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Abstract
C4 plants had evolved from C3 as a response to decreasing atmospheric CO2 levels and conditions
promoting photorespiration. C4 plants evolved from C3 ancestors at least in more than 60 independent
lineages of angiosperms for suppressing of photorespiration. Salsola, Petrosimonia and Cyathobasis
genera of Salsoloideae subfamily contain some species with C3 cotyledons followed by C4 leaves. The
aim of this study was to compare the biochemical and structural differences between C3 cotyledons and
C4 leaves in these genera. The results showed that there were dorsiventral C3 cotyledons in Salsola
grandis and Cyathobasis fruticulosa, while salsoloid type C4 Kranz anatomy was present in mature
leaves. Petrosimonia nigdeensis had isobilateral C3 cotyledons and a salsoloid type C4 leaves.
Phosphoenolpyruvate carboxylase (PEPC) and pyruvate orthophosphate dikinase (PPDK) enzymes were
absent or sparse in cotyledons of these species, whereas they were abundant in their C4 leaves. Glycolate
oxidase (GOX) and glycine decarboxylase- H subunit (GDC-H) were generally higher in cotyledons than
leaves. Ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco) enzyme content was lower in C4

leaves compared to C3 cotyledons. Transcript levels of these enzymes were generally consistent with their
protein content except for GOX in S. grandis and S. tragus, and glycine decarboxylase complex (GDC) in
S. tragus. As a result, we demonstrate that not only the protein amounts and transcript levels of the
enzymes required in C4 pathway increased but also the levels of C3 and photorespiratory enzymes were
lowered during transition from C3 cotyledons into C4 leaves. These results are important in terms of
shedding light on understanding of evolutionary transition from C3 to C4 biochemical pathway in a single
plant and contributing to C4 engineering.

Introduction
Photosynthesis is a series of biochemical reactions, where photosynthetic organisms assimilate
atmospheric CO2 and convert it to organic substances using ribulose-1,5-bisphosphate carboxylase-
oxygenase (Rubisco) enzyme. This enzyme is ine�cient due to its second nature of oxygenation reaction
as a result of unavoidable phenomenon of its structure, in which the two monomeric catalytic subunits
interact to form the active site required for both carboxylation of CO2 and the �xation of molecular O2

(Leegood, 2013). The oxygenation reaction, commonly referred as photorespiration, yields 3-
phosphoglyceric acid (3-PGA) and 2-phosphoglycollate (2-PG). PGA is recycled back to ribulose-1,5-
bisphosphate (RuBP) by Calvin-Benson cycle. PG has no use for C3 plants and excessive amount is
detrimental (Gowik and Westhoff, 2011; Sage et al., 2012). Under non-stressed conditions in C3 plants
photorespiration can cause up to 25% photosynthetic inhibition at temperatures below 30°C (Sage et al.,
2012). Under stressful conditions such as drought and high temperatures, however, photorespiration can
result in a loss of up to 50% of the carbon �xed in C3 plants (Ogren, 1984). This phenomenon was not a
problem earlier when C3 plants evolved at the time when atmospheric CO2 concentrations were very high
and O2 concentrations very low or absent (Sage, 1999; Sage, 2004). However, starting from recent
geological times some 35 million years ago and onward, atmospheric conditions, mainly lowering of
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atmospheric CO2 and deterioration of the climate with frequent drought events favoured photorespiration
signi�cantly in plants (Sage, 2004). Therefore, C4 plants had evolved from C3 ancestors as a response to
decreasing atmospheric CO2 levels and conditions promoting photorespiration.

C4 plants evolved from C3 ancestors at least in more than 60 independent lineages of angiosperms for
suppressing of photorespiration during the late miocene (Sage 2016). Nine of all C4 lineages are included
in Chenopodiaceae family. Salsoloideae subfamily in Chenopodiaceae has �ve clades comprised in two
lineages of Caroxyloneae and Salsoleae s.s (Akhani et al. 2007; Sage 2016; Schussler et al. 2017).
Salsoloideae has a great photosynthetic diversity, which includes C3, C4 and C3-C4 intermediate species
as well as species with a phenomenon known as “C3 cotyledons and C4 leaves”. This phenomenon was
�rstly discovered in Haloxylon aphyllum and H. persicum species (Pyankov et al., 1999). These species
possess isobilateral C3 anatomy in their cotyledons and salsoloid type C4 Kranz anatomy in their leaves.
After this discovery, the same phenomenon was observed in more species from various genera of
Salsoloideae (Pyankov et al. 2001; Pyankov et al. 2000).

In other two studies, C3 cotyledons and C4 leaves of the same individuals of Salsola soda and Haloxylon
ammodendron species were studied for their gene regulations in photosynthesis (Lauterbach et al. 2016;
Li et al. 2015). In these species, the increasing expression levels of genes coding the enzymes speci�c to
C4 photosynthesis and decreasing levels of the enzymes speci�c to C3 in transition from C3 cotyledons to
C4 leaves were determined. In S. soda studied for PEPC levels in transition from C3 to C4, while no PEPC
was detected in cotyledons, it was highly generated in mature C4 leaves (Lauterbach et al. 2016). Apart
from PEPC, there has been no study comparing translation levels of photosynthetic and photorespiratory
enzymes functioning in C3 cotyledons and C4 leaves in Salsoloideae subfamily.

In this study, we aimed to determine structural and biochemical differences between C3 cotyledons and
C4 leaves of Salsola grandis, Cyathobasis fruticulosa, Petrosimonia nigdeensis as well as C4 cotyledons
and C4 leaves of S. tragus. C3 cotyledons followed by C4 leaves phenomenon in some species, besides
transcript levels, were discovered for the �rst time in this study. We determined the protein levels of PPDK,
PEPC, GDC, GOX and Rubisco enzymes through Western Blotting, while the transcription levels of the
genes encoding these proteins were detected by qRT-PCR. Results showed that, when the plants were
transited from C3 to C4, not only did the amounts of enzymes related with C4 photosynthesis increased,
but also the protein levels of enzymes functioning in photorespiration and C3 cycle decreased during this
transition. In general, there was a consistency between mRNA levels of the genes coding photosynthetic
and photorespiratory enzymes and the proteins produced from these genes.

Materials And Methods

Seed Collection, Growth Conditions and Sampling



Page 4/20

Seeds of Salsola grandis Freitag, Vural & N. Adıgüzel and Cyathobasis fruticulosa (Bunge) Aellen were
collected from Nallıhan, Ankara, Turkey, while Petrosimonia nigdeensis Aellen and S. tragus L. were
obtained from Aksaray and Mersin, Turkey, respectively. All samples were gathered in November 2017.
Before sown, all seeds were soaked in tap water for �ve hours to break dormancy. Seeds were then sowed
in vials containing 50% sand and 50% peat mixture. Plants were grown in a growth chamber set at 24
°C/22 °C (day/night temperature), 40% relative humidity under 100 µmol quanta m–2 s–1 PPFD
(photosynthetic photon �ux density) at the Faculty of Agriculture, Kahramanmaras Sutcu Imam
University. After germination, ten-day-old mature cotyledons as well as the �rst, the second and
approximately 30-day-old mature leaf pairs of �ve to eight individuals of S. grandis and S. tragus were
pooled for RNA and protein isolations as described by Lauterbach et al. (2016). In C. fruticulosa and P.
nigdeensis, mature cotyledons and mature leaves were used for the isolation of RNA and proteins. For all
species, mature leaves were preferred for the isolation of DNA, while mature cotyledons and leaves were
used for the anatomical investigations.

DNA Isolation and Internal Transcribed Spacer (ITS) Phylogeny

DNAs were isolated from 100 mg of fresh leaf material ground in liquid nitrogen using DNA isolation kit
(ref: 740770.50, Macherey-Nagel, Germany). Quantity and purity of isolated DNAs were veri�ed by using
spectrophotometry “Thermo Scienti�c™ NanoDrop 2000” and their integrities were determined by running
1 µg of each DNA sample through 1.5% agarose gel via electrophoresis. Polymerase chain reactions
(PCR) were set up with these DNA samples by using ITS1, Internal transcribed spacer 1, (O'Kane et al.
1996) and ITS4, Internal transcribed spacer 4, (White et al. 1990) primers. The programme of PCR was set
as 1 min. at 95 oC, 35 cycles of 1 min. at 94 oC, 1 min. at 57 oC, 2 min. at 72 oC and �nally 5 min. at 72 oC.
100 ng of PCR products were run in 1.5% agarose gel and the gels were photographed by an imaging
system. PCR products were sent to sequencing facility for sequencing nuclear ribosomal DNA ITS
regions. Results of sequencing were blasted with ITS sequences of related species at NCBI (National
Center for Biotechnology Information, USA) as described by Morgulis et al. (2008) and a phylogenetic tree
was created via “Seaview6” using the method of Gouy et al. (2010).

Light Microscopy
Anatomical practices were developed with some modi�cations to the protocol described by Kulahoglu et
al. (2014). Brie�y, cotyledon and leaf samples were cut into 1X2 mm size and incubated in �xative
solution of 2% paraformaldehyde, 2% glutaraldehyde for 24 hours at 4 oC. Samples were then washed
with phosphate buffer saline (PBS) solution once and with dH2O twice. They were dehydrated with
acetone series from 30–96%. After that, they were treated with ascending resin (mixture of araldite M,
Sigma, ref: 10951, DDSA, Merck, ref: 45346 and araldite M accelerator, Sigma, ref: 10952; 20 ml, 22 ml
and 1.1 ml, respectively) series (25%, 50%, 75%, 100%) and �nally cured in mold at 65 oC for 72 hours.
Cross sections in 5µm thickness from polymerized resins were cut using a rotary microtome, then,
toluidine-blue dye was dropped on cross sections for 20–30 seconds. After rinsing the samples with
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water, permanent slides were made by dropping some “DPX, Slide Mounting Medium” (Sigma, ref:
06522). Cross sections were examined and photographed using a light microscope (Nikon, ECLIPSE 80i).

RNA Isolation and qRT-PCR
Total RNA of three biological replicates were isolated from 100 mg of freshly ground cotyledons and
leaves in liquid nitrogen by using GF-1 Total RNA Extraction Kit (Vivantis, ref: GF-TR-050) according to the
manufacturer’s instructions. Quantity and purity of isolated RNAs were veri�ed by using
spectrophotometry “Thermo Scienti�c™ NanoDrop 2000” and their integrities were determined by running
through 1.5% agarose gel. cDNAs were synthesized from proper RNA by using 2-Step RT-PCR Kit (ref:
RTPL12; Vivantis, Malaysia) according to the manufacturer’s instructions. qRT-PCR for these cDNAs were
performed using an oligo (dT) primer and Bright Green 2X qPCR MasterMix-No Dye (ABM, Canada) in 25
µl reaction volume included 5 µl cDNA. PPDK, Rubisco, glycine decarboxylase-P subunit (GDC-P), GOX
and EF-1 primer pairs, in accordance with previous work of Lara et al. (2008). qRT-PCR cycle parameters
were set up as 95 oC for 10 min; 95 oC for 15 s, 60 oC for 1 min at 45 cycle. Melting curves were
determined from 45 oC to 95 oC. Each cDNA sample was run in duplicates with targeted primers along
with duplicates of the EF-1 primer containing tubes. Relative transcript abundance of genes were
normalized to the abundance of reference gene EF-1 and calculated by comparative 2−∆∆Ct method as
described by Schmittgen and Livak (2008). Finally, as Lara et al. (2008) and Lauterbach et al. (2016)
de�ned, mature cotyledons were assumed 1.00 as control group and �rst, second and old mature leaf
pairs were statistically compared to mature cotyledons by one-way-ANOVA (for more than two tissues) or
t-test (two tissues) using “Graphpad Prism” (CA, USA) statistical programme.

Protein Extraction and Western Blot
500 mg of fresh material was ground in liquid nitrogen for each sample. Total protein of cotyledons and
leaves were isolated by adding 500 µl protein extraction buffer [100 mM Tris-HCl (pH 7.5), 10 mM (w/v)
dithiothreitol (DTT), 5 mM (w/v) ethylenediaminetetraacetic acid (EDTA), 2% β-mercaptoethanol, 0.5 M
sodium dodecyl sulfate (SDS), 10% glycerol, 1 mM phenylmethylsulfonyl �uoride (PMSF)] to each
sample. This mixture was vortexed and centrifuged at 4 oC, 15000 rpm for 15 minutes. Supernatants
were collected as total proteins and kept at -20 oC until use. Concentrations of proteins were measured by
Bradford assay. For this purpose, 2.5 µl protein samples were added to 50 µl Bradford solution (Alfa
Aesar, J61522) and 5 minutes later measured at 595 nm. Measurements without proteins were used as
blanks. For western blot, protein samples and ladder (Abcam, USA) were separated through a SDS gel by
their molecular weights at 100 V and were transferred to a PVDF membrane (Thermo Scienti�c, ref:
88520, USA) at 350 mA. Membranes were treated with PEPC (Agrisera-AS09458, Sweden), PPDK
(Agrisera-AS132647, Sweden), GOX (Agrisera-AS142772, Sweden), GDC-H (Agrisera-AS05074, Sweden)
and Rubisco (Agrisera-AS07259, Sweden) primer antibodies overnight at 4 ºC, following mouse anti-
rabbit IgG-HRP (Santa Cruz Biotechnology, SC-2357, USA) secondary antibody for two hours at room
temperature. Actin (Agrisera-AS132640, Sweden) antibody was used as the loading control. After that,
membranes were treated with ECL substrate (Biorad, ref: 1705061, USA) to obtain chemiluminescence
and the bands were visualized by UVP Imaging System (CA, USA). The intensity of the bands obtained for



Page 6/20

each protein was measured by Image J software (Public domain). The values measured for PEPC, PPDK,
GOX, GDC-H and Rubisco bands were normalized to actin value of the same lane for adequate
comparison.

Results

Veri�cation of Species
S. grandis, S. tragus, C. fruticulosa and P. nigdeensis plants were grown in a climate chamber and DNAs
from their leaves were isolated. After PCR ampli�cations of their ITS regions, the products were
sequenced. Sequence results were compared with the sequences from the NCBI. Percent identity of S.
grandis, S. tragus, C. fruticulosa and P. nigdeensis were determined as 100%, 98%, 98%, 99%, respectively.
A phylogenetic tree was created using sequences and the comparison of sequences veri�ed the species
identity used in this study (Fig. 1). Results from the phylogenetic tree showed that our sequence of S.
grandis was closer to S. grandis from the NCBI rather than to closely related species, S. soda.
Furthermore, we were able to successfully distinguish P. nigdeensis, C. fruticulosa and S. tragus from P.
brachiata, Haloxylon ammodendron and S. kali, respectively (Fig. 1).

Anatomy of Cotyledons and Leaves
Cross sections were taken from cotyledons and leaves of S. grandis, S. tragus, C. fruticulosa and P.
nigdeensis after embedding in resin. Anatomical features clearly indicated that there was a dorsiventral
C3 anatomy in cotyledons and salsoloid type C4 Kranz anatomy in leaves of S. grandis (Fig. 2A-B) and C.
fruticulosa (Fig. 2E-F). Cotyledons of P. nigdeensis had isobilateral C3 anatomy and leaves had salsoloid
type C4 Kranz anatomy (Fig. 2G-H). Large intercellular spaces and a lack of Kranz anatomy of bundle
sheath cells were obvious in cotyledons of S. grandis, P. nigdeensis and C. fruticulosa. In C4 leaves of all
the species studied, bundle sheath cells were in close contact with outer mesophyll cells and completely
surrounding the inner water storage tissue of the leaf. This was the �rst anatomical evidence for the fact
that S. grandis, P. nigdeensis and C. fruticulosa have C3 photosynthetic pathway in cotyledons and C4

pathway in leaves. S. tragus had salsoloid type C4 Kranz anatomy both in cotyledons and leaves (Fig. 2C-
D). It was observed that chloroplasts of bundle sheath cells were localized in close proximity to peripheral
vascular bundles in C4 organs of all of the species (Fig. 2B-D, F, H). Although water storage (WS) tissue
was present in C3 cotyledons and C4 leaves, cells of this tissue were highly enlarged in C4 leaves.
Furthermore, a hypodermis layer was observed in only C4 leaves of C. fruticulosa among all species
(Fig. 2F).

Comparison of mRNA Levels of C3, C4 and Photorespiratory
Proteins Among Photosynthetic Organs
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RNAs were isolated from cotyledons and developmental stages of leaves of S. grandis (C3 cotyledons, C4

leaves) and S. tragus (C4 cotyledons, C4 leaves), and only C3 cotyledons and C4 mature leaves of P.
nigdeensis and C. fruticulosa. qRT-PCRs were set up with cDNAs generated after RNA isolation and the
RNA levels of PPDK, Rubisco, GDC-P and GOX enzymes between cotyledons and leaves were compared.

mRNA levels of PPDK enzyme in �rst leaf pairs, second leaf pairs and mature leaves of S. grandis were
measured as 5.71, 5.07 and 4.39 fold higher, respectively, than mRNA level of C3 cotyledons (Fig. 3A).
Rubisco mRNA levels, on the other hand, were calculated to be 18.86, 23.25 and 100 fold lower,
respectively, in �rst leaf pairs, second leaf pairs and mature leaves of S. grandis compared with the levels
in cotyledons (Fig. 3B). During the transition from C3 cotyledons to C4 in three developmental stages of
leaves of S. grandis, GDC-P mRNA levels were found 2.32, 2.0 and 1.88 fold lower, respectively, than the
mature cotyledons of S. grandis (Fig. 3C). GOX mRNA levels in the �rst leaf pairs, second leaf pairs and
mature leaves of S. grandis were 3.22, 3.22 and 2.94 fold lower, respectively, compared with the levels in
cotyledons (Fig. 3D).

PPDK mRNA level in C4 leaves of P. nigdeensis was 23.59 fold higher than C3 cotyledons (Fig. 3M).
Rubisco mRNA in leaves was half of the cotyledons (Fig. 3N). On the other hand, GDC-P mRNA level in C4

leaves was 2.27 times lower (Fig. 3O) and GOX mRNA level was 1.81 fold lower than in C3 cotyledons
(Fig. 3P). mRNA level of PPDK increased 5.02 fold in C4 leaves of C. fruticulosa compared with C3

cotyledons (Fig. 3I). Although Rubisco mRNA was approximately 3 times higher in C4 leaves relative to C3

cotyledons of C. fruticulosa, the difference was not statistically signi�cant (Fig. 3J). However, during the
transition from C3 cotyledons to C4 leaves, mRNA levels of GDC-P and GOX decreased signi�cantly in C.
fruticulosa (Fig. 3K-L). On the other hand, while the levels of PPDK and GOX mRNAs of leaf
developmental stages of S. tragus were not signi�cantly different from the cotyledons (Fig. 3E and H),
mRNA levels of Rubisco and GDC-P were signi�cantly lower in �rst and second leaf pairs and mature
leaves (Fig. 3F and G).

Protein Quantities of C3, C4 and Photorespiratory Enzymes
in Cotyledons and Leaves
PEPC enzyme was completely absent in C3 cotyledons of S. grandis (Fig. 4A). However, its levels
gradually increased from the �rst leaf pairs to mature leaves (Fig. 4A, B). For example, PEPC was 18%
and 44% higher in the second and mature leaf pairs compared to the �rst leaf pairs, respectively (Fig. 4B).
A similar trend was observed for PPDK enzyme (Fig. 4A, B). The �rst leaf pairs, second leaf pairs and
mature leaves had 1.97, 2.80 and 2.74 fold higher PPDK enzyme, respectively, than mature cotyledons
(Fig. 4B). GOX enzyme was signi�cantly higher in the �rst leaf pairs, but lower in the second and mature
leaves compared to the cotyledons of S. grandis (Fig. 4A-B). Another major photorespiratory enzyme,
GDC-H, and Rubisco levels were signi�cantly lower in the C4 �rst and second leaf pairs and mature leaves
compared to the C3 cotyledons (Fig. 4A-B).
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While no PEPC enzyme was detected in both C. fruticulosa and P. nigdeensis C3 cotyledons (Fig. 4E and
G), PEPC in mature C4 leaf pairs of these species was highly expressed. Similarly to PEPC, there was no
PPDK enzyme in cotyledons of P. nigdeensis while it was highly observable at mature leaf pairs (Fig. 4G).
On the other hand, PPDK enzyme in mature leaf pairs of C. fruticulosa was 1.73 fold higher than the
levels in cotyledons (Fig. 4F). Moreover, GOX enzyme levels were found to be 2.94 and 2.77 fold lower at
mature leaf pairs of C. fruticulosa and P. nigdeensis, respectively, compared to their C3 cotyledons (Fig. 4F
and H). Similar trend was observed for GDC-H. GDC-H enzyme levels were signi�cantly decreased from C3

cotyledon to C4 mature leaves in C. fruticulosa and P. nigdeensis (Fig. 4E, F, G and H). In these species,
Rubisco enzyme levels were also signi�cantly less in C4 mature leaf pairs compared to C3 cotyledons
(Fig. 4F and H).

S. tragus was proven to have the same C4 photosynthetic pathway in both photosynthetic organs,
cotyledons and mature leaves. Although some general reductions were observed for most of the enzymes
studied, no signi�cant differences in quantities of PEPC, PPDK, GDC-H and Rubisco proteins were
observed between the C4 cotyledons and developmental leaf stages of S. tragus (Fig. 4C and D). GOX
enzyme level in old leaf pairs of S. tragus, on the other hand, was determined to decrease dramatically
compared to cotyledons, �rst and second leaf pairs (Fig. 4C and D).

Discussion
In this study, it was hypothesized that if a plant switches its photosynthetic pathway from C3 to C4 during
maturation then C4 enzymes and their transcript levels should increase from C3 cotyledons to C4 leaves,
while photorespiratory and C3-speci�c enzymes and their transcript levels are expected to decrease at the
same time. In an effort to investigate this hypothesis, two different photosynthetic organs; cotyledons
and three developmental stages of leaves of S. grandis and S. tragus and only mature leaves of P.
nigdeensis and C. fruticulosa were compared for their structural and biochemical differences. For this
comparison, leaf anatomical cross sections, mRNA levels of genes coding C3, C4 and photorespiratory
enzymes and quantities of the proteins translated from these mRNAs were investigated.

Determination of Photosynthetic Pathways by Leaf
Anatomy
After the discovery of “C3 cotyledons followed by C4 leaves” phenomenon in Haloxylon by Pyankov et al.
(1999), especially Salsoloideae subfamily gained interest in a search for more species or genera with this
transition. Petrosimonia, Halimocnemis and Halocharis were some of them in Caroxyloneae lineage and
Salsola was another genus from Salsoleae s.s. lineage (Akhani et al. 2009). In our study, for the �rst time,
we were able to determine Cyathobasis as a new genus having this phenomenon in Salsoleae s.s.
lineage. Besides, P. nigdeensis and C. fruticulosa were shown to carry this phenomenon as well.
Previously, Freitag et al. (1999) demonstrated that S. grandis exhibited C3 cotyledons and C4 leaves by
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using hand drawn anatomy pictures. In the present study, this observation was con�rmed by anatomical
features captured from light microscopy (Fig. 2A-B). All C4 leaves from anatomical observations exhibited
typical Kranz anatomy with highly packed bundle sheath cells inner to and in close contact with
parenchymal cells and surrounding large water storage cells. All C3 cotyledons had one or two layers of
palisade mesophyll cells with large intercellular spaces and relatively smaller inner water storage cells
(Fig. 2).

Gene Expression and Protein Levels of Photosynthetic
Enzymes
It is well known that C4 species have evolved from ancestral C3 species and genes recruited for C4

function in C4 plants exist in C3 species having unrelated functions (Li et al. 2017). There are many
reports through which C4 species were shown to have more C4 photosynthetic key enzymes compared to
C3 enzymes than C3 species in the same genus such as Salsola, Cleome and Suaeda (Koteyeva et al.
2011; Smith et al. 2009; Voznesenskaya et al. 2013). As expected, in our study PPDK mRNA levels were
measured higher in C4 mature leaves than C3 cotyledons in S. grandis, C. fruticulosa and P. nigdeensis.
Moreover, relative quantities of PPDK were detected to be signi�cantly higher in C4 mature leaves of these
species compared to C3 cotyledons. This observation indicated that mRNA and enzyme levels of PPDK
were consistent with each other in these species. In addition, another C4 cycle enzyme PEPC, which has a
key enzymatic role of initial carbon dioxide (CO2) �xation reaction in C4 pathway (Reeves et al. 2017),
was absent in C3 cotyledons but highly expressed in C4 leaves of S. grandis, C. fruticulosa and P.
nigdeensis. We were also able to demonstrate that mRNA levels of PPDK enzyme were similar in C4

cotyledons and C4 leaves of S. tragus. Consistent with mRNA levels, relative amounts of PPDK enzyme
were detected as similar in C4 cotyledons and C4 leaves of S. tragus, as well.

As a consequence of its kinetic properties, Rubisco is required 60–80% in less amount in C4 than C3

species of similar life forms (Sage 2002). In this study, we observed that mRNA levels and protein
quantities of Rubisco decreased from C3 cotyledons to C4 leaves in S. grandis and P. nigdeensis with the
exception of C. fruticulosa. While the difference in Rubisco mRNA levels of C. fruticulosa between leaves
and cotyledons was not statistically signi�cant, a decrease in the Rubisco protein level was apparent. In
agreement with our observations, Covshoff et al. (2016) revealed that the difference of Rubisco mRNA
levels between C4 Echinochloa glabrescens and C3 rice was similar to the difference between C3

cotyledons and C4 leaves of S. grandis and P. nigdeensis. Smith et al. (2009) also reported that some C3

Salsola species have more Rubisco content than C4 Salsola species. Interestingly, a decrease in Rubisco
mRNA and protein levels was also observed in C4 leaves of S. tragus compared to its C4 cotyledons, but
the decrease especially in protein level was not as signi�cant relative to the decreased level in S. grandis
(Fig. 4).
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Photorespiratory enzymes were shown to be more abundant in C3 and C3-C4 intermediate species
compared to C4 species, due to the lack or the suppression of photorespiratory cycle in C4 species
(Mallmann et al., 2014). In this study, we observed that GOX enzyme, which functions in photorespiration
cycle, signi�cantly decreased from C3 cotyledons to C4 leaves in C. fruticulosa and P. nigdeensis.
Additionally, another important photorespiratory enzyme, GDC-H enzyme, was measured signi�cantly
lower in C4 leaves of S. grandis, C. fruticulosa and P. nigdeensis compared to their C3 cotyledons. GOX
mRNA levels in C4 leaves of S. grandis, C. fruticulosa and P. nigdeensis were seen to be lower than their
C3 cotyledons. However, GOX transcript abundances were the same in C4 cotyledons and in C4 �rst,
second and old leaf pairs of S. tragus (Fig. 3). Besides, it was determined that mRNA levels of GOX
enzyme were consistent with the protein levels in those species with the exception of �rst leaf pairs in S.
grandis where GOX was slightly higher. On the other hand, mRNA levels of GDC-P enzyme were measured
lower in C4 leaves of S. grandis, C. fruticulosa and P. nigdeensis compared to their C3 cotyledons.
Although GDC-P and GDC-H were two different enzymes in GDC enzyme complex of photorespiration, it
was shown that there was a consistency between mRNA levels of GDC-P and enzyme amounts of GDC-H
in these species. These results may support earlier reports by Palmieri et al. (2010) and Timm et al.
(2015) claiming that GDC enzyme complex is more essential in C3 than C4 species.

In our study, we observed that the �rst leaf pair of S. grandis had more GOX enzyme than its cotyledons.,
GOX enzyme levels of the second and the mature leaves were found to decrease gradually below the
levels of cotyledons. On the other hand, GOX mRNA levels in all C4 leaf pairs of S. grandis were measured
as signi�cantly lower than C3 cotyledons. All of these results showed that GOX mRNA and enzyme levels
in S. grandis were not consistent. A possible explanation for this inconsistency between mRNA and
protein levels may be found in a report by Fortelny et al. (2017). They showed that predictions of protein
quantities were not accurately supported by mRNA levels for most genes in human genome. In addition,
Somerville and Ogren (1982) and Levey et al. (2019) also indicated that GOX could have more essential
functions than expected in plants. For example, cellular H2O2 homeostasis and some other metabolic
cycles such as glyoxylate cycle could result in variation of GOX levels of �rst leaf pairs in this study.

An unexpected observation of our study was the fact that C4 mature leaf pairs of S. tragus had lower
levels of GOX enzyme compared to C4 cotyledons. This tendency was not seen at GOX mRNA levels in
this species. In S. tragus, while mRNA levels of GDC-P enzyme decreased during the transition from C4

cotyledon to C4 leaves, similar to what was observed in S. grandis, GDC-H enzyme amount of S. tragus
remained virtually constant in both photosynthetic parts.

In previous studies, it was reported that Calvin-Benson cycle (CBC) proteins, their mRNA levels and C4 key
proteins increased during leaf development in C4 Bienertia sinuspersici (Lara et al. 2008; Offermann et al.
2015). Similarly, different leaf stages of C4 Gynandropsis gynandra had an increase in transcript levels of
CBC, photosystem I (PSI) and photosystem II (PSII) enzymes such as AspAT (Kulahoglu et al. 2014).
Moreover, Li et al. (2015) clearly demonstrated that there was an increase in the transcript levels of C4
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genes and a decrease in photorespiratory and C3 genes during transition from C3 cotyledons to C4 leaves
in Haloxylon ammodendron. Lauterbach et al. (2016) also showed that S. soda had gradual
photosynthetic development from C3 cotyledons to C4 leaves with an increase in the transcript levels of
C4 genes and a decrease in the transcript levels of C3 and photorespiratory genes. Our current study
supports the results by Li et. al. (2015) and Lauterbach et. al. (2016) at the gene expression level.

The differences measured between cotyledons and leaves of S. grandis, C. fruticulosa and P. nigdeensis
for PEPC enzyme were similar to what was observed for S. soda by Lauterbach et. al. (2016). In addition,
our western blot results showed that not only was an increase in C4 enzymes, but also a decrease in C3

and photorespiratory enzymes during the transition. Finally, as investigated before in C4 Bienertia
sinuspersici, C4 Zea mays, C3 Picum sativum and other species at proteomics level (Offermann et al.
2015; Majeran et al. 2010; Brautigam et al. 2008), whole protein contents of S. grandis, C. fruticulosa and
P. nigdeensis are needed to be detected in future studies to discover more C3-, C4- and photorespiratory
pathway-speci�c enzymes in Salsoloideae subfamily.

Conclusions
In this study, we compared anatomical structures and mRNA and protein levels of cotyledons and leaves
of Salsola grandis, S. tragus, Cyathobasis fruticulosa and Petrosimonia nigdeensis species. Anatomical
investigations clearly showed, for the �rst time, that S. grandis, C. fruticulosa and P. nigdeensis have C3

pathway in their cotyledons and C4 pathway in their mature leaves. In these species, PPDK mRNA levels,
which is one of the markers of the C4 pathway, was higher in leaves than in cotyledons, and GOX and
GDC-P mRNA levels of photorespiratory enzymes were higher in cotyledons than in leaves. It was
observed that the Rubisco mRNA levels were lower in leaves of S. grandis and P. nigdeensis than in their
cotyledons, although there was no signi�cant change in Cyathobasis fruticulosa. On the other hand, there
was no signi�cant change in mRNA levels of PPDK and GOX enzymes of S. tragus, which were
determined to have a C4 pathway in cotyledons and leaves, while a decrease was detected in Rubisco and
GDC-P mRNA levels in leaves compared to cotyledons. In S. grandis, C. fruticulosa and P. nigdeensis
species, PEPC and PPDK enzymes were higher in leaves than in cotyledons, while GOX, GDC-H and
Rubisco enzymes were observed more in cotyledons than in leaves. In summary, with some exceptions,
mRNA and protein levels of C4 pathway enzymes were increased, mRNA and protein levels of C3 and
photorespiration enzymes were decreased during the transition from C3 cotyledons to C4 leaves in
Salsola grandis, Cyathobasis fruticulosa and Petrosimonia nigdeensis species.
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Figure 1

Phylogenetic tree created from internal transcribed spacer (ITS) regions of Salsola grandis, S. tragus,
Cyathobasis fruticulosa and Petrosimonia nigdeensis. Sequences marked with MT are from current
study.
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Figure 2

General anatomy of cotyledons (A, C, E, G) and leaves (B, D, F, H) of Salsola grandis, S. tragus,
Cyathobasis fruticulosa and Petrosimonia nigdeensis. E: epidermis, ICS: intercellular space, M:
mesophyll, MVB: main vascular bundle, PVB: peripheral vascular bundle, S: stoma, T: trichomes, WS:
water storage tissue.
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Figure 3

Comparisons of relative transcript abundances of cotyledons and developmental leaf stages in Salsola
grandis, S. tragus, Cyathobasis fruticulosa and Petrosimonia nigdeensis. PPDK: pyruvate orthophosphate
dikinase, Rubisco: ribulose 1,5-bisphosphate carboxylase/oxygenase, GDC-P: glycine decarboxylase-P
subunit, GOX: glycolate oxidase, 1. lp: �rst leaf pairs, 2. lp: second leaf pairs, O lp: old leaf pairs, p≤0.05
(*), p≤0.01 (**), p≤0.001 (***), p≤0.0001 (****), ns: non-signi�cant.
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Figure 4

Western blot results of PEPC, PPDK, GOX, GDC-H and Rubisco enzymes extracted from cotyledons and
developmental leaf stages in Salsola grandis (A) and S. tragus (C). Western blot results of PEPC, PPDK,
GOX, GDC-H and Rubisco enzymes extracted from cotyledons and old leaves in Cyathobasis fruticulosa
(E) and Petrosimonia nigdeensis (G). Comparisons of relative amounts of PEPC, PPDK, GOX, GDC-H and
Rubisco enzymes in S. grandis (B), S. tragus (D), Cyathobasis fruticulosa (F) and Petrosimonia
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nigdeensis (H). PEPC: phosphoenolpyruvate carboxylase, PPDK: pyruvate orthophosphate dikinase,
Rubisco: ribulose 1,5-bisphosphate carboxylase/oxygenase, GDC-H: glycine decarboxylase-H subunit,
GOX: glycolate oxidase, Actin is a protein for loading control.


