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The C4 pathway is a highly complex trait that increases photosynthetic ef�ciency in more than 60 plant lineages. Although the
majority of C4 plants occupy disturbed, arid, and nutrient-poor habitats, some grow in high-nutrient, waterlogged conditions.
One such example is Echinochloa glabrescens, which is an aggressive weed of rice paddies. We generated comprehensive
transcriptome datasets for C4 E. glabrescens and C3 rice to identify genes associated with adaption to waterlogged, nutrient-
replete conditions, but also used the data to better understand how C4 photosynthesis operates in these conditions. Leaves of
E. glabrescens exhibited classical Kranz anatomy with lightly lobed mesophyll cells having low chloroplast coverage. As with rice
and other hygrophytic C3 species, leaves of E. glabrescens accumulated a chloroplastic phosphoenolpyruvate carboxylase protein,
albeit at reduced amounts relative to rice. The arid-grown species Setaria italica (C4) and Brachypodium distachyon (C3) were also
found to accumulate chloroplastic phosphoenolpyruvate carboxylase. We identi�ed a molecular signature associated with C4
photosynthesis in nutrient-replete, waterlogged conditions that is highly similar to those previously reported from C4 plants that
grow in more arid conditions. We also identi�ed a cohort of genes that have been subjected to a selective sweep associated with
growth in paddy conditions. Overall, this approach highlights the value of using wild species such as weeds to identify
adaptions to speci�c conditions associated with high-yielding crops in agriculture.

All photosynthetic organisms rely on the primary
carboxylase activity of Rubisco to produce carbohy-
drates for life. However, since Rubisco evolved with a
limited capacity to distinguish between CO2 and oxy-
gen (Sage, 2004), rates of oxygenation can have a sig-
ni�cant impact on photosynthetic ef�ciency (Ehleringer
and Monson, 1993). In response to evolutionary pres-
sures, approximately 30 million years ago a complex
phenotype known as C4 photosynthesis evolved in more

than 60 plant lineages (Sage et al., 2011, 2012). C4 pho-
tosynthesis is a carbon-concentrating mechanism that
allows Rubisco to operate in a CO2-enriched environ-
ment, thus avoiding the problems of oxygenation.
Phosphoenolpyruvate carboxylase (PEPC), a cytosolic
enzyme that does not react with oxygen and has a
higher af�nity for carbon than Rubisco, performs the
initial carboxylation reaction (Hatch, 1987). The result-
ing C4 acids are subsequently decarboxylated in the
vicinity of compartmentalized, chloroplastic Rubisco.
At least 25 anatomical types capable of achieving the
necessary compartmentation for C4 photosynthesis have
been described (Edwards and Voznesenskaya, 2011). In
most C4 species, specialized cell-types within the leaf
are arranged in “Kranz” formation (Sage, 2004). Veins
are surrounded by concentric rings of bundle sheath
(BS) and then mesophyll (M) cells, with PEPC and
Rubisco operating in M and BS cells, respectively, and
organic acids moving between them.

The C4 biochemical cycle also varies between lineages
of C4 plants and has commonly been categorized into
three subtypes (Fig. 1). These biochemical subtypes are
based on whether NADP-dependent malic enzyme
(NADP-ME), NAD-dependent malic enzyme (NAD-ME),
or phosphoenolpyruvate carboxykinase (PEPCK) releases
CO2 from the C4 acids. However, it is now recog-
nized that mixed subtypes utilizing multiple C4 acid
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decarboxylases are common and provide selective ad-
vantage (Furbank, 2011; Bellasio and Grif�ths, 2014;
Wang et al., 2014a). Maize (Zea mays), for example, uses
both NADP-ME and PEPCK to release CO2 in BS cells
(Hatch, 1971; Chapman and Hatch, 1981; Furumoto
et al., 1999; Wingler et al., 1999; Furumoto et al., 2000;
Majeran et al., 2010; Pick et al., 2011). Models suggest
this �exibility helps maintain energy balances and al-
lows for reduced diffusion requirements of acids be-
tween M and BS cells in a �uctuating environment
(Wang et al., 2014a).

The C4 carbon-concentrating mechanism has a wide-
ranging impact on plant physiology. Due to the high
af�nity of PEPC for carbon, C4 leaves maintain lower

stomatal conductance than C3 leaves, and have lower
rates of water loss per unit of carbon �xed and higher
water-use ef�ciencies (Taylor et al., 2010). Photosyn-
thetic ef�ciency per unit nitrogen is also increased in
C4 species (Long, 1999) because the enriched CO2 en-
vironment surrounding Rubisco allows for a reduction
in the amount of Rubisco for the Calvin-Benson cycle.
These increases in water- and nitrogen-use ef�ciencies
are thought to contribute to the preponderance of C4
species in relatively dry environments that can also be
nutrient poor and disturbed (Osborne and Sack, 2012;
Sage et al., 2012). However, the C4 trait is broadly
adaptive, with, for example, some C4 species thriving in
nutrient-rich, waterlogged conditions. In fact, the most

Figure 1. C4 biochemistry has traditionally been
categorized into three subtypes according to the
decarboxylase enzyme used in the BS. A, NADP-
ME operates in chloroplasts. B, NAD-ME operates
in mitochondria. C, PEPCK is cytosolic. In all three,
carbon is initially fixed by PEPC in M cells to OAA,
which is then converted to MAL or Asp before
transfer to the BS for decarboxylation. Released
CO2 in the BS is fixed by Rubisco in the Calvin-
Benson cycle. PYR is cycled back to the M
and converted to PEP. Abbreviations: Ala, alanine;
AlaAT, Ala aminotransferase; Asp, aspartate;
AspAT, Asp aminotransferase; MAL, malate; NAD-
MDH, NAD-malate; NADP-MDH, NADP-malate
dehydrogenase; OAA, oxaloacetate; PEP, phos-
phoenolpyruvate; PEPC, phosphoenolpyruvate
carboxylase; PPDK, pyruvate, orthophosphate
dikinase; PYR, pyruvate; Rubisco, Rubisco.
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productive native species on the planet, Echinochloa
polystachya, is an aquatic C4 grass that occupies mono-
speci�c stands in the nutrient-rich Amazonian basin
(Piedade et al., 1991). There is little information on pho-
tosynthesis in these highly productive aquatic C4 species.

Other C4 Echinochloa species are also highly produc-
tive in waterlogged conditions and some of the worst
weeds in the world. One such species is Echinochloa
glabrescens (barnyard grass), which is an aggressive
weed of paddy rice (Fig. 2A). Echinochloa species have
operated the C4 pathway in waterlogged conditions for
a signi�cant period of time. Archaeological evidence
documents the occurrence of Echinochloa species in rice
paddies 8,000 years ago (Gross and Zhao, 2014), and
although E. glabrescens is phylogenetically distant to
rice (Fig. 2B), selective forces imposed over time from
hand weeding are thought to have led to it becoming a
rice biomimic (Barrett, 1983). E. glabrescens therefore
provides an opportunity to investigate both how C4
photosynthesis operates in waterlogged, nutrient-replete
conditions generally and in the rice paddy speci�cally. It
also allows for an investigation of genetic adaptation to
paddy growth conditions irrespective of the photosyn-
thetic state of a species.

In this study, we de�ne the anatomical arrangement
of M and BS cells in E. glabrescens and the biochemical
subtype associated with release of CO2 in the BS. In
addition, two M characteristics previously described in
rice were investigated to better understand whether
they are general adaptations to aquatic growth or are
species speci�c. First, we assessed the degree of M-cell-
lobing and chloroplast coverage in E. glabrescens to
determine whether biomimicry extends to cellular ul-
trastructure. Rice M cells are heavily lobed with chlo-
roplasts lining the entire cell periphery (Sage and Sage,
2009). Second, we investigated whether E. glabrescens
possesses a chloroplast-localized PEPC. Rice uses a
chloroplastic PEPC to balance carbon and nitrogen
metabolism in paddy conditions where most nitrogen
is supplied as ammonium (Masumoto et al., 2010), but
it is not known whether C4 photosynthesis can operate
in the presence of a chloroplastic PEPC. In addition
to addressing these speci�c questions, we generated
comprehensive transcriptome data for E. glabrescens
to provide unbiased insight into its photosynthetic

characteristics speci�cally and patterns of gene ex-
pression more generally. Comparison with deep se-
quencing data from C3 rice and C4 maize identi�ed
repeated alterations to patterns of gene expression as-
sociated with the evolution of life in waterlogged con-
ditions or the complex C4 phenotype.

RESULTS

Anatomical and Physiological Traits of E. glabrescens

To investigate Kranz anatomy and lobing in C4
E. glabrescens, transverse and tangential sections of
E. glabrescens were generated. In cross section, E. glabrescens
leaves exhibited classical Panicoid-type C4 anatomy
with M cells surrounding BS cells in concentric circles
around the vasculature (Fig. 3). M cells were minimally
lobed in both cross (Fig. 3A) and tangential (Fig. 3B)
sections, and no lobing was apparent on the BS. On
average, M and BS cells were similar in size (Fig. 3D).
However, chloroplast area in BS cells was approxi-
mately twice that found in M cells on both a cell area
and percentage of cell area basis (Fig. 3D). M chloro-
plasts were distributed close to the cell walls and
contained extensive granal stacking (Fig. 3C). BS chlo-
roplasts were centrifugally distributed, accumulated
starch, and contained mostly thylakoids with little to
no granal stacking (Fig. 3C).

We next quanti�ed photosynthetic characteristics of
both species (Fig. 4). The presence of PEPC in leaves of
C4 species leads to lower carbon isotope discrimination
(von Caemmerer et al., 2014) and lower compensation
points (Sage, 2004). Photosynthesis in C4 species also
saturates at higher light levels than in C3 plants
(Ehleringer and Monson, 1993). Carbon isotope discrimi-
nation, photosynthetic assimilation rates under the
conditions of growth (Anet), CO2 compensation points,
carboxylation ef�ciencies, maximum photosynthetic
rates (Amax), and assimilation rate of E. glabrescens and
rice were consistent with C4 and C3 photosynthesis,
respectively (Fig. 4E). Anet and the carboxylation ef�-
ciency of C4 E. glabrescens were approximately 2.7 and
13 times higher than in C3 rice, respectively. These data,
taken together with the structural traits, con�rm that
E. glabrescens was running an effective C4 cycle. We

Figure 2. Echinochloa glabrescens is a weed of
rice paddies that uses C4 photosynthesis. A, Image
of E. glabrescens. B, Schematic indicating phylo-
genetic relationships between rice (BEP clade),
E. glabrescens, and maize (PACMAD clade).

Plant Physiol. Vol. 170, 2016 59

Transcriptomics of C4 Photosynthesis in Rice Paddy

 www.plant.org on April 6, 2016 - Published by www.plantphysiol.orgDownloaded from 
Copyright © 2016 American Society of Plant Biologists. All rights reserved.



next sought to better understand the patterns of
gene expression associated with C4 photosynthesis in
E. glabrescens and also those genes associated with
waterlogged conditions in the paddy environment.

De Novo Assembly and Annotation of the
E. glabrescens Transcriptome

Flow cytometric analysis was used to determine that
the size of the E. glabrescens genome is approximately
14 times larger than that of Arabidopsis thaliana and
approaching the size of the maize genome (Table I). The
E. glabrescens genome was approximately twice the size
of other species in its genus (Zonneveld et al., 2005),
some of which have previously been reported to be
allohexaploids (Hilu, 1994; Ye et al., 2014). As there is
neither a reference genome for E. glabrescens nor a ge-
nome from a closely related species that can be used for
scaffolding, we used de novo assembly followed by
contig annotation to de�ne the gene complement and
then quantify gene expression in this species (Aubry
et al., 2014).

Sequencing of RNA from E. glabrescens and rice
resulted in 74 million and 70 million reads, respectively
(Table II). De novo assembly of E. glabrescens generated

50,226 contigs, 31,151 of which could be annotated to
15,212 orthologous genes in rice (Table II). A total of
15,147 orthologous transcript clusters had nonzero ex-
pression in at least one sample after quanti�cation and
were used in subsequent analyses. Spearman’s rank
correlation of transcript abundance indicated good
agreement between biological replicates (Supplemental
Fig. S1A).

Global Analysis of Transcript Abundance in E. glabrescens
and Rice

To investigate major differences in transcript ac-
cumulation between rice and E. glabrescens, 15,147
orthologous transcript clusters were categorized into
four possible statistical patterns consisting of those that
showed equal expression in both species (posterior
probability of differential expression [PPDE] # 0.01),
those that were more or less abundant in E. glabrescens
relative to rice (both at PPDE $ 0.99), and those with
no signi�cant pattern (0.01 , PPDE , 0.99; Fig. 5A;
Supplemental Table S1). Genes equally expressed in
both species were included as a category to identify
genes likely to be involved in fundamental processes
not affected by photosynthetic type.

To obtain an overview of alterations in transcript
abundance between C3 rice and C4 E. glabrescens gene
ontology (GO) terms were used. Overall, 152 GO terms
were statistically overrepresented across all four tran-
script patterns (P , 0.05). Transcripts that were more
or less abundant in E. glabrescens compared with rice
accounted for 74% of the overrepresented terms
(Supplemental Table S2). GO terms encapsulating
electron carrier activity (GO:0009055), thylakoids
(GO:0009579), and oxidoreductase activity acting on
NAD(P)H, quinone or similar acceptors (GO:0016655),
were overrepresented in the genes up-regulated in C4
E. glabrescens relative to rice. Genes more abundant in
rice were associated with GO terms for ribosomes
(GO:0003735, GO:0005840) and translation (GO:0008135,
GO:0006412), re�ecting the relatively large investment
in Rubisco, Calvin-Benson cycle, and photorespiratory
pathway necessary in C3 species (Bräutigam et al.,
2011). GO terms related to basic processes such as the
cell-cycle (GO:0007049), histone-binding (GO:0042393),
and multicellular organismal development (GO:0007275)
were associated with transcripts that had equal expres-
sion between species.

To provide insight into differences in regulators of
gene expression in leaves of rice and E. glabrescens, we
investigated expression of transcription factors (TF) in
each species. 1092 TFs distributed across 87 classes were
detected, of which 891 were signi�cantly differentially
expressed between C3 rice and C4 E. glabrescens or
equally expressed in both species and potentially in-
volved in basic metabolism. A previous comparison of
developing leaves of C3 rice and C4 maize led to the
identi�cation of 118 TFs proposed to play a role in
regulating C4 photosynthesis (Wang et al., 2014b), and

Figure 3. Echinochloa glabrescens leaves exhibit classical Panicoid
Kranz anatomy and possess M cells with minimal lobing. A, Transverse
section of E. glabrescens leaf showing Panicoid-type Kranz anatomy.
Vein density was 10.36 6 0.040 veins/mm. B, Tangential sections showing
M cells are minimally lobed (double-headed arrows). C, M chloroplasts
have extensive granal stacking (black arrows). BS chloroplasts show little
granal stacking and contain starch accumulation (asterisk). D, Chloroplast
area is greater in BS than M cells. Bars represent 10 mm.
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91 of these TFs were differentially expressed in our
dataset (Supplemental Table S3). Of these, 31 were
more abundant in C4 E. glabrescens than in C3 rice, and
analysis of publicly available datasets showed that
90% of these TFs had cell-enriched expression patterns

in maize or Setaria viridis (Li et al., 2010; Chang et al.,
2012; John et al., 2014; Wang et al., 2014b). 34 TFs were
less abundant in C4 E. glabrescens than C3 rice, but
82% of these also exhibited cell-enriched expression in
M or BS cells of S. viridis or maize (John et al., 2014;

Figure 4. Echinochloa glabrescens shows classical characteristics of C4 photosynthesis. A–D, Plots of net photosynthesis versus
internal CO2 concentration (Ci) for (A) E. glabrescens and (B) Oryza sativa (rice) show higher maximum rates of photosynthesis and
a lower compensation point in E. glabrescens than in rice. Plots of net photosynthesis versus photon flux density for (C) E. glabrescens
and (D) rice indicate that rice saturates at lower light intensities. E, Summary of photosynthetic characteristics for each species.
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Wang et al., 2014b). Quantitative PCR (Q-PCR) analysis
of mRNA isolated from M and BS cells of E. glabrescens
showed that seven of the eight transcription factors
assessed were preferentially expressed in either cell
type (Supplemental Fig. S2), although not always in the
same cell-type as has been found in S. viridis and maize.
This �nding indicates that these separate C4 lineages
up-regulate homologous transcription factors, but in-
terestingly not always in the same cell-type.

C4 Cycle Proteins and Related Isoforms in E. glabrescens

To investigate the C4 cycle in E. glabrescens, the tran-
scriptome data were mined for homologs to known C4
proteins. As expected, transcripts related to the core C4
cycle accumulated at higher levels in E. glabrescens than
rice, and multiple isoforms were detected for those genes
that are part of multigene families (Supplemental Table S4).

Five homologs of the rice PEPC gene family were
detected in the E. glabrescens transcriptome. To inves-
tigate whether any of these transcripts encoded a
chloroplast targeted protein, the predicted amino acid
sequences were aligned against the rice chloroplastic
PEPC (Os01g11054). E. glabrescens transcript_8661 pos-
sessed an N-terminal extension, and the predicted
amino acid sequence did not contain an Ala to Ser

substitution highly correlated with the C4 enzymatic
isoform of PEPC (Bläsing et al., 2000; Christin et al.,
2007). Transcript_8661 was approximately 4-fold less
abundant in C4 E. glabrescens than C3 rice and 286 times
less abundant than the most highly expressed PEPC in
E. glabrescens (Supplemental Table S4). A translational
fusion between the full coding sequence of transcript_8661
and GFP was found to be chloroplast targeted when
tested for subcellular localization in planta (Fig. 6). To
investigate whether chloroplastic PEPC is only
present in hygrophytic species (Masumoto et al., 2010;
Fukayama et al., 2014), publicly available databases
were searched for PEPC proteins with an N-terminal
extension. Fifteen annotated sequences in addition to the
rice protein were detected. ChloroP suggested that PEPC
proteins from C4 Setaria italica and C3 Brachypodium
distachyon were chloroplast targeted (Emanuelsson
et al., 1999; Supplemental Table S5). Translational fu-
sions of the �rst 55 residues of Si000160m and the �rst
48 residues of Bradi2g06620 to GFP were suf�cient for
chloroplast localization (Fig. 6). It therefore appears
that chloroplastic PEPCs are not restricted to species
adapted to waterlogged conditions and are found in
multiple C3 (rice, B. distachyon) and C4 (E. glabrescens,
S. italica) species (Fig. 6).

Transcripts for multiple isoforms of the C4 decarboxylase
enzymes NADP-ME and NAD-ME and a single isoform

Table II. Illumina technology was used to sequence the leaf transcriptomes of paddy grown Echinochloa
glabrescens and Oryza sativa (IR64)

Echinochloa glabrescens Oryza sativa

Raw reads 74,105,468 70,089,448
Filtered reads for quantification 67,074,916 64,664,795
Processed reads for assembly 27,689,019 NA
Contigs assembled 50,226 NA
Transcripts annotated to rice genes 35,151 NA
Transcripts annotated % 50.1% NA
Rice orthologs represented 15,212 NA
Reads mapped in quantification 54,524,488 56,228,702
Reads mapped in quantification % 81.3% 86.9%

NA, Not applicable because reads were mapped to rice reference transcriptome.

Table I. Echinochloa glabrescens has a relatively large genome size as measured by flow cytometric
analysis of isolated nuclei

Species Relative Genome Size 1C (pg) 1C (Mbp) 2C (pg) 2C (Mbp)

Arabidopsis — 0.16 156 0.32 313
Oryza sativa 3.1 0.50 489 1.00 978
Echinochloa glabrescens 14 2.24 2193 4.49 4386
Echinochloa crus-galli 8.4 1.35 1320 2.70 2641
Echinochloa colonum 8.4 1.35 1320 2.70 2641
Echinochloa frumentacea 8.3 1.33 1296 2.65 2592
Setaria italica 3.3 0.53 513 1.05 1027
Setaria viridis 5 0.80 782 1.60 1565
Sorghum bicolor 4.7 0.75 734 1.50 1467
Zea mays 17.1 2.73 2665 5.45 5330

Values from other species were obtained from the Plant DNA C-values Database at Kew Gardens (http://
data.kew.org/cvalues/)
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of PEPCK were also detected (Supplemental Table
S4). While NAD-ME encoding transcripts were
either up in rice relative to E. glabrescens or had no
signi�cant pattern of expression, NADP-ME and
PEPCK encoding transcripts were signi�cantly more
abundant in E. glabrescens. In particular, E. glabrescens
transcripts most similar to Os01g09320 (NADP-ME)

and Os03g15050 (PEPCK) were 43 and 124 times more
abundant in E. glabrescens relative to rice, respectively.
Immunoblotting con�rmed that the NADP-ME, PEPCK,
and other C4 cycle enzymes were abundant in
E. glabrescens (Fig. 7). PEPC and pyruvate, orthophos-
phate dikinase (PPDK), which had transcripts 423 and
26 times more abundant in E. glabrescens than in rice,

Figure 5. Differentially expressed transcripts as classified by pattern of expression. A, The distribution of detected transcripts
during differential expression analysis of Oryza sativa (rice) and Echinochloa glabrescens was studied across four statistical
categories for patterns of expression. B, Three-way differential expression analysis of rice (C3), E. glabrescens (C4), and Zea mays
(C4) was studied across eight statistical categories for patterns of expression. C, Pictorial representation of the possible expression
patterns for genes statistically analyzed in the three-species comparison. Colored lines highlight the different relative expression
patterns considered for each category as displayed by the squares placed along the x axis.
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were also more abundant in E. glabrescens at the protein
level. In contrast, carbonic anhydrase (CA) protein was
more abundant in rice, while transcripts for two
detected CA genes were up-regulated in E. glabrescens
(Supplemental Table S4). Malate dehydrogenase (MDH)
encoding transcripts were nearly 10 times more abun-
dant in E. glabrescens but did not differ dramatically
between species at the protein level (Supplemental
Table S4; Fig. 7).

Transcripts encoding metabolite transporters associ-
ated with the C4 pathway were more abundant in
E. glabrescens than in C3 rice, with the exception of
DICARBOXYLATE TRANSPORTER2 (DCT2), which
had no signi�cant pattern of expression (Supplemental
Table S4). The transporters analyzed are known to be
more abundant in maize relative to C3 Pisum sativum
(Bräutigam et al., 2008) and enriched in M or BS cells
of maize (Taniguchi et al., 2004; Majeran et al., 2005;
Majeran et al., 2008; Majeran et al., 2010). Consistent
with the lower amounts of Rubisco in C4 leaves and
reduced rates of photorespiration, RBCS transcripts
(encoding the small subunit of Rubisco) as well as
transcripts related to photorespiration were reduced in
E. glabrescens compared with rice (Supplemental Table
S4). Overall, we conclude from the transcript and pro-
tein data that the aquatic C4 species E. glabrescens is

operating a C4 pathway that relies on both NADP-ME
and PEPCK to provide CO2 to Rubisco in the BS. The
data also indicate that a chloroplastic PEPC in C4 leaves
is compatible with operation of the C4 cycle, although
in C4 E. glabrescens transcripts encoding the chloro-
plastic PEPC are down-regulated relative to C3 rice
(Supplemental Table S4).

Genes Associated with Paddy Conditions and
C4 Photosynthesis

To provide broader insight into genes associated
with either the paddy environment or C4 photosyn-
thesis, we next included publicly available data for the
C4 grass maize grown in nonpaddy conditions in our
analysis (Wang et al., 2013a). These data allowed a three-
way comparison consisting of two species that evolved
the C4 pathway independently (E. glabrescens and maize;
Giussani et al., 2001; Christin et al., 2008; Sage et al., 2011),
and also two species that independently adapted to life
in waterlogged paddy conditions (E. glabrescens and rice).
Transcript abundance was highly correlated between
biological replicates of each species (Supplemental Fig.
S1B), but maize and E. glabrescens, both members of the
PACMAD clade (Fig. 2), showed higher correlations with
each other than with rice.

Figure 6. Echinochloa glabrescens con-
tains a chloroplastic PEPC protein.
E. glabrescens transcript_8661 was
translationally fused to the GFP reporter.
Subcellular localization was assessed
via confocal scanning microscopy after
infiltration into leaves of Nicotiana
benthamiana. (A-C) Transcript_8661
fused to GFP shows chloroplast locali-
zation. (D-F) The PEPC proteins encoded
by Si000160m from Setaria italica and
(G-I) Bradi2g06620 from Brachypodium
distachyon are also chloroplast-localized.
Chlorophyll autofluorescence is seen in
red (A, D, G), GFP signal in green (C, F, I),
and both channels are merged onto
bright field images to show cellular
context (B, E, H). Bars represent 10 mm.
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