeR and DESeq2 for differential expression analysis

acid, 0.5-mM NADP, and 0.1-mM EDTA. Background rates were mea-

(Langmead & Salzberg, 2012; Li & Dewey, 2011; Love et al., 2014;

sured for 5 min, and the assays were initiated with 2-mM MgCl2.

McCarthy et al., 2012; Robinson et al., 2010). A list of known C4 pho-

All assays were performed in 96-well plates at 25 C in a CLARI-

tosynthesis genes was compiled on the basis of the literature; a cus-

Ostar Plus plate reader (BMG Labtech) in 200-μl reactions with absor-

tom script and BLAST were then used to find the appropriate

bance at 340 nm measured every 60 s until steady states were

homologous genes and to compare their relative abundance levels

reached. Rates were calculated as the rate of reaction from the initial

(Bräutigam et al., 2014; Camacho et al., 2009; Chang et al., 2012;

slope of the reaction minus any observed background rate. Rates

Covshoff et al., 2013; John et al., 2014; Rao et al., 2016; Tausta

were normalized to both protein concentration, measured using the

et al., 2014). For comparisons across all cell types and species within

Qubit Protein Assay (Life Technologies), and chlorophyll concentra-

this study, the trimmed mean of M-values (TMM) method described

tion, extracted using 80% acetone and calculated as in Porra

by Robinson and Oshlack (2010) as implemented in DESeq2 was used.

et al. (1989).

Adjusted p values were calculated by the software and represent an

It should be noted that assaying PEPCK activity is known to be

adjustment to the standard p value to account for multiple testing. All

challenging with several potential sources of error. It has been previ-

scripts and workflows used in the analysis can be found in a Bitbucket

ously reported that the forward (decarboxylation) reaction is about

repository

2.6 times faster than the reverse (carboxylation) reaction (Ashton

at

https://bitbucket.org/washjake/paniceae_c4_m_bs_

et al., 1990), but this amount could be greater or less in our species of

mrna/.

interest and depending on conditions. Additionally, N-terminal cleavage and rapid loss of activity have been reported in the assay,

2.4

|

Enzyme assays

although we tried to address this using published methods to reduce
proteolysis and loss of activity by extracting with high pH and DTT

Enzyme activity assays were performed on the basis of methods

(Walker et al., 1995, 1997). PEPC activity could potentially contribute

described in (Ashton et al., 1990; Marshall et al., 2007). Samples were

to higher than expected levels of PEPCK, but we controlled for this

grown in growth chambers at the University of Cambridge, UK, and

using a high pH buffer (Ashton et al., 1990). Flexibility in the amount

growth conditions were matched as closely as possible to those

of PEPCK produced under different conditions, particularly nitrogen,

above. The temperature was a constant 20 C, 60% humidity,

has also been documented (Arp et al., 2021; Delgado-Alvarado

300-μmol light at plant level, and 16 h of light. Plants were sampled at

et al., 2007; Walker et al., 1999). Although care was taken to grow the

a similar age, growth stage, and leaf to the RNA-Seq samples. Samples

RNA and enzyme activity samples in similar conditions, they were

were prepared by grinding leaf tissue with a pestle and mortar in

grown at different institutions and may have experienced some slight

extraction buffer and then centrifuged at 13,000 g, and supernatant

differences in environment.

was taken.
Preliminary experiments were carried out to ensure that all
enzyme assays performed linearly across different concentrations. For

2.5

|

RNA in situ hybridization

PEPCK assays, we used the Walker and Leegood method that was
developed to reduce proteolysis and which has been used extensively

Each of the genotypes was grown in a climate-controlled growth

(Häusler et al., 2001; Marshall et al., 2007; Sharwood et al., 2016;

chamber at 50% relative humidity in 16:8 light-to-dark cycles at

Sommer et al., 2012; Walker et al., 1995). PEPCK extraction buffer

29.4 C and 23.9 C day and night temperature, respectively. These

consisted of 200-mM bicine–KOH, pH 9.0, 20-mM MgCl2, and 5-mM

conditions were different from the original mRNA samples due to the

DTT. NAD-ME extraction buffer consisted of 50-mM HEPES–NaOH

logistics of growth chamber availability. However, because the results

pH 7.2, 50-mM tricine, 2-mM MnCl2, 5-mM DTT, 0.25% w/v PVP

appear to support those from the RNA-Seq at a lower temperature, it

40000, and 0.5% Triton X-100. NADP-ME extraction buffer consisted

does not appear that this temperature difference had a strong impact.

of 50-mM HEPES–KOH pH 8.3, 50-mM tricine, 5-mM DTT, and

Replicates of fully expanded leaf three were harvested from each

0.1-mM EDTA.

genotype when plants were at vegetative stage 4 (V4) when the

For PEPCK activity, assay buffer contained of 80-mM MES–

fourth leaf collar was visible. Along the longitudinal length of the leaf

NaOH pH 6.7, 0.35-mM NADH, 5-mM DTT, 2-mM MnCl2, 2-mM

blade, midsections of blade tissue were dissected in 3.7% FAA at 4 C.
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Samples were vacuum infiltrated and fixed overnight at 4 C in 3.7%

PEPCK were more abundant in BS strands (Figure 3b). The abundance

FAA. Leaf samples were dehydrated through a graded ethanol series

of transcripts relating to C4 photosynthesis in the C3 species S. indica

(50%, 70%, 85%, 95%, and 100%) with three changes in 100% etha-

was also consistent with current knowledge of metabolism in the BS



nol; all changes were 1 h each at 4 C except for the last 100% etha-

of C3 species. For example, RBCS and RCA were more abundant in

nol, which was overnight at 4 C. Samples were then passed through a

WL samples than in the BS.

graded HistoChoice® (Sigma-Aldrich) series (3:1, 1:1, and 1:3 ethanol:
HistoChoice) with three changes in 100% HistoChoice; all changes
were 1 h each at room temperature. Samples were then embedded in
Paraplast Plus® (McCormick Scientific), sectioned to 10 μm, and

3.2 | Some Paniceae lineages use classical subtypes, and others mix C4 acid decarboxylases

hybridized as described previously (Strable & Satterlee, 2021). Two
fragments for PEPCK consisted of 450 bp of the CDS (synthesized
0

S. italica, classically considered an NADP-ME sub-type species,

from JSC4-6 and JSC4-7 primers) and 456 bp of the 3 end that

showed high transcript levels for NADP-ME and NADP-MDH in BS

included UTR (JSC4-4 and JSC4-5). Two fragments for NADP-ME con-

and M cells, respectively (Figure 4a). In addition, consistent with the

sisted of 790 bp of the CDS (JSC4-8 and JSC4-9) and 286 bp of the

NADP-ME sub-type, in BS strands of S. italica, transcripts encoding

30 end that included UTR (JSC4-10 and JSC4-11). Fragments were

PEPCK, NAD-ME, NAD-MDH, ASP-AT, and ALA-AT were detected at

subcloned into pCR 4-TOPO (Invitrogen) and confirmed by Sanger

low levels. Enzyme activity assays also indicated high levels of

sequencing. Antisense or sense strand digoxygenin-UTP labeled RNA

NADP-ME in S. italica (Figures 5 and 6). Surprisingly, high levels of

was generated for PEPCK and NADP-ME using a DIG RNA labeling kit

PEPCK enzyme activity were also found in S. italica, but this was not

(Roche). For PEPCK hybridizations, equal amounts of the two probes

the case for PEPCK transcripts. This may be explainable by the differ-

for PEPCK were mixed prior to hybridization. Similarly, for NADP-ME

ences in growth chamber conditions between RNA samples and

hybridizations, equal amounts of the two probes for NADP-ME were

enzyme activity samples, differences in cellular locations between the

mixed prior to hybridization. Primer sequences for RNA in situ probes

samples (RNA based on BS isolations and enzyme based on WL tis-

are provided in Table S4.

sue), contributions of PEPC or other unknown proteins, or wellestablished potential sources of error in the PEPCK assay (see
Section 2). Previous studies on S. italica and many of its close rela-

3

|

RESULTS

tives have indicated very low levels of PEPCK consistent with the
RNA data here presented (Gutierrez et al., 1974; Lin et al., 1993;

3.1 | M and BS extraction and distribution of
transcripts encoding components of the C4 cycle

Prendergast et al., 1987).
U. fusca is classically thought to exclusively use PEPCK to release
CO2 in the BS. The patterns of transcript accumulation in M and BS

Four C4 species from the Paniceae tribe were chosen to represent

strands of U. fusca are consistent with PEPCK functioning in this spe-

the CMP(A) subtribes in the Paniceae (Figure 1). S. italica for Cen-

cies with very little to no supplemental decarboxylation from either

chrinae (NADP-ME), U. fusca for Melinidinae (PEPCK), P. hallii for

NADP-ME or NAD-ME (Figure 4b). BS strands contained barely detect-

Panicinae (NAD-ME), and D. californica for Anthephorineae (NADP-

able levels of transcripts encoding NADP-ME, low levels for NAD-ME,

ME). S. indica was chosen to represent the closest C3 relative to the

and very high levels for PEPCK. Enzyme activity in U. fusca was consis-

group.

tent with transcript abundances, but showed even smaller percent-

Microscopic examination of leaves of S. italica, U. fusca, P. hallii,

ages of NADP-ME and NAD-ME relative to PEPCK than the

and D. californica, from which M-cell contents had been extracted,

transcriptomes (Figures 5 and 6). In addition, consistent with the

showed

content

cycling of aspartate and alanine between the two cell types, tran-

(Figure 2a–d) a phenotype consistent with efficient removal of M con-

scripts derived from genes encoding both ASP-AT and ALA-AT were

tent (Covshoff et al., 2013; John et al., 2014). In addition, after

detectable in the two cell types (Figure 4b).

bands

of

cells

containing

low

chlorophyll

mechanical isolation of leaves, BS preparations of high purity for all C4

P. hallii has been classically considered to use NAD-ME as its pri-

species were generated (Figure 2a–d). Separation of BS strands was

mary decarboxylation enzyme. This assertion is supported by high

also successful for the C3 species S. indica, something that to our

levels of transcripts encoding NAD-ME, NAD-MDH, ASP-AT, and ALA-

knowledge has not been successful in any other C3 species

AT (Figure 4c). In addition, unexpectedly high levels of transcripts

(Figure 2e). Analysis of transcripts derived from important C4 genes

encoding NADP-ME were detected in both the transcripts and enzyme

showed clear differences in abundance between M and BS samples

activities of the P. hallii BS (Figure 4c). NAD-ME transcript levels were

from the C4 species. For example, transcripts derived from CARBONIC

still more than twice those of NADP-ME, and the enzyme assays found

ANHYDRASE (CA), PHOSPHOENOLPYRUVATE CARBOXYLASE (PEPC),

much higher relative levels of NAD-ME than NADP-ME, indicating a

and PYRUVATE, ORTHOPHOSPHATE DIKINASE (PPDK) genes prefer-

primary use of NAD-ME (Figures 5 and 6).

entially accumulated in M cells (Figure 3a and Table S1). In contrast,

In the case of D. californica, which is thought to belong to the

transcripts derived from the RUBISCO SMALL SUBUNIT (RBCS) and

NADP-ME sub-type, although transcripts encoding NADP-ME and

RUBISCO ACTIVASE (RCA) as well as either NADP-ME, NAD-ME, or

NADP-MDH were abundant in BS and M samples respectively, PEPCK
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F I G U R E 2 Representative whole-leaf and
bundle strands. Images from leaves that have
been rolled to remove mesophyll (M) contents or
bundle sheath (BS) strands after isolation.
(a) Setaria italica, (b) Urochloa fusca, (c) Panicum
hallii, (d) Digitaria californica, and (e) Sacciolepis
indica. All species use the C4 pathway except (e),
S. indica, which is a C3 plant. The bands of cells
with low chlorophyll content in M images
represent the position of mesophyll cells that have
collapsed and had their contents expelled during
the rolling procedure. Scale bars are depicted

levels were more than double those of NADP-ME in the BS

extremely consistent with the RNA-Seq results (Figure S2). It should

(or perhaps the levels are similar if one considers the possibility that

be noted that the conditions for mRNA, in situ, and enzyme assay

both NADP-ME genes here mapped are resulting in similar functional

sample collection were not identical (see Sections 2 and 4).

products). Enzyme assay results showed high levels of NADP-ME and
much lower levels of PEPCK consistent with the traditional sub-type
classification of this species (Figures 5 and 6).

3.3

|

C4 pathway transporters

To further confirm or refute these findings, RNA in situ hybridizations were undertaken. Transcript accumulation by in situ hybridiza-

Although the decarboxylation enzymes described above have long

tion experiments were consistent in signal strength with the RNA-Seq

been used to classify C4 sub-types, transporters are also important

results from above and indicated that the signals clearly localized to

to each of the sub-type pathways (see Figure 4). The transcript

the expected anatomical locations (Figure S1). Previous enzyme assay

abundance of various transporters related to C4 photosynthesis was

results for species closely related to the ones sampled here are also

examined. Some transporters had low or undetectable levels such as
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F I G U R E 3 Log2 fold change between mesophyll (M)-enriched and bundle sheath (BS)-enriched mRNA transcripts. Species used are Setaria
italica, Urochloa fusca, Panicum hallii, Digitaria californica, and Sacciolepis indica. Note that for S. indica, a C3 species, whole-leaf data are used in
place of M. Genes depicted encode proteins of importance in the C4 cycle that are known to be preferentially expressed in either (a) M or (b) BS
cells. The number of asterisks in each box represents the p value. *p < .05, **p < .01, and ***p < .001. n = 3. ALA-AT, ALANINE
AMINOTRANSFERASE; ASP-AT, ASPARAGINE AMINOTRANSFERASE; BASS2, SODIUM BILE ACID SYMPORTER 2; CA, CARBONIC ANHYDRASE; DIC,
MITOCHONDRIAL DICARBOXYLATE CARRIER; DIT, DICARBOXYLATE TRANSPORTER 1; NAD-MDH, NADP-DEPENDENT MALATE
DEHYDROGENASE; NAD-ME, NAD-DEPENDENT MALIC ENZYME; NADP-MDH, NADP-DEPENDENT MALATE DEHYDROGENASE; NADP-ME, NADPDEPENDENT MALIC ENZYME; NHD, SODIUM:HYDROGEN ANTIPORTER; PEPC, PHOSPHOENOLPYRUVATE CARBOXYLASE; PEPCK,
PHOSPHONENOLPYRUVATE CARBOXYKINASE; PPDK, PYRUVATE, ORTHOPHOSPHATE DIKINASE; PPT, PHOSPHATE/PHOSPHOENOLPYRUVATE
TRANSLOCATOR; RBCS, RUBISCO SMALL SUBUNIT; RCA, RUBISCO ACTIVASE. The addition of a space and a number after the enzyme name
indicates that multiple genes were mapped that may perform this function

DICARBOXYLATE TRANSPORTER 1 (DIT1). Others, such SODIUM

Comparisons between the S. indica (C3) BS-enriched and WL

BILE ACID SYMPORTER 2 (BASS2), SODIUM:HYDROGEN ANTI-

samples

PORTER (NHD), MITOCHONDRIAL DICARBOXYLATE CARRIER (DIC),

overabundance for 912 gene models and WL overabundance for

showed

significant

(adjusted

p

value

<.001)

BS

and PHOSPHATE/PHOSPHOENOLPYRUVATE TRANSLOCATOR (PPT),

746 gene models (Table S2). Of these overabundant genes, signifi-

had variable levels of transcript abundance across the species and

cant Gene Ontology (GO) enrichment (adjusted p value <.05) was

showed no obvious correlation with different C4 sub-types

found for 16 different GO terms for the BS and 14 GO terms for the

(Figure 4).

M (Table S2). The different GO terms enriched in BS cells related to
diverse processes including cellular transport, molecular binding, and
cell wall and membrane components. The WL GO terms related to

3.4 | C4 transcript abundance levels in the closest
C3 relative to the MPC(A) clade

photosystems I and II, photosynthesis, and other processes
(Table S2).

Transcript abundance levels from S. indica (C3) were generally consistent with expectations for a C3 species (Figures 3 and 7). RBCS and

3.5

|

Gene expression in C3 versus C4 BS cells

RCA were more highly expressed in WL tissue than in BS extracts.
Transcripts related to C4 photosynthesis were also expressed at a low

The experimental design provides the opportunity to compare the BS

level in both WL and BS.

expression from a C3 species against BS expression in four closely
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F I G U R E 4 Relative transcript abundance between important C4 enzymes within mesophyll (M) and bundle sheath (BS) extracts. Data are
displayed for (a) Setaria italica, (b) Urochloa fusca, (c) Panicum hallii, and (d) Digitaria californica. The schematics below each histogram indicate the
enzyme complement associated with each of the three biochemical sub-types. ALA-AT, ALANINE AMINOTRANSFERASE; ASP-AT, ASPARAGINE
AMINOTRANSFERASE; BASS2, SODIUM BILE ACID SYMPORTER 2; CA, CARBONIC ANHYDRASE; DIC, MITOCHONDRIAL DICARBOXYLATE
CARRIER; DIT, DICARBOXYLATE TRANSPORTER 1; NAD-MDH, NADP-DEPENDENT MALATE DEHYDROGENASE; NAD-ME, NAD-DEPENDENT
MALIC ENZYME; NADP-MDH, NADP-DEPENDENT MALATE DEHYDROGENASE; NADP-ME, NADP-DEPENDENT MALIC ENZYME; NHD, SODIUM:
HYDROGEN ANTIPORTER; PEPC, PHOSPHOENOLPYRUVATE CARBOXYLASE; PEPCK, PHOSPHONENOLPYRUVATE CARBOXYKINASE; PPDK,
PYRUVATE, ORTHOPHOSPHATE DIKINASE; PPT, PHOSPHATE/PHOSPHOENOLPYRUVATE TRANSLOCATOR; RBCS, RUBISCO SMALL SUBUNIT;
RCA, RUBISCO ACTIVASE. The addition of a space and a number after the enzyme name indicates that multiple genes were mapped that may
perform this function. Error bars are plus or minus the standard error across replicates (n = 3). TPM, transcript per million. Transcript expression is
scaled so that the sum of all TPMs is equal to one million

related C4 species. A total of 357 gene models displayed significantly

4

DI SCU SSION

|

(padj < .001, log2 fold change >2) higher transcript abundance levels
over the C3 BS in all four C4 species in the analysis (Table S3). Many

4.1

|

The PEPCK sub-type

of these genes are expected, such as photosystem I and II subunits,
cytochrome b6f, cyclic electron chain proteins, Calvin cycle proteins,

The dominance of PEPCK transcript and enzyme activity over NADP-

cellulose synthase, Pectinacetylesterase, starch synthase, and others.

ME and NAD-ME in U. fusca provides evidence for the biological rele-

The remaining genes are potential candidates involved in C4 photo-

vance of the classical PEPCK sub-type (Figures 4–6 and S2). These

synthesis that deserve further molecular and biochemical investiga-

data contrast with proposals that PEPCK cannot function on its own

tion (Table S3).

but rather is always ancillary to one of the other two C4 acid
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F I G U R E 5 Enzyme activities of C4
decarboxylases. NADP-DEPENDENT MALIC
ENZYME (NADP-ME), PHOSPHOENOLPYRUVATE
CARBOXYKINASE (PEPCK), and NAD-DEPENDENT
MALIC ENZYME (NAD-ME) for Setaria italica,
Urochloa fusca, Panicum hallii, and Digitaria
californica. Error bars represent plus or minus the
standard error across replicates (n = 3–8)

F I G U R E 6 Relative transcript accumulation and enzyme activities of C4 decarboxylases. NADP-DEPENDENT MALIC ENZYME (NADP-ME),
PHOSPHOENOLPYRUVATE CARBOXYKINASE (PEPCK), and NAD-DEPENDENT MALIC ENZYME (NAD-ME) transcript accumulation and enzyme
activities for Setaria italica, Urochloa fusca, Panicum hallii, and Digitaria californica. Values are represented as a percentage of the total of all three
decarboxylase values. Enzyme and mRNA data were not collected at the same time but under closely matching environmental conditions (n = 3–8)

decarboxylases (Bräutigam et al., 2014; Furbank, 2011; Wang

4.2

|

C4 sub-type mixing

et al., 2014). Although this notion may be true in some cases, the current results suggest that it is not the case for U. fusca. Furthermore,

Of the four C4 species examined, P. hallii and D. californica show the

our findings are supported by earlier measurements of enzyme activ-

most evidence of sub-type mixing. The potential for mixing has previ-

ity made within the subtribe Melinidinae, where PEPCK was also

ously been considered in Panicum virgatum, a close relative of P. hallii

shown to be highly dominant over the other sub-types (Gutierrez

(Meyer et al., 2014; Rao et al., 2016; Rao & Dixon, 2016; Zhang

et al., 1974; Lin et al., 1993; Prendergast et al., 1987), and also indi-

et al., 2013). Rao et al. (2016) suggested that the high abundance of

cate that these differences in activity are due to differences in steady-

NADP-ME transcripts may be accounted for by posttranscriptional or

state transcript abundance rather than posttranscriptional modifica-

translational modifications, but experimental evidence for testing that

tions that act to suppress accumulation of NADP-ME and NAD-ME.

hypothesis is lacking.
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F I G U R E 7 Relative transcript abundance between important C4 enzymes within whole-leaf and bundle sheath (BS) extracts from Sacciolipis
indica. (a) Whole leaf and (b) bundle sheath. ALA-AT, ALANINE AMINOTRANSFERASE; ASP-AT, ASPARAGINE AMINOTRANSFERASE; BASS2,
SODIUM BILE ACID SYMPORTER 2; CA, CARBONIC ANHYDRASE; DIC, MITOCHONDRIAL DICARBOXYLATE CARRIER; DIT, DICARBOXYLATE
TRANSPORTER 1; NAD-MDH, NADP-DEPENDENT MALATE DEHYDROGENASE; NAD-ME, NAD-DEPENDENT MALIC ENZYME; NADP-MDH, NADPDEPENDENT MALATE DEHYDROGENASE; NADP-ME, NADP-DEPENDENT MALIC ENZYME; NHD, SODIUM:HYDROGEN ANTIPORTER; PEPC,
PHOSPHOENOLPYRUVATE CARBOXYLASE; PEPCK, PHOSPHONENOLPYRUVATE CARBOXYKINASE; PPDK, PYRUVATE, ORTHOPHOSPHATE
DIKINASE; PPT, PHOSPHATE/PHOSPHOENOLPYRUVATE TRANSLOCATOR; RBCS, RUBISCO SMALL SUBUNIT; RCA, RUBISCO ACTIVASE. The
addition of a space and a number after the enzyme name indicates that multiple genes were mapped that may perform this function. Error bars
are plus or minus the standard error across replicates (n = 3)

D. californica also showed some evidence of sub-type mixing. In

Hibberd & Quick, 2002; Shen et al., 2016). Together, these data sup-

this case, NADP-ME and PEPCK transcripts were both reasonably

port the concept that some C3 species are preadapted to adopt the

abundant. Although this species is classically considered to belong to

C4 mechanism (Brown et al., 2011; Burgess et al., 2019; Christin

the NADP-ME sub-type, transcripts encoding PEPCK were more than

et al., 2009, 2015; Gould, 1989; Reyna-Llorens et al., 2018;

double the abundance of those of NADP-ME. ASP-AT transcript levels,

Washburn et al., 2016; Williams et al., 2016). Another potential inter-

which are also associated with the PEPCK sub-type, were high as well.

pretation of these data is that perhaps S. indica represents a step on

However, enzyme activity data do not support this idea with NADP-

the pathway to becoming a C3–C4 intermediate, or a reversion to C3

ME having much higher levels than PEPCK. Some of these differences

photosynthesis from an ancestral C3–C4 intermediate (Bräutigam &

between transcript and enzyme levels could be due the enzyme activ-

Gowik, 2016; Sage, 2004).

ity assays being carried out on samples from a different growth chamber with somewhat different conditions than the RNA-Seq samples
(see Section 2).

4.4 | The S. indica C3 BS shows marked similarities
and differences to the BS in other species

4.3

Aubry et al. (2014) investigated the functions of A. thaliana BS cells by

|

S. indica and the C3 BS

labeling ribosomes within the cell type and sequencing the mRNA resAnalysis of transcript abundance in M and BS cells from C3 species

ident in the ribosomes. In general, our S. indica BS cells displayed simi-

that are closely related to C4 species is critical to understanding how

lar patterns to those seen in Arabidopsis. Of the 912 significantly

C4 photosynthesis evolved and how it can be engineered for

overabundant gene models in the S. indica BS, 50 of them have Ara-

enhanced crop production. Although transcripts loaded onto ribo-

bidopsis homologs that were significantly overabundant in BS cells

somes in the BS of C3 Arabidopsis thaliana have been assessed, and

within the Aubry study (Aubry et al., 2014). These genes have anno-

this analysis provided insight into the role of the BS in eudicot plants

tated functions relating to transport (nucleotide, peptide, amino acid,

(Aubry et al., 2014), to our knowledge, there are no equivalent data

sulfate, metals, and ABS transporters), metal handling, transcription

from a monocotyledonous lineage in which both C3 and C4 species

regulation, protein degradation, cell wall modification, amino acid

are found. The ability to mechanically isolate intact BS cells indicates

metabolism, hormone metabolism, and ATP synthesis. Other func-

that S. indica has very strong BS cell walls, similar to those found in

tional annotations present in both the Arabidopsis- and S. indica-

C4 species. However, all other currently available data including phy-

upregulated BS gene sets (but not necessarily from homologous

logenetic placement and RNA-Seq from this study are consistent

genes) included nitrogen metabolism, glutamine synthetase, trypto-

with S. indica being a C3 species. The relatively high levels of C4

phan, ethylene-induced signaling and regulation, lipid metabolism, tre-

related transcripts in the BS of S. indica are consistent with previous

halose

work on cells around the veins of C3 plants (Brown et al., 2010;

regulation (Table S2).

metabolism,

phenylpropanoid

metabolism,

and

sulfur
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Similarly to Arabidopsis and maize, several trehalose metabolism
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We found that at least one species in the tribe Paniceae appears to
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other species examined appear to be of mix sub-type. Analysis of the
C3 species S. indica, based on the BS isolation method here developed,
showed low levels of C4 transcripts and an amenability to mechanical
BS separation procedures not previously seen in C3 species. These
observations lead us to hypothesize that S. indica may lie somewhere
on the spectrum of C3–C4 intermediates or represent a reversion from
an ancestral C3–C4 intermediate.

12 of 14

Bolger, A. M., Lohse, M., & Usadel, B. (2014). Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics, 30, 2114–2120.
https://doi.org/10.1093/bioinformatics/btu170
Bräutigam, A., & Gowik, U. (2016). Photorespiration connects C3 and C4
photosynthesis. Journal of Experimental Botany, 67, 2953–2962.
https://doi.org/10.1093/jxb/erw056
Bräutigam, A., Schliesky, S., Külahoglu, C., Osborne, C. P., &
Weber, A. P. M. (2014). Towards an integrative model of C4 photosynthetic subtypes: Insights from comparative transcriptome analysis
of NAD-ME, NADP-ME, and PEP-CK C4 species. Journal of Experimental Botany, 65, 3579–3593. https://doi.org/10.1093/jxb/eru100
Brown, N. J., Newell, C. A., Stanley, S., Chen, J. E., Perrin, A. J., Kajala, K., &
Hibberd, J. M. (2011). Independent and parallel recruitment of preexisting mechanisms underlying C4 photosynthesis. Science, 331,
1436–1439. https://doi.org/10.1126/science.1201248
Brown, N. J., Palmer, B. G., Stanley, S., Hajaji, H., Janacek, S. H.,
Astley, H. M., Parsley, K., Kajala, K., Quick, W. P., Trenkamp, S.,
Fernie, A. R., Maurino, V. G., & Hibberd, J. M. (2010). C4 acid decarboxylases required for C4 photosynthesis are active in the mid-vein
of the C3 species Arabidopsis thaliana, and are important in sugar and
amino acid metabolism. The Plant Journal, 61, 122–133. https://doi.
org/10.1111/j.1365-313X.2009.04040.x
Brown, W. V. (1977). The Kranz syndrome and its subtypes in grass systematics. Memoirs of the Torrey Botanical Club, 23, 1–97.
Burgess, S. J., Reyna-Llorens, I., Stevenson, S. R., Singh, P., Jaeger, K., &
Hibberd, J. M. (2019). Genome-wide transcription factor binding in
leaves from C3 and C4 grasses. PNAS, 31, 2297–2314. https://doi.
org/10.1105/tpc.19.00078
Cacefo, V., Ribas, A. F., Zilliani, R. R., Neris, D. M., Domingues, D. S.,
Moro, A. L., & Vieira, L. G. E. (2019). Decarboxylation mechanisms of
C4 photosynthesis in Saccharum spp.: Increased PEPCK activity
under water-limiting conditions. BMC Plant Biology, 19, 144. https://
doi.org/10.1186/s12870-019-1745-7
Camacho, C., Coulouris, G., Avagyan, V., Ma, N., Papadopoulos, J.,
Bealer, K., & Madden, T. (2009). BLAST+: Architecture and applications. BMC Bioinformatics, 10, 421. https://doi.org/10.1186/14712105-10-421
Chang, Y. M., Liu, W. Y., Shih, A. C., Shen, M. N., Lu, C. H., Lu, M. Y.,
Yang, H. W., Wang, T. Y., Chen, S. C., Chen, S. M., Li, W. H., &
Ku, M. S. (2012). Characterizing regulatory and functional differentiation between maize mesophyll and bundle sheath cells by transcriptomic analysis. Plant Physiology, 160, 165–177. https://doi.org/
10.1104/pp.112.203810
Christin, P. A., Arakaki, M., Osborne, C. P., & Edwards, E. J. (2015). Genetic
enablers underlying the clustered evolutionary origins of C4 photosynthesis in angiosperms. Molecular Biology and Evolution, 32, 846–
858. https://doi.org/10.1093/molbev/msu410
Christin, P.-A., Samaritani, E., Petitpierre, B., Salamin, N., & Besnard, G.
(2009). Evolutionary insights on C4 photosynthetic subtypes in
grasses from genomics and phylogenetics. Genome Biology and Evolution, 1, 221–230. https://doi.org/10.1093/gbe/evp020
Covshoff, S., Furbank, R. T., Leegood, R. C., & Hibberd, J. M. (2013). Leaf
rolling allows quantification of mRNA abundance in mesophyll cells
of sorghum. Journal of Experimental Botany, 64, 807–813. https://doi.
org/10.1093/jxb/ers286
Delgado-Alvarado, A., Walker, R. P., & Leegood, R. C. (2007). Phosphoenolpyruvate carboxykinase in developing pea seeds is associated
with tissues involved in solute transport and is nitrogen-responsive.
Plant, Cell & Environment, 30, 225–235. https://doi.org/10.1111/j.
1365-3040.2006.01622.x
DOE-JGI. (2017) Sorghum bicolor v3.1. U.S. Department of Energy, Joint
Genome Institute.
Edwards, G. E., Kanai, R., & Black, C. C. (1971). Phosphoenolpyruvate carboxykinase in leaves of certain plants which fix CO2 by the C4dicarboxylic acid cycle of photosynthesis. Biochemical and Biophysical

WASHBURN ET AL.

Research Communications, 45, 278–285. https://doi.org/10.1016/
0006-291X(71)90814-X
Furbank, R. T. (2011). Evolution of the C4 photosynthetic mechanism:
Are there really three C4 acid decarboxylation types? Journal of
Experimental Botany, 62, 3103–3108. https://doi.org/10.1093/jxb/
err080
Furbank, R. T. (2016). Walking the C4 pathway: Past, present, and future.
Journal of Experimental Botany, 67, 4057–4066. https://doi.org/10.
1093/jxb/erw161
Furbank, R. T., Stitt, M., & Foyer, C. H. (1985). Intercellular compartmentation of sucrose synthesis in leaves of Zea mays L. Planta, 164, 172–
178. https://doi.org/10.1007/BF00396079
Gould, S. J. (1989). Wonderful life: The Burgess shale and the nature of history (1st ed.). W. W. Norton.
Grabherr, M. G., Haas, B. J., Yassour, M., Levin, J. Z., Thompson, D. A.,
Amit, I., Adiconis, X., Fan, L., Raychowdhury, R., Zeng, Q., Chen, Z.,
Mauceli, E., Hacohen, N., Gnirke, A., Rhind, N., di Palma, F.,
Birren, B. W., Nusbaum, C., Lindblad-Toh, K., … Regev, A. (2011).
Full-length transcriptome assembly from RNA-Seq data without a
reference genome. Nature Biotechnology, 29, 644–652. https://doi.
org/10.1038/nbt.1883
Grass Phylogeny Working Group II. (2012). New grass phylogeny resolves
deep evolutionary relationships and discovers C4 origins. New
Phytologist, 193, 304–312. https://doi.org/10.1111/j.1469-8137.
2011.03972.x
Gutierrez, M., Gracen, V. E., & Edwards, G. E. (1974). Biochemical and
cytological relationships in C4 plants. Planta, 119, 279–300. https://
doi.org/10.1007/BF00388331
Haas, B. J., Papanicolaou, A., Yassour, M., Grabherr, M., Blood, P. D.,
Bowden, J., Couger, M. B., Eccles, D., Li, B., Lieber, M.,
MacManes, M. D., Ott, M., Orvis, J., Pochet, N., Strozzi, F.,
Weeks, N., Westerman, R., William, T., Dewey, C. N., … Regev, A.
(2013). De novo transcript sequence reconstruction from RNA-seq
using the Trinity platform for reference generation and analysis.
Nature Protocols, 8, 1494–1512. https://doi.org/10.1038/nprot.
2013.084
Hatch, M., Kagawa, T., & Craig, S. (1975). Subdivision of C4-pathway species based on differing C4 acid decarboxylating systems and ultrastructural features. Functional Plant Biology, 2, 111–128. https://doi.
org/10.1071/PP9750111
Hatch, M., & Slack, C. (1966). Photosynthesis by sugar-cane leaves. A
new carboxylation reaction and the pathway of sugar formation.
Biochemical Journal, 101, 103–111. https://doi.org/10.1042/
bj1010103
Hatch, M. D. (1987). C4 photosynthesis: A unique elend of modified biochemistry, anatomy and ultrastructure. Biochimica et Biophysica Acta
(BBA) - Reviews on Bioenergetics, 895, 81–106. https://doi.org/10.
1016/S0304-4173(87)80009-5
Hatch, M. D. (1992). I can’t believe my luck. Photosynthesis Research, 33,
1–14. https://doi.org/10.1007/BF00032978
Hatch, M. D., & Kagawa, T. (1974). Activity, location and role of NAD malic
enzyme in leaves with C4-pathway photosynthesis. Australian Journal
of Plant Physiology, 1, 357–369. https://doi.org/10.1071/
PP9740357
Hatch, M. D., & Kagawa, T. (1976). Photosynthetic activities of isolated
bundle sheath cells in relation to differing mechanisms of C4 pathway
photosynthesis. Archives of Biochemistry and Biophysics, 175, 39–53.
https://doi.org/10.1016/0003-9861(76)90483-5
Häusler, R. E., Rademacher, T., Li, J., Lipka, V., Fischer, K. L., Schubert, S.,
Kreuzaler, F., & Hirsch, H. J. (2001). Single and double overexpression of C4-cycle genes had differential effects on the pattern
of endogenous enzymes, attenuation of photorespiration and on
contents of UV protectants in transgenic potato and tobacco plants.
Journal of Experimental Botany, 52, 1785–1803. https://doi.org/10.
1093/jexbot/52.362.1785

WASHBURN ET AL.

Heckmann, D., Schulze, S., Denton, A., Gowik, U., Westhoff, P., Weber
Andreas, P. M., & Lercher Martin, J. (2013). Predicting C4 photosynthesis evolution: Modular, individually adaptive steps on a Mount
Fuji fitness landscape. Cell, 153, 1579–1588. https://doi.org/10.
1016/j.cell.2013.04.058
Hibberd, J. M., & Covshoff, S. (2010). The regulation of gene expression
required for C4 photosynthesis. Annual Review of Plant Biology,
61, 181–207. https://doi.org/10.1146/annurev-arplant-042809-11
2238
Hibberd, J. M., & Quick, W. P. (2002). Characteristics of C4 photosynthesis
in stems and petioles of C3 flowering plants. Nature, 415, 451–454.
https://doi.org/10.1038/415451a
Hua, L., Stevenson, S. R., Reyna-Llorens, I., Xiong, H., Kopriva, S., &
Hibberd, J. M. (2021). The bundle sheath of rice is conditioned to
play an active role in water transport as well as sulfur assimilation
and jasmonic acid synthesis. The Plant Journal, 107, 268–286.
John, C. R., Smith-Unna, R. D., Woodfield, H., Covshoff, S., &
Hibberd, J. M. (2014). Evolutionary convergence of cell-specific gene
expression in independent lineages of C4 grasses. Plant Physiology,
165, 62–75. https://doi.org/10.1104/pp.114.238667
Kopriva, S., & Weber, A. P. M. (2021). Genetic encoding of complex traits.
Journal of Experimental Botany, 72, 1–3. https://doi.org/10.1093/
jxb/eraa498
Koteyeva, N. K., Voznesenskaya, E. V., & Edwards, G. E. (2015). An assessment of the capacity for phosphoenolpyruvate carboxykinase to contribute to C4 photosynthesis. Plant Science, 235, 70–80. https://doi.
org/10.1016/j.plantsci.2015.03.004
Langdale, J. A. (2011). C4 cycles: Past, present, and future research on C4
photosynthesis. Plant Cell, 23, 3879–3892. https://doi.org/10.1105/
tpc.111.092098
Langmead, B., & Salzberg, S. L. (2012). Fast gapped-read alignment with
Bowtie 2. Nature Methods, 9, 357–359. https://doi.org/10.1038/
nmeth.1923
Leegood, R. C. (1985). The intercellular compartmentation of metabolites
in leaves of Zea mays L. Planta, 164, 163–171. https://doi.org/10.
1007/BF00396078
Li, B., & Dewey, C. N. (2011). RSEM: Accurate transcript quantification
from RNA-Seq data with or without a reference genome. BMC Bioinformatics, 12, 323. https://doi.org/10.1186/1471-2105-12-323
Lin, C., Tai, Y., Liu, D., & Ku, M. (1993). Photosynthetic mechanisms of
weeds in Taiwan. Functional Plant Biology, 20, 757–769. https://doi.
org/10.1071/PP9930757
Love, M. I., Huber, W., & Anders, S. (2014). Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome Biology, 15, 550. https://doi.org/10.1186/s13059-014-0550-8
Majeran, W., Friso, G., Ponnala, L., Connolly, B., Huang, M., Reidel, E.,
Zhang, C., Asakura, Y., Bhuiyan, N. H., Sun, Q., Turgeon, R., & van
Wijk, K. J. (2010). Structural and metabolic transitions of C4 leaf
development and differentiation defined by microscopy and quantitative proteomics in maize. The Plant Cell, 22, 3509–3542. https://
doi.org/10.1105/tpc.110.079764
Mallmann, J., Heckmann, D., Bräutigam, A., Lercher, M. J., Weber, A. P. M.,
Westhoff, P., & Gowik, U. (2014). The role of photorespiration during
the evolution of C4 photosynthesis in the genus Flaveria. eLife, 3,
e02478. https://doi.org/10.7554/eLife.02478
Marshall, D. M., Muhaidat, R., Brown, N. J., Liu, Z., Stanley, S., Griffiths, H.,
Sage, R. F., & Hibberd, J. M. (2007). Cleome, a genus closely related
to Arabidopsis, contains species spanning a developmental progression from C3 to C4 photosynthesis. The Plant Journal, 51, 886–896.
McCarthy, D. J., Chen, Y., & Smyth, G. K. (2012). Differential expression
analysis of multifactor RNA-Seq experiments with respect to biological variation. Nucleic Acids Research, 40, 4288–4297. https://doi.org/
10.1093/nar/gks042
Meyer, E., Aspinwall, M. J., Lowry, D. B., Palacio-Mejía, J. D., Logan, T. L.,
Fay, P. A., & Juenger, T. E. (2014). Integrating transcriptional,

13 of 14

metabolomic, and physiological responses to drought stress and
recovery in switchgrass (Panicum virgatum L.). BMC Genomics, 15,
527. https://doi.org/10.1186/1471-2164-15-527
Niklaus, M., & Kelly, S. (2019). The molecular evolution of C4 photosynthesis: Opportunities for understanding and improving the world’s most
productive plants. Journal of Experimental Botany, 70, 795–804.
https://doi.org/10.1093/jxb/ery416
Paterson, A. H., Bowers, J. E., Bruggmann, R., Dubchak, I., Grimwood, J.,
Gundlach, H., Haberer, G., Hellsten, U., Mitros, T., Poliakov, A.,
Schmutz, J., Spannagl, M., Tang, H., Wang, X., Wicker, T.,
Bharti, A. K., Chapman, J., Feltus, F. A., Gowik, U., … Rokhsar, D. S.
(2009). The Sorghum bicolor genome and the diversification of
grasses.
Nature,
457,
551–556.
https://doi.org/10.1038/
nature07723
Pick, T. R., Brautigam, A., Schluter, U., Denton, A. K., Colmsee, C.,
Scholz, U., Fahnenstich, H., Pieruschka, R., Rascher, U.,
Sonnewald, U., & Weber, A. P. (2011). Systems analysis of a maize
leaf developmental gradient redefines the current C4 model and provides candidates for regulation. Plant Cell, 23, 4208–4220. https://
doi.org/10.1105/tpc.111.090324
Pinto, H., Powell, J. R., Sharwood, R. E., Tissue, D. T., & Ghannoum, O.
(2016). Variations in nitrogen use efficiency reflect the biochemical
subtype while variations in water use efficiency reflect the evolutionary lineage of C4 grasses at inter-glacial CO2. Plant, Cell & Environment, 39, 514–526.
Porra, R. J., Thompson, W. A., & Kriedemann, P. E. (1989). Determination
of accurate extinction coefficients and simultaneous equations for
assaying chlorophylls a and b extracted with four different solvents:
Verification of the concentration of chlorophyll standards by atomic
absorption spectroscopy. Biochimica et Biophysica Acta (BBA) - Bioenergetics, 975, 384–394. https://doi.org/10.1016/S0005-2728(89)
80347-0
Prendergast, H., Hattersley, P., & Stone, N. (1987). New
structural/biochemical associations in leaf blades of C4 grasses
(Poaceae). Functional Plant Biology, 14, 403–420. https://doi.org/10.
1071/PP9870403
Raghavendra, A. S. (1980). Characteristics of plant species intermediate
between C3 and C4 pathways of photosynthesis: Their focus of mechanism and evolution of C4 syndrome. Photosynthetica, 14, 271–273.
Rao, X., & Dixon, R. A. (2016). The differences between NAD-ME and
NADP-ME subtypes of C4 photosynthesis: More than
decarboxylating enzymes. Frontiers in Plant Science, 7, 1525. https://
doi.org/10.3389/fpls.2016.01525
Rao, X., Lu, N., Li, G., Nakashima, J., Tang, Y., & Dixon, R. A. (2016). Comparative cell-specific transcriptomics reveals differentiation of C4
photosynthesis pathways in switchgrass and other C4 lineages. Journal of Experimental Botany, 67, 1649–1662. https://doi.org/10.1093/
jxb/erv553
Rawsthorne, S. (1992). C3–C4 intermediate photosynthesis: Linking physiology to gene expression. The Plant Journal, 2, 267–274.
Reyna-Llorens, I., Burgess, S. J., Reeves, G., Singh, P., Stevenson, S. R.,
Williams, B. P., Stanley, S., & Hibberd, J. M. (2018). Ancient duons
may underpin spatial patterning of gene expression in C4 leaves.
PNAS, 115, 1931–1936. https://doi.org/10.1073/pnas.17205
76115
Robinson, M. D., McCarthy, D. J., & Smyth, G. K. (2010). edgeR: A Bioconductor package for differential expression analysis of digital gene
expression data. Bioinformatics, 26, 139–140. https://doi.org/10.
1093/bioinformatics/btp616
Robinson, M. D., & Oshlack, A. (2010). A scaling normalization method for
differential expression analysis of RNA-seq data. Genome Biology, 11,
R25. https://doi.org/10.1186/gb-2010-11-3-r25
Sage, R. F. (2001). Environmental and evolutionary preconditions for the
origin and diversification of the C4 photosynthetic syndrome. Plant
Biology, 3, 202–213. https://doi.org/10.1055/s-2001-15206

14 of 14

Sage, R. F. (2004). The evolution of C4 photosynthesis. New Phytologist,
161, 341–370. https://doi.org/10.1111/j.1469-8137.2004.00974.x
Sage, R. F., Christin, P. A., & Edwards, E. J. (2011). The C4 plant lineages of
planet earth. Journal of Experimental Botany, 62, 3155–3169. https://
doi.org/10.1093/jxb/err048
Sage, R. F., Sage, T. L., & Kocacinar, F. (2012). Photorespiration and the
evolution of C4 photosynthesis. Annual Review of Plant Biology, 63,
19–47. https://doi.org/10.1146/annurev-arplant-042811-105511
Schluter, U., & Weber, A. P. M. (2020). Regulation and evolution of C4
photosynthesis. Annual Review of Plant Biology, 71, 183–215.
https://doi.org/10.1146/annurev-arplant-042916-040915
Sharwood, R., Sonawane, B. V., Ghannoum, O., & Whitney, S. M. (2016).
Improved analysis of C4 and C3 photosynthesis via refined in vitro
assays of their carbon fixation biochemistry. Journal of Experimental
Botany, 67, 3137–3148.
Sharwood, R. E., Sonawane, B. V., & Ghannoum, O. (2014). Photosynthetic
flexibility in maize exposed to salinity and shade. Journal of
Experimental Botany, 65, 3715–3724. https://doi.org/10.1093/jxb/
eru130
Sheen, J. (1999). C4 gene expression. Annual Review of Plant Physiology and
Plant Molecular Biology, 50, 187–217. https://doi.org/10.1146/
annurev.arplant.50.1.187
Sheen, J.-Y., & Bogorad, L. (1985). Differential expression of the ribulose
bisphosphate carboxylase large subunit gene in bundle sheath and
mesophyll cells of developing maize leaves is influenced by light.
Plant Physiology, 79, 1072–1076. https://doi.org/10.1104/pp.79.4.
1072
Shen, W., Ye, L., Ma, J., Yuan, Z., Zheng, B., Lv, C., Zhu, Z., Chen, X.,
Gao, Z., & Chen, G. (2016). The existence of C4-bundle-sheath-like
photosynthesis in the mid-vein of C4 rice. Rice, 9, 20. https://doi.
org/10.1186/s12284-016-0094-5
Sommer, M., Brautigam, A., & Weber, A. P. (2012). The dicotyledonous
NAD malic enzyme C4 plant Cleome gynandra displays agedependent plasticity of C4 decarboxylation biochemistry. Plant Biology (Stuttgart, Germany), 14, 621–629. https://doi.org/10.1111/j.
1438-8677.2011.00539.x
Sonawane, B. V., Sharwood, R. E., Whitney, S., & Ghannoum, O. (2018).
Shade compromises the photosynthetic efficiency of NADP-ME less
than that of PEP-CK and NAD-ME C4 grasses. Journal of Experimental
Botany, 69, 3053–3068. https://doi.org/10.1093/jxb/ery129
Strable, J., & Satterlee, J. W. (2021). Detecting spaciotemporal transcript
accumulation in maize by RNA in situ hybridization. Bio-Protocol, 11,
e3931. https://doi.org/10.21769/BioProtoc.3931
Tausta, S. L., Li, P., Si, Y., Gandotra, N., Liu, P., Sun, Q., Brutnell, T. P., &
Nelson, T. (2014). Developmental dynamics of Kranz cell transcriptional specificity in maize leaf reveals early onset of C4-related processes. Journal of Experimental Botany, 65, 3543–3555. https://doi.
org/10.1093/jxb/eru152
Vicentini, A., Barber, J. C., Aliscioni, S. S., Giussani, L. M., & Kellogg, E. A.
(2008). The age of the grasses and clusters of origins of C4 photosynthesis. Global Change Biology, 14, 2963–2977. https://doi.org/10.
1111/j.1365-2486.2008.01688.x
von Caemmerer, S., Ghannoum, O., & Furbank, R. T. (2017). C4 photosynthesis: 50 years of discovery and innovation. Journal of Experimental
Botany, 68, 97–102. https://doi.org/10.1093/jxb/erw491
Walker, R. P., Acheson, R. M., Técsi, L. I., & Leegood, R. C. (1997). Phosphoenolpyruvate carboxykinase in C4 plants: Its role and regulation.
Functional Plant Biology, 24, 459–468. https://doi.org/10.1071/
PP97007
Walker, R. P., Chen, Z.-H., Técsi, L. I., Famiani, F., Lea, P. J., &
Leegood, R. C. (1999). Phosphoenolpyruvate carboxykinase plays a
role in interactions of carbon and nitrogen metabolism during grape

WASHBURN ET AL.

seed development. Planta, 210, 9–18. https://doi.org/10.1007/
s004250050648
Walker, R. P., Trevanion, S. J., & Leegood, R. C. (1995). Phosphoenolpyruvate carboxykinase from higher plants: Purification from cucumber
and evidence of rapid proteolytic cleavage in extracts from a range
of plant tissues. Planta, 196, 58–63. https://doi.org/10.1007/
BF00193217
Wang, C., Guo, L., Li, Y., & Wang, Z. (2012). Systematic comparison of C3
and C4 plants based on metabolic network analysis. BMC Systems
Biology, 6, S9. https://doi.org/10.1186/1752-0509-6-S2-S9
Wang, Y., Bräutigam, A., Weber, A. P. M., & Zhu, X.-G. (2014). Three distinct biochemical subtypes of C4 photosynthesis? A modelling analysis. Journal of Experimental Botany, 65, 3567–3578. https://doi.org/
10.1093/jxb/eru058
Washburn, J. D., Bird, K. A., Conant, G. C., & Pires, J. C. (2016). Convergent
evolution and the origin of complex phenotypes in the age of systems biology. International Journal of Plant Sciences, 177, 305–318.
https://doi.org/10.1086/686009
Washburn, J. D., Schnable, J. C., Conant, G. C., Brutnell, T. P., Shao, Y.,
Zhang, Y., Ludwig, M., Davidse, G., & Pires, J. C. (2017). Genomeguided phylo-transcriptomic methods and the nuclear phylogentic
tree of the Paniceae grasses. Scientific Reports, 7, 13528. https://doi.
org/10.1038/s41598-017-13236-z
Washburn, J. D., Schnable, J. C., Davidse, G., & Pires, J. C. (2015). Phylogeny and photosynthesis of the grass tribe Paniceae. American Journal
of Botany, 102, 1493–1505. https://doi.org/10.3732/ajb.1500222
Weissmann, S., Ma, F., Furuyama, K., Gierse, J., Berg, H., Shao, Y.,
Taniguchi, M., Allen, D. K., & Brutnell, T. P. (2016). Interactions of C4
subtype metabolic activities and transport in maize are revealed
through the characterization of DCT2 mutants. The Plant Cell, 28,
466–484. https://doi.org/10.1105/tpc.15.00497
Williams, B. P., Burgess, S. J., Reyna-Llorens, I., Knerova, J., Aubry, S.,
Stanley, S., & Hibberd, J. M. (2016). An untranslated cis-element regulates the accumulation of multiple C4 enzymes in Gynandropsis
gynandra mesophyll cells. The Plant Cell, 28, 454–465. https://doi.
org/10.1105/tpc.15.00570
Wingler, A., Robert, P. W., Zhi-Hui, C., & Leegood, R. C. (1999). Phosphoenolpyruvate carboxykinase is involved in the decarboxylation of
aspartate in the bundle sheath of maize. Plant Physiology, 120, 539–
545. https://doi.org/10.1104/pp.120.2.539
Zhang, J.-Y., Lee, Y.-C., Torres-Jerez, I., Wang, M., Yin, Y., Chou, W.-C.,
He, J., Shen, H., Srivastava, A. C., Pennacchio, C., Lindquist, E.,
Grimwood, J., Schmutz, J., Xu, Y., Sharma, M., Sharma, R.,
Bartley, L. E., Ronald, P. C., Saha, M. C., … Udvardi, M. K. (2013).
Development of an integrated transcript sequence database and a
gene expression atlas for gene discovery and analysis in switchgrass
(Panicum virgatum L.). The Plant Journal, 74, 160–173. https://doi.
org/10.1111/tpj.12104

SUPPORTING INFORMATION
Additional supporting information may be found in the online version
of the article at the publisher’s website.

How to cite this article: Washburn, J. D., Strable, J., Dickinson,
P., Kothapalli, S. S., Brose, J. M., Covshoff, S., Conant, G. C.,
Hibberd, J. M., & Pires, J. C. (2021). Distinct C4 sub-types and
C3 bundle sheath isolation in the Paniceae grasses. Plant
Direct, 5(12), e373. https://doi.org/10.1002/pld3.373

