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SUMMARY

C4 photosynthetic plants have evolved from C3 ancestors and are characterized by differential expression of

several hundred genes. Strict compartmentalization of key C4 enzymes either to mesophyll (M) or bundle

sheath cells is considered a crucial step towards the evolution of C4 photosynthesis. In this study, we

demonstrate that the 50-flanking sequences of the C4 type phosphoenolpyruvate carboxylase (Ppc) gene

from three C4 grass species could drive M-cell-specific expression of a reporter gene in rice. In addition to

that, we identified about 450 bp (upstream of their transcription start site) of the analyzed C4Ppc promoters

contain all the essential regulatory elements for driving M-cell-specific expression in rice leaves. Impor-

tantly, four motifs of conserved nucleotide sequences (CNSs) were also determined, which are essential for

the activity of the promoter. A putative interaction between the CNSs and an unknown upstream element

(s) is required for driving M-cell-specific expression. This work identifies the evolutionary conservation of

C4Ppc regulatory mechanisms of multiple closely related C4 grass species.

Keywords: C4 photosynthesis, mesophyll cells, phosphoenolpyruvate carboxylase (Ppc) gene, conserved

nucleotide sequence.

INTRODUCTION

C4 photosynthesis is a special kind of adaptation that alle-

viates the detrimental effects of photorespiration, and has

risen independently over 60 times from C3 ancestors

(Sage, 2004; Sage et al., 2011). The majority of C4 plants

conduct two-celled C4 photosynthesis, spatially confining

the initial pre-fixation and final assimilation of CO2 in the

mesophyll (M) and bundle sheath (BS) cells, respectively.

The complex process of the C4 photosynthetic cycle is

ensured by compartmentalization of C4 enzymes in either

M cells or BS cells of the leaf (Hatch, 1987). All proteins

involved in C4 photosynthesis already existed in C3

ancestors, but are involved in other aspects of plant

growth and development (Monson, 2003; Gowik and

Westhoff, 2011). It is widely accepted that evolution of the

C4 photosynthetic enzymes has occurred through changes

in regulation, kinetics and cell specificity of their C3 iso-

forms (Gowik and Westhoff, 2011). Tissue-specific regula-

tion of C4-specific enzymes appears to have been a crucial

step in the evolution of C4 photosynthesis (Hibberd and

Covshoff, 2010). Evolution of the M-cell-specific C4 type

phosphoenolpyruvate carboxylase (PEPC, EC.4.1.1.31)

gene is an excellent example, which has been well studied

in the dicot genus Flaveria (Gowik et al., 2004; Akyildiz
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et al., 2007). In plants, several different isozymes of PEPC

have been recognized that are involved in various meta-

bolic processes (Ku et al., 1996). The C4 type PEPC serves

the initial fixation of CO2 in the C4 pathway and is exclu-

sively expressed in the M cells of C4 leaves (Ku et al., 1996;

Svensson et al., 2003). The photosynthetic C4 isoform of

the Ppc gene has evolved independently several times

from the ancestral C3 non-photosynthetic isoforms (Svens-

son et al., 2003; Christin et al., 2009). There is compelling

evidence that cell-specific expression of the C4Ppc might

have evolved by changes in the transcriptional control of

C3 isoforms (Stockhaus et al., 1997; Gowik et al., 2004).

Studies on the genus Flaveria revealed that the M-cell-

specific expression of the C4PpcA gene is indeed deter-

mined by a 41-bp segment located in the distal region of

the promoter, known as M expression module-1 (MEM-1).

A similar MEM-1 homolog can also be found in the PpcA

promoter of the C3 Flaveria species. However, the C3- and

C4-specific MEM-1 differ at two positions, a G to A transi-

tion and an insertion of the tetranucleotide CACT in the C4

MEM-1 in comparison to the C3 one. These two changes in

the MEM-1 sequence are mandatory for the M-cell-specific

expression of the C4PpcA in the genus Flaveria (Gowik

et al., 2004; Akyildiz et al., 2007).

In contrast to C4 dicots, little is known about the regula-

tory element(s) and evolutionary mechanism of C4Ppc

genes in grasses. Previous work showed that the C4Ppc

promoter of Zea mays could drive strong M-cell-specific

expression of a reporter gene in the C3 plant rice (Mat-

suoka et al., 1994; Kausch et al., 2001). This demonstrated

that, like in dicots, M-cell-specific expression of the C4Ppc

gene of Z. mays is mainly determined at the transcription

level. Comparison of the C3 and C4 type 50-flanking
sequences of Z. mays Ppcs revealed that the sequences

are identical at a range from a putative TATA box element

to the translational start codon ATG (Schaffner and Sheen,

1992). Diverse sequences upstream of their TATA box indi-

cate that the C4Ppc gene of Z. mays might have evolved

from an ancestral C3Ppc gene after an unequal recombina-

tion event near the putative TATA box element (Schaffner

and Sheen, 1992; Sheen, 1999). This recombination event

might have brought all the cis-elements necessary for the

M-cell-specific expression of C4Ppc. Phylogenetic data of

the grasses showed that all the C4 grass species are clus-

tered in the PACMAD clade comprising of 20–22 indepen-

dent C4 origins, while the evenly sized sister group BEP

clade does not contain any C4 species (Christin et al.,

2009). However, the M-cell-specific activity of maize C4Ppc

promoter (PACMAD) in C3 rice plants (BEP) suggests the

evolutionary conservation of trans-regulatory element(s)

present between the C4 species maize and the C3 species

rice. Until today it still remains elusive whether this evolu-

tionary conservation is also maintained across other C4

grass species of the PACMAD clade.

Crop plants that use the C4 photosynthetic cycle are

more productive, and use less water and nitrogen than

their C3 counterparts (Sage, 2004; Sage et al., 2012). These

advantages of C4 photosynthesis, along with the demand

for future crop security, have spurred the development of a

program to install C4 traits into the C3 plant rice in order to

increase the latter’s agricultural productivity (Sheehy et al.,

2008). To establish a C4 metabolism in rice, a set of genes

that determine C4 leaf anatomy and biochemical processes

have to be transformed into rice and expressed in an

appropriate manner. For this, the expression of several

genes has to be redirected to either M or BS cells. There-

fore, a set of cell-specific promoter units is highly needed.

But the current toolbox available to drive cell-specific

expression of foreign genes in rice might not be sufficient

for this huge project (Schuler et al., 2016). Using the same

promoter, several genes for the development of multi-

transgenic C4 rice may cause silencing effects by repetitive

elements (Assaad et al., 1993; Hsieh and Fire, 2000).

Thereby, alternative M- and BS-cell-specific promoters are

needed for the development of C4 rice. In an ideal situa-

tion, it would be more useful if a set of cell-specific cis-reg-

ulatory elements could be identified to develop synthetic

cell-specific promoters by taking the advantage of a syn-

thetic biology approach.

To better understand the changes underlying the evolu-

tion of C4Ppc in grasses and to determine the M-cell-speci-

fic regulatory elements for C4 rice engineering, a detailed

promoter-reporter gene analysis was carried out in trans-

genic rice. In the present study, we aimed to characterize

the anatomy of C4Ppc promoters from phylogenetically

closely related C4 species of Z. mays. Those species could

be found in the Panicoideae family. The Panicoideae is one

of the subfamilies of the PACMAD clade and contain

diverse sets of C4 as well as C3 grass species (Christin

et al., 2009). Most of the commercially important C4 crop

plants like Z. mays, Sorghum officinare, etc. belong to the

Panicoideae. Here, we investigated the 50-flanking
sequences of the C4Ppc genes from the Panicoid C4 grass

species Urochloa maxima, Panicum miliaceum and Setaria

viridis. The three 50-flanking sequences showed M-cell-

specific activity in rice when fused with the uidA (GUS)

reporter gene. A detailed promoter-reporter gene analysis

in rice revealed that the proximal 500 bp of these C4Ppc 50-
flanking sequences are sufficient to drive M-cell-specific

expression. Further analysis of the proximal 500 bp identi-

fied four motifs with conserved nucleotide sequence

(CNS), which are essential for the C4Ppc promoter activity.

The presence of the CNSs in the six analyzed Panicoid C4

grass species indicates a high degree of conservation of

the C4Ppc regulatory mechanism. We also address what

are the putative core regulatory element(s) of these pro-

moters responsible for directing the activity and M-cell

specificity.

© 2019 The Authors.
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RESULTS

The C4Ppc 50-flanking sequences of C4 Panicoid grasses are

capable of driving M-cell-specific expression in transgenic

rice

In order to determine how the C4Ppc evolved in grasses,

the 50-flanking sequences of the C4Ppc genes were isolated

through vectorette polymerase chain reaction (PCR; see

Experimental procedures) from the Panicoid C4 grasses S.

viridis (SvPpc), P. miliaceum (PmPpc) and U. maxima

(UmPpc), which exhibit NADP-ME, NAD-ME and PCK types

of C4 photosynthesis, respectively (Siebert et al., 1995).

However, little is known about the regulatory elements and

M-cell-specific regulatory mechanism of the three Panicoid

C4Ppc genes. Therefore, to increase the probability to

retain all the essential cis-regulatory elements of the pro-

moters, we aimed to isolate about 2–3.5 kb of 50-flanking
sequences of the three Panicoid C4Ppc genes for primary

analyses. The length of the three isolated 50-flanking
sequences of SvPpc, PmPpc and UmPpc were 2233 bp,

3327 bp and 3531 bp, respectively (Figure 1a). To test the

activity of these 50-flanking sequences in rice, the three

putative promoters were fused to the coding region of the

uidA (GUS) gene linked to the terminator of the nopaline-

synthase (Nos) gene (Figure 1a). All the chimeric con-

structs were stably transformed into rice for analysis.

GUS histochemical analysis of these three putative C4Ppc

promoters showed that they were able to keep their C4 char-

acteristic M-cell-specific expression pattern in rice (Fig-

ure 1b), similar to what has been found for the C4Ppc

promoter of Z. mays (Figure S1). No blue GUS staining was

observed in the upper or lower epidermis, vascular tissue

and BS cells of the rice leaf blade across several sections

(Figure 1b). Although the GUS expression pattern of the

three putative promoters in rice was very similar, the levels

of GUS activity driven by the three putative promoters dif-

fered slightly from each other. In comparison to the SvPpc

50-flanking sequences, the PmPpc and the UmPpc 50-flank-
ing sequences showed 2.7- and 4.9-fold lower GUS activi-

ties (Figure 1c). Nevertheless, the GUS histochemical and

quantitative analysis data suggested that the trans-regula-

tory system responsible to direct M-cell-specific expression

of C4Ppc genes in C4 grass plants is also present in the C3

grass rice. Therefore, the isolated 50-flanking sequences can

be used as M-cell-specific drivers for rice leaf tissue.

The proximal 500 bp of the 50-flanking regions of UmPpc,

PmPpc and SvPpc are capable to drive M-cell specificity in

rice leaf

To better understand the anatomy of a grass C4Ppc pro-

moter, we used the UmPpc promoter as a starting point

aiming to identify the minimal set of cis-regulatory ele-

ment(s) that are essential for its M-cell specificity. The

available 50-flanking sequence of UmPpc was 3531 bp long.

To delimit it, the 50-flanking sequence of UmPpc was suc-

cessively truncated, and the resulting three fragments with

lengths of 1500 bp, 1000 bp and 500 bp were fused to the

GUS reporter gene. The chimeric constructs UmPpc-1500:

GUS, UmPpc-1000:GUS and UmPpc-500:GUS were trans-

formed into rice for analysis.

hr

hr

hr

(a)

(b) (c)

Figure 1. Analysis of the C4Ppc 50-flanking sequences from Setaria viridis,

Panicum miliaceum and Urochloa maxima in transgenic rice.

(a) Schematic presentation of the C4Ppc 50-flanking sequence GUS reporter

gene constructs from Panicoid grass species S. virdis, P. miliaceum and

U. maxima. Nucleotide numbers refer to the translational start codon

(ATG). Here, all three chimeric constructs were stably transformed in the

Nipponbare rice cultivar.

(b) Histochemical analysis of GUS in leaf cross-sections of transgenic rice

plants transformed with SvPpc:GUS, PmPpc:GUS and UmPpc:GUS con-

structs, respectively. The incubation period was 18 h.

(c) Quantitative measurement of GUS activities in leaves of transgenic rice

plants. GUS activities are expressed in nanomoles of the reaction product

4-methylumbelliferone (MU) per mg of protein per minute. Each single dot

represents one T1 transgenic plant, and the same color in dots indicates the

plants belong to the same transgenic line. The total number of transgenic

plants investigated (NT1) from the independent transgenic (NT0) lines and

the median value (M) of GUS activity are represented at the right side of

each column. Relative positions of the median values in each column are

marked with black lines.

© 2019 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd,
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Mature leaves from the transgenic T0 rice plants were

analyzed for GUS activity. Histochemical staining of leaf

cross-sections of the UmPpc-1500:GUS, UmPpc-1000:GUS

and UmPpc-500:GUS transformants showed GUS activity

only in the M cells (Figure 2b). The same staining pattern

was previously observed in rice transformants containing

the full-length UmPpc 50-flanking sequences (Figure 1b).

Fluorometrical quantification of GUS activity of the three

constructs led to almost equal amounts of activity (Fig-

ure 2c). Taken together there was no notable difference

among the three dissected promoters in terms of overall

activity and M-cell specificity. We concluded from these

results that the cis-regulatory element(s) of the UmPpc pro-

moter responsible for M-cell specificity and activity are

located within the first 500 bp upstream of the translational

start codon ATG.

This finding prompted us to test whether the other

grass C4Ppc promoters also contain their M-cell-specific

regulatory elements within their proximal part. To deter-

mine this, the proximal 500 bp of the SvPpc and PmPpc

sequences were fused to the GUS reporter gene and

subsequently transformed into rice for analysis (Fig-

ure 2a). Histochemical analysis of GUS staining in the

leaves of SvPpc-500:GUS and PmPpc-500:GUS transfor-

mants revealed that the GUS expression pattern of both

constructs as well as their promoter strength were essen-

tially the same as that of the UmPpc-500:GUS construct

(Figure 2b and c). With respect to the C4Ppc of maize,

the proximal 500 bp of its 50-flanking sequence ZmPpc

promoter was found to be a very weak promoter in rice,

but extending the sequence to 660 bp upstream � a sim-

ilar promoter activity was observed as for the other three

C4 grasses (Figure S1). This is consistent with the find-

ings of Taniguchi et al. (2000) who had previously shown

that the proximal 650 bp of the C4Ppc promoter was suf-

ficient to drive M-cell-specific expression.

Taken together, the data of the UmPpc-500, PmPpc-500,

SvPpc-500 and ZmPpc-660 constructs provided convincing

evidence that the cis-regulatory element(s) driving M-cell

specificity and activity are located within the proximal part

of the 50-flanking region of the analyzed grass C4Ppc pro-

moters.

Mapping of cis-regulatory elements in the proximal

regions of the C4Ppc promoters

The data presented so far clearly demonstrate that the

proximal regions of our selected C4 grass Ppc promoters

contain all the relevant regulatory elements for M-cell-

specific expression. In order to gain insight into and to

identify putative cis-element(s), it would be helpful to have

a detailed sequence map of C4Ppc-500 fragments from

grasses. To determine whether there are any CNSs present

among the Panicoid C4 grass Ppc promoters, we pursued a

comparative analysis.

In order to broaden the sequence comparisons, two

additional 50-flanking sequences of the C4Ppc gene from

the C4 Panicoid grasses Digitaria sanguinalis and

15 hr

15 hr

15 hr

14 hr

2 hr

(a)

(b) (c)

Figure 2. 50-Deletion analysis of the C4Ppc 50-flanking sequences from

Urochloa maxima, Setaria viridis and Panicum miliacieum in transgenic rice.

(a) Schematic presentation of the chimeric constructs of the UmPpc, SvPpc

and PmPpc 50-flanking sequences. Here, the UmPpc-1500:GUS, UmPpc-

1000:GUS and UmPpc-500:GUS constructs were stably transformed in the

Kitaake, whereas the SvPpc-500:GUS and PmPpc-500:GUS constructs were

transformed in Nipponbare rice cultivar.

(b) Histochemical localization of GUS (blue staining) in leaf cross-sections of

transgenic rice leaves. The incubation period for theUmPpc chimeric constructs

was 15 h. In the cases of SvPpc-500:GUS and PmPpc-500:GUS constructs, the

incubation periods were 14 h and 2 h, respectively. Scale bar: 50 lm.

(c) Fluorometrical quantification of GUS activity. GUS activities are

expressed in nanomoles of the reaction product 4-methylumbelliferone

(MU) per mg of protein per minute. The number of transgenic plants (NT1)

analyzed from the independent transgenic (NT0) lines and the median val-

ues (M) of GUS activity for each construct are represented at the right side

of each column. The same color dots represent the transgenic T1 plants

originate of the same T0 line. The positions of the median values are

marked with red lines (*P < 0.05; **P < 0.005; n.s., not significant P > 0.05).

© 2019 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd,
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Setaria italica were isolated through vectorette PCR (gen-

ome walking; Siebert et al., 1995). Sequence comparison

of the proximal 500 bp of the UmPpc 50-flanking sequence

with the five selected grass C4Ppc 50-flanking sequences (Z.

mays, S. viridis, S. italica, P. miliaceum and D. sanguinalis)

identified four motifs of CNSs (Figure 3) that were named

CNS-1, CNS-2, CNS-3 and CNS-4, respectively. In the case

of ZmPpc, CNS-3 is divided into CNS3a and CNS3b, due to

the insertion of six additional nucleotides in the CNS-3

region. An equally compelling possibility is that CNS-3 is

actually shorter and may not contain the repetitive CACA

(Figure 3) element and thus the CNS-3 module would not

be divided in Z. mays. In the UmPpc promoter the four

CNSs are located in the range of �159 bp to �73 bp (Fig-

ure 3). Downstream to these CNSs, a putative TATA box is

also found to be highly conserved in all six C4Ppc 50-flank-
ing sequences. In the 50-flanking region of UmPpc, the

putative TATA box element was detected at the position

�72 to �64 bp. Rapid amplification of 50-complementary

DNA (cDNA) ends (50-RACE) analysis was used to define

the putative transcription site of the UmPpc, SvPpc, SiPpc,

PmPpc and DsPpc C4Ppc genes (Figure S2). In addition,

information about the 50-UTR regions of the ZmPpc was

obtained from available Genbank data libraries (Accession

No: X15239). Besides the CNSs regions and the putative

TATA box sequence, there was no other noticeable

sequence conservation observed among the six selected

grass C4Ppc-500 fragments. This observation suggests that

the CNSs-harboring region could be the putative region

that plays a crucial role within C4Ppc promoters that might

carry the M-cell-specific determinants.

Deletion of the CNSs comprising region from the UmPpc-

500 fragment causes loss of activity

To unravel the potential role of the identified CNSs, it was

necessary to perform promoter deletion and recombina-

tion tests with the analyzed C4Ppc 50-flanking sequences of

the Panicoid grass, and we chose the UmPpc-500 fragment

as an example. The fragment was subdivided into four dif-

ferent subfragments; 1, 2, 3 and 4, starting upstream of the

TATA box (Figure 4a). Subfragment-1 contains all the

CNSs that were identified in the six selected C4 grass Ppc

50-flanking sequences. Subfragments 2, 3 and 4 do not

have any potential CNSs in the six C4 grass Ppc promoters.

With the four subfragments, five consecutive promoter

deletion and recombination constructs were created and

designated as UmPpc-500-del-4:GUS, UmPpc-500-del-3:

GUS, UmPpc-500-del-2:GUS, UmPpc-500-del-1:GUS and

UmPpc-500-region-1:GUS, respectively (Figure 4a). All five

chimeric constructs were stably transformed into rice.

GUS histochemical analyses of transgenic rice leaf blade

cross-sections showed that the individual removal of sub-

fragments 4, 3 and 2 from the UmPpc-500 fragment had no

effect on the spatial accumulation of GUS activity

(Figure 4b). The GUS expression patterns were essentially

the same as the pattern observed with the entire UmPpc-

500 fragment. Differences were observed with respect to

the promoter activities of the constructs del4 to del2 (Fig-

ure 4c). In contrast, deletion of subfragment-1 from the

UmPpc-500 fragment resulted in a complete loss of GUS

staining, indicating that subfragment-1 is essential for pro-

moter activity (Figure 4b). Surprisingly, however, subfrag-

ment-1 together with its downstream sequences was not

able to drive GUS expression in the M cell of rice leaf (Fig-

ure 4b). This implies the presence of additional cis-regula-

tory elements upstream of subfragment-1. To test this

hypothesis, subfragment-1 was fused with either subfrag-

ment-2 or -3. Figure 5 shows that the addition of either of

these two fragments to subfragment-1 restores the M pro-

moter activity. This finding indicates a redundancy of cis-

regulatory elements located in subfragments-2 and -3.

The CNSs-harboring region is also indispensable in the

Setaria viridis C4Ppc promoter to drive activity

The data obtained with the UmPpc proved that the CNSs-har-

boring subfragment-1 are absolutely essential for promoter

activity. To test whether this is also the case for other Pani-

coid C4 grass species, a promoter deletion and complementa-

tion assay was carried out with the SvPpc-500 fragment. First,

the CNS1-4 harboring region (92 bp) of the SvPpc-500:GUS

construct was deleted (Figure 6a). In the second construct the

CNS1-4 region (92 bp) of SvPpc was exchanged with the

CNS1-4 region (87 bp) of the UmPpc 50-flanking sequence

(Figure 6a). The two chimeric constructs were designated as

SvPpc-500Δ92:GUS and SvPpcΔ92+Um87:GUS, respectively,

and transformed into rice.

Removal of the 92-bp CNS1-4 region from the SvPpc-

500:GUS construct reduced the promoter activity almost

completely. Out of 15 transgenic plants, four plants pro-

duced weak GUS expression in the M cell (Figure 6b; the

respective fluorometric value to the shown cross-section is

marked with a black arrow in Figure 6c). The remaining 11

transgenic plants showed extremely low levels of GUS

activity and did not reveal any blue staining in the histo-

chemical assay. We therefore concluded that the CNS1-4

harboring region of the SvPpc-500 fragment is the essen-

tial cis-determinant of the proximal promoter region. When

the deleted SvPpc CNS1-4 region (92 bp) was replaced by

the UmPpc CNS1-4-containing region (87 bp) promoter

activity was regained (Figure 6). Out of 15 independent

transgenic plants analyzed, all displayed high GUS activity

in the M cells (Figure 6b). We conclude from this deletion

and heterologous substitution experiments that the CNS1-

4-containing region is obligatory for C4Ppc promoter

activity of the analyzed C4 Panicoid grass species. The con-

servation of the CNSs in other C4 grasses of the Panicoids

suggests their general importance in C4Ppc promoter func-

tion.

© 2019 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd,
The Plant Journal, (2019), doi: 10.1111/tpj.14532
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UmPpc-500      CTGCCCTCGGCCCTCTAATCCTCGCCTCACATTTGCTACCGATCACATGCCCTCCGCTT------CGGATAAGCCTCCTTACCATCCG
SvPpc-500      ------------CCTCCCCTTGCATTCGTGATTCGCCGCCGGTCACATGCCCTCCGCTTGAAAAAAA-AAAAGCCCCCTTTCCATCCG
SiPpc-500      ------------CCTCCCCTTGCATTCGTGATTCGCCGCCGGTCACATGCCCTCCGCTTGAAAAAAAAAAAAGCCCCCTTTCCATCCG
PmPpc-500      TTG---TCAGGATCGGATCGCTCCCCTGGCGGTGGCCGCCGGTCACATGCCCTCGCTCCG----GTGGATAAGCCTCCTTTCCAACCG
DsPpc-500      CCGTC-GGTACTCACTGGTCCTACCCTGGCAGTATCTCACAGTCACATGCCCACCGCTCG----AAAAAAAAGCTTCCTTTCCATCCA
ZmPpc-500      C--------------AGCCGGTTCCGTTGCGGTTACCGCCGATCACATGCCCAAGGC---------------CGCGCCTTTCCGAACG

*  *   *  **********                        **** **   *      

UmPpc-500      -CCAGGAGACGTGCAATCCCGTG------CACACATCC-----------GCCCACTCTCCATCCG-----------------------
SvPpc-500      -CCATGAGGCGTGCAATCCCGTG------CACACACTC-----------GCCGACTCCCCATCCGTTATTTTGTTTTTTTTAGAAGCC
SiPpc-500      -CCATGAGGCGTGCAATCCCGTG------CACACACTC-----------GCCGACTCCCCATCCGTTATTTTGTTTTTTTTAGAAGCC
PmPpc-500      CCAAGAGGCCGCGCATTCCCGTG------CACACACTG-----------GCCCGCTCCCCATCCC-----------------------
DsPpc-500      -CCAGGAGGCGTGCAATCCTGTG------CACACACTC-----------GCCGACTCCCCATCCG-----------------------
ZmPpc-500      -CCGAGGGCCGCCCGTTCCCGTGCACAGCCACACACACACCCGCCCGCCAACGACTCCCCATCCC-----------------------

*     * **  *  *** ***      ******                *  *** ****** 

UmPpc-500      --------TATTTAAACCGCGCCGCGCGTCTCGCTG-----CCCTGCATCA-------------CAGGAACCTCAC-AGCACGTACG
SvPpc-500      CCATCCGTTATTTAAACCCACCCGCGCGCCTCGCTCGACCTCGTGCCA---CCGCCACAGCCATCTAGCTCCACTCCAGTCATCTAG
SiPpc-500      CCATCCGTTATTTAAACCCACCCGCGCGCCTCGCTCGACCTCGTGCCA---CCGCCACAGCCATCTAGCTCCACTCCAGTCATCTAG
PmPpc-500      --------TATTTAAAGCCACCCGCGCT-CTCGCCGTGCATCGCAACAGCGAGCTAGCACGGCGCGCCCTCCGCTCCAGCCACCTAG 
DsPpc-500      --------TATTTATAGCCCTCCACGGGACTTGCT------CTCGTGCATCTTTGCAACAGC ACA----CCACTCTAGCAAGCCGT
ZmPpc-500      -GAT----TATTTGAACCCACCCGCGC-ACT-GCATTCAC-CAATCGCATCGCAGCAGCACG-ACAGCAGCACGCCGTGCCGCTCCA

*****  * *   ** **   ** **       *                      *     *    *  *

UmPpc-500

1100200300400– – – –

–

– –

– –

500
Scale [bp]

SvPpc-500

PmPpc-500

DsPpc-500

ZmPpc-500

159 72 38

38 bp

69 bp

72 bp

62 bp

81 bp

87 bp

92 bp

90 bp

89 bp

94 bp

= CNS

= TATA box

= 5 -UTR

TATA TSS

SiPpc-500

93 bp 69 bp

CNS-1 CNS-2

CNS-3a CNS-3b CNS-4

TATA Box

Figure 3. Comparison of the proximal 500 bp of the 50-flanking regions of the C4Ppc genes from the Panicoid C4 grass species Urochloa maxima (UmPpc),

Setaria viridis (SvPpc), Setaria italica (SiPpc), Panicum miliaceum (PmPpc), Digitaria sanguinalis (DsPpc) and Zea mays (ZmPpc).

The schematic figure of the top of the figure depicts the relative positions of the conserved nucleotide sequences (CNSs), putative TATA box and the 50-untrans-
lated region (50-UTR). The CNSs are indicated in green, the putative TATA box in blue and the putative 50-UTR in black squares. The relative lengths of the CNS

harboring regions and the 50-UTRs are indicated in bp below each respective square. Nucleotide numbers refer to the translational start codon ATG (+1), and the

positions are related to the black scale bar on top. The complete sequence of the analyzed C4Ppc 50-flanking sequence can be found in the GenBank data library

under the accession numbers: MH675616 (UmPpc), MH675618 (SvPpc), AF495586 (SiPpc), MH675617 (PmPpc), MH675615 (DsPpc) and X15239 (ZmPpc). TSS,

putative transcription start site. The asterisk (*) indicates fully conserved base pairs.

© 2019 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd,

The Plant Journal, (2019), doi: 10.1111/tpj.14532
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The nucleotide sequence between the CNSs does not

have any impact on directing activity and M-cell specificity

The comparative analysis of the six selected C4Ppc 50-flank-
ing sequences showed there is some degree of conserva-

tion of the nucleotide sequences between the sequences of

the four identified CNSs (Figure 3). One might speculate

that not only the four putative CNSs are important, but

also the nucleotides between the CNSs may have an

impact on directing the activity and specificity. To address

this question, we selected the nucleotide sequences

between CNS-1 and CNS-2 (18 bp; Figure 3), and CNS-2

and CNS-3 (19 bp; Figure 3) of UmPpc-500-del-4:GUS and

replaced them by 18 or 19 bp, respectively, of random

sequences of the coding region of the green fluorescent

protein (GFP) gene. GUS histochemical and quantitative

analyses of 16 independent transgenic rice plants contain-

ing the UmPpc-fGFP:GUS construct (Figure S3) showed a

comparable GUS expression to the UmPpc-500-del-4:GUS

construct (Figure 4). This indicates that the CNS spacer

nucleotide sequences, at least between CNS-1 and CNS-2

as well as between CNS 2- and CNS-3, have no major

impact in directing activity and M-cell specificity.

(i) UmPpc-500-del-4

(ii) UmPpc-500-del-3

(iii) UmPpc-500-del-2

(iv) UmPpc-500-del-1

12 hr

12 hr

4 hr

72 hr

4 3 2 1

3 2 1

4 2 1
4 3 1
4 3 2

1

(v)
(i) - *

(ii) * - **

** -

-

(v) -

Statistical analysis

– – – –

0.01

0.1 1 10

100

(i) UmPpc-500-del-4

(ii) UmPpc-500-del-3

(iii) UmPpc-500-del-2

(iv) UmPpc-500-del-1

12 hr

12 hr

4 hr

72 hr

–500
Scale [bp]

GUS

(v) UmPpc-500-region-1

72 hr

nmol MU/(mg Protein *min)

NT0 = 17
M = 2.40

NT0 = 18
M = 1.01

NT0 = 19
M = 3.27

NT0 = 19
M = 0.04

NT0 = 20
M = 0.01

UmPpc-500

172 38

5 -
UTR

4 3 2 1

159

5 -
UTR

3 2 1 5 -
UTR

4 2 1 5 -
UTR

4 3 1 5 -
UTR

4 3 2 5 -
UTR

1 5 -
UTR

100 bp 100 bp 100 bp 128 bp 72 bp

(i)

(ii)

(iii)

(iv)

(v)

(i) (ii) (iii) (iv) (v)
(i) - * n.s **** ****

(ii) * - ** **** ****

(iii) n.s ** - **** ****

(iv) **** **** **** - n.s

(v) **** **** **** n.s -

Statistical analysis

– – – –

(a)

(b) (c)

Figure 4. Deletion and recombination analysis of

the UmPpc-500 proximal promoter fragments.

(a) Schematic presentation of the subdivision of the

UmPpc-500 promoter fragment into four subfrag-

ments. Subfragment-1 (128 bp) consists of all four

putative conserved nucleotide sequences (CNSs),

while subfragments-2, 3 and 4 (100 bp each) do not

have any conserved sequence. Based on the divi-

sion of regions, five promoter deletion and recom-

bination constructs: (i) UmPpc-500-del-4:GUS; (ii)

UmPpc-500-del-3:GUS; (iii) UmPpc-500-del-2:GUS;

(iv) UmPpc-500-del-1:GUS; and (v) UmPpc-500-re-

gion-1:GUS were prepared. The TATA box and the

50-UTR are represented in a blue and black square,

respectively. All five chimeric constructs were sta-

bly transformed into Kitaake rice cultivar.

(b) Histochemical localization of GUS (blue stain-

ing) in leaf cross-sections of transgenic Kitaake rice.

Incubation times for (i) UmPpc-500-del-4:GUS, (ii)

UmPpc-500-del-3:GUS and (iii) UmPpc-500-del-2:

GUS were 12, 12 and 4 h, respectively, and for con-

structs (iv) UmPpc-500-del-1:GUS and (v) UmPpc-

500-region-1:GUS were 72 h. Scale bar: 50 lm.

(c) GUS activities in leaves of transgenic rice plants.

GUS activities are expressed in nanomoles of the

reaction product 4-methylumbelliferone (MU) per

mg of protein per minute. The number of trans-

genic plants analyzed (NT0) and the median (M) val-

ues of the GUS activity for each construct are

represented at the right side of each column. The

positions of median values are marked in red lines

(*P < 0.05; **P < 0.005; ** **P < 0.00005; n.s., not

significant P > 0.05).

© 2019 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd,
The Plant Journal, (2019), doi: 10.1111/tpj.14532
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The TATA and 50-UTR segment of the UmPpc promoter

can be replaced with a minimal 35S promoter

It was tempting to speculate whether the TATA box and 50-
UTR segment (72 bp) of the UmPpc 50-flanking sequence

contain any important cis-regulatory element(s) and, if so,

it may have an effect on directing M-cell-specific expres-

sion. Therefore, we replaced this 72-bp sequence from the

UmPpc-500-del-4:GUS construct (Figure 4) with the �60 bp

minimal 35S promoter (M35S) of the cauliflower mosaic

virus, resulting in the formation of the UmPpc-M35S:GUS

construct (Figure S4a). It is known that this segment of the

35S promoter is not able to drive expression of the GUS

gene (Ow et al., 1987; Wei et al., 2006; Kirschner et al.,

2018).

After examining 18 independent transgenic rice plants of

the UmPpc-M35S:GUS construct, we did not find any sub-

stantial difference in terms of activity and M-cell specificity

between the UmPpc-M35S: GUS construct (Figure S4) and

the UmPpc-500-del-4:GUS (Figure 4). This clearly indicates

that neither the putative TATA box nor the 50-UTR of the

UmPpc promoter contain any relevant cis element(s) for

directing activity and M-cell specificity.

DISCUSSION

C4 photosynthesis is a complex biochemical trait, which

has evolved over 60 times in the angiosperms and at least

22 times independently in the grasses (Sage, 2016). The

3 2 1 5
UTR

2 1 5
UTR

3 1 5
UTR

4 hr

4 hr

3 2 1 5
UTR

–400 –300 –200 –1
Scale [bp]

2 1 5
UTR

–300 – 200 –1

3 1 5
UTR

–400 –300 –200 –1 GUS

4 hr

4 hr

0.01

0.1 1 10

100

nmol MU/(mg Protein*min)

NT0 = 11
M = 0.73

NT0 = 13
M = 2.97

UmPpc-2-1

UmPpc-3-1

**

(a)

(b) (c)

Figure 5. Functional analysis of subfragments-1, 2 and 3 fusion constructs

in leaves of transgenic rice.

(a) Schematic presentation of UmPpc-2-1:GUS and UmPpc-3-1:GUS con-

structs transformed into Kitaake.

(b) Histochemical localization of GUS (blue staining) in leaf cross-sections

of transgenic Kitaake rice. The incubation time was 16 h.

(c) GUS activities in leaves of transgenic rice plants. GUS activities are

expressed in nanomoles of the reaction product 4-methylumbelliferone

(MU) per mg of protein per minute. The number of transgenic plants ana-

lyzed (NT0) and the median (M) values of the GUS activity for each con-

struct are represented at the right side of each column.

87 bp

SvPpc-500

92 bp

–1

–500

SvPpc 92 5 -
UTR

–1

–131–277–500

GUS–1

SvPpc 92+Um87 5 -
UTR

–131–277–500

UmPpc
sequence

(i)

(ii)

5 -
UTR

(ii) SvPpc 92+Um87

16 hr

(i) SvPpc 92

24 hr

NT0 = 15
M = 0.15

NT0 = 16
M = 17.18

****

nmol MU/(mg Protein *min)

Scale [bp]

0.001

0.01
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100

1000

(a)

(b) (c)

Figure 6. Deletion and complementation analysis of conserved nucleotide

sequences (CNS)1-4 containing region of the SvPpc-500.

(a) Overview of the chimeric deletion and complementation constructs of

the CNS1-4 harboring region of the SvPpc-500:GUS construct. Here, both

the chimeric constructs were transformed in the Kitaake rice cultivars.

(b) Histochemical analysis of transgenic rice plants transformed with SvPpc-

500Δ92:GUS and SvPpcΔ92+Um87:GUS, respectively. Scale bar: 50 lm. The

incubation times were 24 and 18 h for SvPpc-500Δ92:GUS and

SvPpcΔ92+Um87:GUS transformants, respectively.

(c) GUS activities are expressed in nanomoles of the reaction product 4-

methylumbelliferone (MU) per mg of protein per minute. The number (NT0)

of independent transgenic plants analyzed and the median (M) values of

GUS activity for each construct are represented at the right side of each col-

umn. The positions of median values are marked in red lines

(****P < 0.00005).
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polyphyletic origin of C4 photosynthesis implies that it

must have been relatively easy, in genetic terms, to evolve

this pathway and that evolution could rely on already exist-

ing modules. In 1993, Matsuoka et al. (1993) reported that

the C4Ppc promoter of maize maintained its M-cell-specific

expression in transgenic C3 rice. This finding implies that

the gene regulatory system acting in the leaves of rice and

maize must share common trans-regulatory factors that

recognize cell-specific cis-regulatory modules in the C4

maize promoter and interpret them correctly in rice. Maize

is a member of the subfamily Panicoideae, which is part of

the PACMAD clade (Christin et al., 2009) in which all the C4

grasses are clustered. A complete molecular phylogenetic

tree developed for the grass family showed that rice

belongs to the BEP clade, which diverged from the PAC-

MAD clade more than 50 million years ago (Christin et al.,

2008). Despite this large evolutionary distance, maize and

rice share common trans-regulatory element(s) for M-cell-

specific expression of C4Ppc gene. One could assume that

the trans-regulatory factors that are necessary for M-cell-

specific expression of the C4Ppc gene already existed in a

common ancestor of the PACMAD and BEP clades. To gain

support for this hypothesis, we wanted to explore whether

the C4Ppc 50-flanking sequences of other C4 grasses also

function as mesophyll-specific promoters in rice. There-

fore, we isolated C4Ppc 50-flanking sequences from three

further C4 Panicoid grass species (i.e. S. viridis, P. mili-

aceum and U. maxima) and subsequently analyzed their

promoter potentiality in rice.

All the three C4Ppc 50-flanking sequences were able to

maintain their C4-type cell-specific expression when tested

in rice (Figure 2), thus supporting the proposed evolution-

ary scenario of Matsuoka et al. (1994). A similar evolution-

ary conservation of a transcription regulatory system has

also been observed for the BS cells of distantly related

dicotyledonous C3 and C4 plants. The BS-specific promoter

of the GLDPA gene (encoding the P subunit of glycine

decarboxylase) of the C4 Asteracean species Flaveria triner-

via maintains its promoter specificity in the Brassicaceae

C3 species Arabidopsis thaliana (Engelmann et al., 2008;

Wiludda et al., 2012). Conversely, the promoter of the sul-

fate transporter 2;2 gene (SULTR2;2) from Arabidopsis has

been found to be BS cell specific in the Asteracean C4 spe-

cies Flaveria bidentis (Kirschner et al., 2018). These find-

ings indicated that the trans-regulatory factors of the gene

transcription system of BS cells are at least partially evolu-

tionary conserved in dicotyledonous plants. Therefore, the

evolutionary conservation of the trans-regulatory systems

of M cells in the C3 and C4 grass species is not an uncom-

mon phenomenon. However, it cannot be neglected that,

in many cases, a parallel evolution of trans-acting factors

also had a major impact. Nomura et al. (2005) could

demonstrate that in case of two BS-specific promoters of

the C4 species maize tested, only one kept its specificity

when expressed in the C3 species rice. Also, for the C4Ppc

gene of the C4 Flaveria species a cis-element was identified

that underwent minor changes from C3 to C4 Flaveria spe-

cies, but the C4 variant could not confer mesophyll-speci-

ficity in Arabidopsis (Gowik et al., 2004; Akyildiz et al.,

2007). Both studies show that the necessary trans-factors

are either not present in the tested C3 species or not regu-

lated in the appropriate way for cell-specific expression.

Brown et al. (2011) could demonstrate that for the BS-cell-

specific expression of the NADP malic enzyme of Cleome

gynandra (C4), part of the coding sequence is responsible

for the cell-specific expression. The necessary sequence is

already present in the C3 species Arabidopsis, but only in

the C4 plant the trans-factors function appropriately to con-

fer the BS-cell-specific expression (Brown et al., 2011). An

in-depth analysis of the expression behavior of transcrip-

tion factors in both C. gynandra and Z. mays revealed that

many of them show a very similar expression pattern in

various stages of leaf development (Aubry et al., 2014).

This indicates that in both independent evolutions of C4

photosynthesis the same set of transcription factors was

recruited to achieve the same outcome (Aubry et al., 2014).

One of the major interests of our present study was to

define the minimal promoter of C4Ppc that is capable of

directing similar patterns of M-cell-specific expression as

their full-length 50-flanking sequences. In the present study,

we found that the proximal 500 bp of the C4Ppc 50-flanking
sequences of SvPpc, PmPpc and UmPpc showed strong

M-cell-specific expression in transgenic rice leaves, sug-

gesting all the cis-regulatory elements required for pro-

moter strength and specificity are contained in about 450

bp (upstream of the 50-UTR). This finding indicates that the

M-cell-specific regulatory mechanism of the C4Ppc gene of

the Panicoid grasses differs from that of the ppcA gene of

the C4 Asteracean species F. trinervia, albeit both the genes

were experimentally proven to be regulated at a transcrip-

tional level (Matsuoka et al., 1994; Gowik et al., 2004). The

M-cell-specific expression of the C4 ppcA promoter of

F. trinervia in the transformable, closely related C4 species

F. bidentis was found to be regulated by two important

regions, a proximal fragment up to �570 bp (with respect

to the ATG start codon) and a distal region from �1551 to

�2141 bp. The proximal part of the promoter is mainly

responsible for the quantitative expression of the ppcA

gene. The distal part of the promoter contains a 41-bp

enhancer-like expression module-1 (MEM-1), and is

thought to be responsible for the M-cell-specific expres-

sion of the C4 ppcA gene by suppressing its expression in

the BS cells (Gowik et al., 2004; Akyildiz et al., 2007). In

contrast to the C4 ppcA promoters of dicot Flaverias, the

analyzed C4Ppc promoters of Panicoid grasses contain

their all-regulatory elements in the proximal part of their

promoters. These data clearly suggest that the length of

the ppcA promoter of Flaveria is larger than the C4Ppc

© 2019 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd,
The Plant Journal, (2019), doi: 10.1111/tpj.14532
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promoters of the Panicoid grasses. A cap analysis of gene

transcription performed by Mejia-Guerra et al. (2015) pre-

dicted that many of the Z. mays genes, but by no means

all, have sharp transcription start site clusters. In addition

to that, a total of 38% of promoters with the sharp tran-

scription start site have been reported to possess a broader

TATA consensus motif and are assumed to associate with

the tissue-specific expression of those respective genes

(Mejia-Guerra et al., 2015). Genome-wide chromatin

immunoprecipitation experiments performed in the dicot

plant A. thaliana showed that transcription factors bind

with the highest frequency close to the transcription start

site of their target gene promoters (Heyndrickx et al.,

2014). Concerning the position of transcription factor bind-

ing sites with respect to the gene, it is assumed that the

core promoter elements of most maize genes are located

up to 1 kbp upstream of their transcription start sites

(Mejia-Guerra et al., 2015). A further study of a gene regu-

latory network for the phenolic pathway supported this

assumption (Yang et al., 2017). Taken together these

results indicate that the length of most maize promoters is

relatively small, and our findings with the C4Ppc promoters

are completely in line with this hypothesis. It is still unclear

at present which selective pressure is favoring the short

promoter sizes of maize and other Panicoid grass species.

To localize regulatory elements within the C4Ppc pro-

moters of the Panicoid grasses, we compared the proximal

500 bp of C4Ppc 50-flanking sequences from six different

Panicoid C4 grasses, including Z. mays, for which genome

sequences were available. We observed that all C4Ppc 50-
flanking sequences of the six Panicoid grasses share four

motifs of CNSs (Figure 3). To the best of our knowledge,

the role of these CNSs in grass C4Ppc promoters is still elu-

sive. Although a recent publication by Gorska et al. (2019)

identified the binding sites of two bHLH TFs for the C4Ppc

promoter of Z. mays that contribute to its cell-specific

expression, and it is intriguingly identical with CNS1 we

identified in this study. Downstream to these CNSs, a puta-

tive TATA box can be detected in all the six analyzed 50-
flanking sequences. For metazoan transcription, it has been

suggested that promoters (Type-I promoters) possessing a

TATA motif are usually involved in tissue-specific expres-

sion of the respective genes (Engstrom et al., 2007; Len-

hard et al., 2012). The presence of a putative TATA motif in

C4Ppc promoters is, therefore, in line with this suggestion.

Because the proximal parts of the ZmPpc, SvPpc, PmPpc

and UmPpc promoters gave comparable GUS expression

in transgenic rice leaves, the existence of a conserved

TATA box and CNSs in their sequences indicate a common

regulatory mechanism among these C4Ppc genes.

The necessity of the CNSs for promoter activity was pro-

ven by the deletion of the region containing the CNSs from

the UmPpc-500 and SvPpc-500 fragments (Figures 4 and

6). This indicates the existence of a quantitative module in

the CNSs-harboring region. Interestingly, all four CNSs

were also detected in the proximal 500 bp of a ppc homo-

log gene (ppc1) from the C3 Panicoid grass Dichanthelium

oligosanthes (Figure S5). However, in comparison to the

expression of C4Ppc of C4 Panicoid grass, the expression

level of the ppc1 gene was almost undetectable in D.

oligosanthes (Studer et al., 2016). When testing the 50-
flanking sequence of the ppc1 gene of D. oligosanthes for

promoter activity in rice, no M-cell-specific expression was

observed; GUS expression could also be detected in the

vascular bundle and BS cells (Figure S5). This demon-

strates that the CNSs are not the only players for regulat-

ing the M-cell-specific expression of the C4Ppc gene of

Panicoid grasses. This assumption was proven when we

identified that the CNSs-harboring region � together with

its basal sequences (TATA and 50-UTR segment) of the

UmPpc promoter � was not sufficient to drive GUS expres-

sion in the M cells (Figure 5) of a rice leaf; only when either

region 2 or 3 were added was M-cell-specific GUS expres-

sion observed (Figures 4 and 5). Additional regulatory ele-

ments upstream to the CNSs-harboring region are

therefore essential for driving M-cell specificity of tran-

scription. Because both region 2 or region 3 could provide

these additional cis-regulatory elements they must be

redundant. Interestingly, a sequence comparison of these

two fragments in the C4Ppc promoters Panicoid grasses

did not detect any sequence similarities between the two

regions.

It has been found in several studies that cell-specific reg-

ulators are often redundant in nature without possessing

identical or repeated sequences (Leyva et al., 1992; Hatton

et al., 1995; Kirschner et al., 2018). The phenylalanine

ammonia-lyase-2 (PAL2) promoter of Phaseolus vulgaris L.

and the sulfate transporter-2;2 (AtSULTR2;2) promoter of

Arabidopsis are possibly the best examples of such a sce-

nario in plants (Leyva et al., 1992; Hatton et al., 1995;

Kirschner et al., 2018). This study adds the C4Ppc promot-

ers of Panicoid grasses to this list.

Engineering the C4 pathway into current C3 crops, that is

rice, requires the transformation of quite a large number of

genes. This in turn necessitates a toolbox filled with vari-

ous cell-specific promoters for driving the expression of

those transgenes. The results presented in this study add

three additional mesophyll-specific promoters for rice to

this toolbox. The identification of cis-regulatory elements/

modules within these promoters should also aid in the

construction of synthetic minimal promoters, which would

greatly ease the genetic engineering efforts.

EXPERIMENTAL PROCEDURES

Rapid amplification of 50-cDNA ends (50-RACE PCR)

The 50-UTR of the SvPpc, PmPpc, UmPpc and DsPpc was
determined using the 50-RACE PCR following the manufacturer’s

© 2019 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd,

The Plant Journal, (2019), doi: 10.1111/tpj.14532
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manual of either the SMART cDNA Synthesis Kit or the SMAR-
TerTM RACE cDNA Amplification Kit (Clontech Laboratories, Moun-
tain View, USA). At the first stage of this process, total RNA from
the leaves of respective wild-type plants of S. viridis, P. mili-
aceum, U. maxima and D. sanguinalis were extracted with the
RNeasy� Plant Mini Kit (Qiagen, Hilden, Germany); 1 lg RNA was
used for the cDNA first strand synthesis in all cases. Afterwards,
the PCR amplification of the 50-UTRs was performed using the
Advantage� 2 DNA Polymerase Mix (Clontech Laboratories,
Mountain View, USA) or the Phusion HF DNA Polymerase
(Thermo Fisher, Waltham, USA). The 30-gene-specific oligonu-
cleotides that were employed in combination with either the
SMART-II-A 50-Primer or the SMARTerTM Universal Primer A Mix
(UPM) in the 50-RACE PCR are listed in Table 1.

The resulting products of the 50-RACE PCR were cloned into the
pJET1.2/Blunt vector (Thermo Fisher, Waltham, USA) and
sequenced (LGC Genomics, Berlin, Germany). The 50-UTR
sequence of ZmPpc (Accession No: X15239) was taken from Hud-
speth and Grula (1989), and the sequence for SiPpc (Accession
No: AF495586) was assumed to be the same length as the one
determined for S. viridis.

Isolation of C4Ppc 50-flanking sequences of Setaria viridis,

Setaria italica, Panicum miliaceum, Urochloa maxima and

Digitaria sanguinalis

The 50-flanking regions of C4Ppc genes of S. viridis, S. italica, P.
miliaceum, U. maxima and D. sanguinalis were isolated from total
DNA by vectorette PCR (Siebert et al., 1995) using the Universal
Genome Walker Kit (Clontech Laboratories, Mountain View, USA)
and following the manufacturer’s protocol. For each plant species,
DNA libraries with the restriction enzymes DraI, EcoRV, PvuII, StuI,
EheI, KspAI, SmaI SmiI and AfeI (Thermo Fisher Scientific, Wal-
tham, USA) were prepared. For the primary and secondary PCR of
the 1st walking step, the gene-specific oligonucleotides (GW1 and
GW2) were designed that bind specifically to the 50-end of the cod-
ing sequence of C4Ppc gene of the respective species (Table S1).
Together with the adapter primers AP1and AP2, the gene-specific
primers were used for the 1st walking step. The sequence infor-
mation obtained in this step was then used for a subsequent 2nd
walking step, and the next gene-specific oligonucleotides (GW3
and GW4) were designed accordingly (Table S1). Subsequent
walking steps were continued till the desirable length of the 50-
flanking sequenced was achieved for each of the C4Ppc genes.

The resulting PCR products from the Genome walking were
cloned into pJET1.2/Blunt vector using the CloneJET PCR cloning
Kit (Thermo Fisher, Waltham, USA) following the manufacturer’s
protocol. Afterwards the cloned plasmids were transferred into
chemically competent Escherichia coli DH5a cells (InvitrogenTM,
Carlsbad, USA), and the positive clones were identified via colony

PCR using the pJET1.2 Forward Sequencing Primer and the
pJET1.2 Reverse Sequencing Primer of the kit. Next, the plasmids
from the positive colonies were extracted using the QIAprep� Spin
Miniprep Kit (Qiagen, Hilden, Germany). Finally, the 50-flanking
sequences from the respective plasmids were determined by
means of Sanger sequencing. In order to identify the CNSs among
the 50-flanking sequences, multiple sequence alignment was car-
ried out using the online tool Clustal Omega (https://www.ebi.ac.
uk/Tools/msa/clustalo/).

Cloning of promoter-reporter gene constructs

All the chimeric promoter-reporter gene constructs used in this
study were cloned into a slightly modified Gateway pMDC164 vec-
tor (Curtis and Grossniklaus, 2003). In the original pMDC164 vector
the marker gene hygromycin phosphotransferase was expressed
under control of the cauliflower mosaic virus 35S promoter. It was
reported that the strong 35S promoter commonly used in a select-
able marker gene of plant transformation vector could affect the
expression pattern of the adjacent tissue-specific gene promoters
(Zheng et al., 2007). Thereby, in our pMDC164-modified vector,
the 35S promoter of the hygromycin cassette has been replaced
with a ubiquitin promoter of Z. mays. In this study, the full-length
promoter and the deletion constructs were generated using the
Gateway cloning technique (Hartley et al., 2000). The gateway attB
sites were added with PCR to the respective sequences. Oligonu-
cleotide combinations that have been used for PCR amplification
of the promoters’ sequence are listed in Tables S2 and S3. Next
the purified PCR products were cloned into the entry vector
pDONR207 or pDONR221 following the instruction of the Gate-
way� BP-Clonase II enzyme mix manual (Invitrogen, Thermo
Fisher Scientific, USA). The resulting entry clones were verified by
sequencing and then subjected for LR reaction to the destination
vector pMDC164-modified. LR reaction was performed according
to the manual instruction of the Gateway� LR-Clonase II enzyme
mix (Thermo Scientific, Waltham, USA). Positive clones from the
LR reaction were verified by means of restriction enzyme test
digestion. Internal promoter deletion and recombination con-
structs (listed in Table S3) were synthesized by Biomatik using the
Custom Gene Synthesis service (Biomatik, Ontario, Canada)
(http://www.biomatik.com/services/gene-synthesis-9.html). Gate-
way overhang attL sides were added during the synthesis of the
constructs and the company cloned them in pUC57 as an entry
vector. Next the synthesized constructs from the pUC57 entry
clones were delivered to pMDC164-modified destination vector via
LR reaction.

Transformation of Oryza sativa

Two different cultivars of Oryza sativa ssp. japonica rice, Kitaake
and Nipponbare, were used for the transformation in this project.

Table 1 List of oligonucleotides used to determine the 50-UTR sequences

Species 50-RACE oligonucleotides 30-RACE gene-specific oligonucleotides (50 to 30) Kit used

Setaria viridis UPM (Universal Primer A
Mix)

viridis RACE1: TCAGCAGTGGCCGCTTGCCG SMARTer
TM RACE cDNA Amplification

Kit

Digitaria
sanguinalis

UPM sanguinalis RACE1:
CAGCTGGAGTGCACGTTCGCGTGTGT

SMARTer
TM RACE cDNA Amplification

Kit

Urochloa maxima SMART-II-A 50-Primer maxima RACE1: AGTCGGAGTAGCCGACCATC SMART cDNA
Synthesis Kits

Panicum
miliaceum

SMART-II-A 50-Primer miliaceum RACE1: GTAGGGGCCGAAGCTGTCGCGG SMART cDNA
Synthesis Kits

© 2019 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd,
The Plant Journal, (2019), doi: 10.1111/tpj.14532
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The chimeric promoter-reporter gene constructs that were trans-
formed in the respective Kitaake and Nipponbare rice cultivars are
listed in Table S4. The constructs of interest for the transformation
in the Kitaake and Nipponabare rice were first transformed into
the Agrobacterium tumefaciens strain AGL1 (Lazo et al., 1991) and
LBA4404 (Wise et al., 2006), respectively, via electroporation and
the freeze-thaw method. Next, callus induction, transformation,
selection, regeneration and rooting of Kitaake rice were done
according to the slightly modified protocol of Toki et al. (2006).
The adopted protocol can be found at https://langdalelab.file
s.wordpress.com/2015/07/kitaake_transformation_2015.pdf. Hygro-
mycin-resistant rice plantlets with well-developed roots from the
in vitro culture were transferred to hydroponic culture in the
greenhouse for 2 weeks according to the protocol described in
Gregorio et al. (1997). Afterwards, the transgenic rice plants were
grown to maturity in soil (J. Arthur Bower’s, JOHN INNES No.2,
Sinclair Pro, Cheshire, UK) at 30°C. In contrast, transformation of
Nipponbare was performed according to the protocol described
by Hiei and Komari (2006). Finally, the presence of the T-DNA in
the transgenic T0 and T1 plants was confirmed by genotyping via
PCR.

GUS histochemical and MUG quantitative assay

Mature leaves from positively PCR-tested transgenic plants were
harvested for histochemical analysis and quantitative GUS fluo-
rometric assay. Regenerated T0 plants of the Kitaake rice cultivar
and T1 plants of the Nipponbare cultivar harboring the respective
constructs were used for the analyses. Fully developed 2nd or
3rd leaves from the top of the plant with a length of at least 10
cm were harvested before the onset of flowering. For the histo-
chemical analysis, thin cross-sections of mature leaves of the
transgenic plants were prepared using a razor blade. Then the
cross-sections were incubated in a reaction tube with 100�200 ll
incubation buffer [100 mM Na-phosphate pH 7.0, 10 mM EDTA,
0.5 mM K4Fe(CN)6, 0.5 mM K3Fe(CN)6, 0.1% (v/v) Triton X-100, 1
mM X-Gluc (5-bromo-4-chlor-3-indoyl-b-D-glucuronid)] at 37°C for
2�72 h (Jefferson et al., 1987). After removing the incubation
buffer, the reaction was stopped by adding 100 ll fixation buffer
[75% (v/v) acetic acid, 25% (v/v) ethanol]. The cross-sections were
rinsed in 70% ethanol to remove the chlorophyll. Finally, the
cross-sections were analyzed, and images taken with a Carl Zeiss
Axiopot equipped with Axio Cam ICc5. Fluorometric quantifica-
tion of the GUS activity (MUG assay) was performed according
to the protocols of Jefferson et al. (1987) and Kosugi et al.
(1990). Activity of GUS expression was measured with the help
of a plate reader (Synergy/HTX-multi mode reader, BioTek, Ver-
mont, USA). To determine the statistical difference between data
sets, a Mann�Whitney U-test (Prism 6, Graph Pad Software, La
Jolla, USA) was employed.
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