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Abstract
C4 photosynthesis concentrates CO2 around Rubisco, thereby decreasing photorespiration and leading to greater productivity. C4 

photosynthesis evolved several times independently in different plant families including monocots and dicots. Besides changes in 
carbon fixation, C4 plants have also evolved several alterations in nitrogen and sulfur nutrition, leading to better nitrogen use 
efficiency. Here, we utilized C3 and C4 species from 2 model systems, Flaveria and Panicum, to ask whether the evolution of C4 

photosynthesis also affected phosphate homeostasis. The accumulation of phosphate within the plant shifted from the roots to the 
shoots with the evolution of C4, which can probably be explained by the higher demand of phosphate for completing the C4 cycle. 
A limitation of carbon assimilation by phosphate availability was shown solely for the C4 dicot plant, indicating a higher sensitivity to 
starvation. Metabolic responses to phosphate limitation, including accumulation of amino acids, TCA cycle intermediates, and starch, 
were genus or species specific, rather than associated with the photosynthesis type. The expression of key phosphate starvation 
response genes was induced in all species by phosphate deficiency, while the high induction of microRNA399 coupled with a 
repression of PHOSPHATE 2 (PHO2) was especially prominent in the C4 monocot. Thus, it seems that C4 photosynthesis increases the 
demand for phosphate in the leaves and C4 plants either respond more strongly to phosphate deficiency than C3 plants or experience 
inhibition of photosynthesis.
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Introduction
As human population is growing, the global demand for nutritious 
food is increasing, while at the same time, rising temperatures 
and elevated frequency of extreme weather events due to climate 
change lead to high yield losses in the agriculture (van Dijk et al. 
2021; Rezaei et al. 2023). However, the C4 photosynthetic mecha
nism offers a powerful tool to enhance plant productivity, and 
thus, engineering the C4 cycle into C3 crops such as rice (Oryza sat
iva) would be a promising approach to meet the future demand for 
food (Ermakova et al. 2020).

C4 photosynthesis is a mechanism to minimize oxygenation of 
Rubisco and concentrate CO2 around the enzyme by splitting the 
CO2 assimilation between 2 cell types: mesophyll and bundle 
sheath cells (Slack et al. 1969; Hatch 1987; Sage 2004). Primary 
CO2 fixation takes place in the mesophyll, resulting in the organic 
acids malate and aspartate, which are transported to the bundle 
sheath where they are decarboxylated and the released CO2 is 
then assimilated by Rubisco in the Calvin cycle (Hatch 1987). 
This results in minimizing energetically wasteful photorespira
tion and thus leads to a greater productivity of C4 plants. The bio
chemical division of function is accompanied by a so-called Kranz 
anatomy of the leaves, characterized by an inner bundle sheath 
and an outer mesophyll layer surrounding the veins (Lundgren 
et al. 2014).

The C4 photosynthesis evolved more than 60 times independ
ently in various families of monocots and dicots under favoring 
conditions including a low atmospheric CO2, hot temperatures, 
and a dry environment (Sage 2004). The evolution was a stepwise 
process, which led to a series of C3–C4 intermediate species pos
sessing anatomical and biochemical characteristics that are situ
ated between these of C3 and C4 plants (Kennedy and Laetsch 
1974). A good model to study the C4 cycle and its evolution is the 
genus Flaveria, in which C4 evolved at least twice inside the 
same genus itself (Powell 1978). Furthermore, among the Flaveria 
genus, there are not only clear C3 and C4 species but also a range 
of stable C3–C4 intermediate and C4-like species (Ku et al. 1991). 
Besides several evolution events in dicots, C4 photosynthesis 
also evolved in 3 monocot families including prominent crop 
plants such as maize as well as grass species of the Panicum genus. 
Panicum species are another convenient model to study C4 devel
opment, as they also include C3, C4, and C3–C4 intermediate spe
cies (Edwards and Gutierrez 1972; Sternberg et al. 1986).

The increasing atmospheric CO2 concentrations can enhance 
the photosynthetic CO2 fixation in many crop plants, namely, 
those with C3 photosynthetic mechanisms. However, while yields 
may increase with higher CO2, the levels of proteins and mineral 
nutrients essential for human health are decreasing in crop 
plants such as rice or wheat (Loladze 2014; Zhu et al. 2018; 
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Jobe et al. 2019). Hence, it is important to understand the integra
tion of carbon metabolism with mineral nutrition in plants. This is 
particularly important for C4 plants that are much less studied in 
terms of mineral nutrition, although the C4 photosynthetic 
mechanism leads to several adaptations in nutrient assimilation 
(Jobe et al. 2019).

Indeed, besides spatial separation of carbon assimilation, C4 

plants also show spatial separation of assimilation of key mineral 
nutrients nitrogen and sulfur. While nitrate reduction to ammo
nia takes place exclusively in the mesophyll of C4 plants (Moore 
and Black 1979), enzymes for sulfate reduction are localized in 
the bundle sheath cells (Gerwick et al. 1980), at least in C4 mono
cots (Koprivova et al. 2001). Furthermore, C4 plants have a higher 
nitrogen use efficiency, presumably due to lower accumulation of 
Rubisco (Sage et al. 1987), and the demand for reduced sulfur is in
creasing with increasing establishment of the C4 cycle in Flaveria 
species (Gerlich et al. 2018). While there is clear evidence of adap
tive changes in nitrate and sulfate nutrition in the evolution of C4 

photosynthesis, very little is known in this context about another 
key nutrient, phosphate.

Plants take up inorganic phosphate, which is essential as a 
building block of ATP, nucleic acids, and phospholipids and in reg
ulatory mechanisms including phosphorylation (Maathuis 2009). 
Also, several enzymes involved in the C4 cycle are regulated via 
phosphorylation, among them the CO2 assimilating enzyme phos
phoenolpyruvate (PEP) carboxylase as well as pyruvate phosphate 
dikinase (PPDK), responsible for the recycling of pyruvate back to 
PEP (Jiao and Chollet 1991; Vidal and Chollet 1997). Furthermore, 
phosphate is essential for the activity of the triose-phosphate/ 
phosphate translocator (TPT) which interchanges phosphate 
and triose-phosphates between the cytosol and chloroplasts 
(Fliege et al. 1978). This transporter is especially important in 
the C4 cycle, as it is responsible for exporting PEP from the chlor
oplast (Heldt et al. 1991).

Hence, this study focuses on the differences in phosphate nu
trition between closely related C3 and C4 plants in order to address 
the impact of C4 cycle on phosphate nutrition and to assess if 
changes in phosphate nutrition were necessary for a successful 
evolution of C4 photosynthesis. We investigated plants from the 
monocot genus Panicum and the dicot Flaveria, spanning a big evo
lutionary distance, with the aim of unraveling similarities and dif
ferences between the monocots and dicots in the effect of the 
photosynthesis type on phosphate homeostasis.

Results
Phosphate allocation between roots and shoots 
in Flaveria species with a different 
photosynthesis type
We have shown previously a gradient in concentration of sulfur me
tabolites from C3 to C4 Flaveria species (Koprivova et al. 2001; Gerlich 
et al. 2018). We, therefore, asked whether there is a similar gradient 
in phosphate content among the Flaveria species. There was no re
lation between phosphate content in roots or shoots and the degree 
of C4 photosynthesis in 7 Flaveria species conducting different types 
of photosynthesis (Supplementary Fig. S1A). However, when com
paring the allocation of phosphate between the roots and shoots 
of these species, an interesting trend along the evolutionary gra
dient was observed. The relative phosphate content (calculated 
from total phosphate content [Supplementary Fig. S1A]) in shoots 
was increasing from C3 over C3–C4 and C4-like toward C4 species, 
while the relative phosphate content in the root was decreasing 
(Fig. 1). Hence, there seems to be a shift in phosphate allocation 
from roots to shoots along the evolutionary gradient, and the trans
location of phosphate from the roots to the shoots seems to increase 
with a higher degree of C4 mechanism. When total phosphorus was 
analyzed, a similar result was observed with increasing proportion 
of P in shoots toward C4 plants (Supplementary Fig. S1, B and C). 
These results show that also phosphate nutrition might be affected 
during evolution of C4 photosynthesis and suggest a higher demand 
for phosphate in the leaves of plants performing the C4 cycle.

To find out how the different allocation of phosphate between 
shoots and roots is controlled, interspecific grafts between a C3 

species (Flaveria robusta) and a C4 species (Flaveria bidentis) were 
generated (as described in Gerlich et al. 2018) and phosphate con
tent was determined. The distribution of phosphate between the 
organs was controlled by the identity of the shoot. The C3/C4 graft 
as well as the C3/C3 homograft control accumulated higher PO4 

levels in their roots than in the shoots, while the C4/C3 and the 
C4/C4 grafts had higher phosphate in the shoots (Fig. 2). 
However, the overall phosphate concentrations were higher in 
grafts with C4 rootstock than in those with C3 roots. This was 
also confirmed by measuring the phosphate uptake rates of the 
grafts (Supplementary Fig. S2), which was higher in individuals 
that possessed a C4 shoot, indicating that this was the responsible 
organ for an increased translocation of phosphate into the leaves. 
However, while it seems that allocation between the organs is 

Figure 1. Allocation of inorganic phosphate from the roots to the leaves increases along the evolutionary gradient of Flaveria species. Percentage of total 
phosphate content in roots and shoots of 7 Flaveria species was analyzed 23 d after germination by using ion chromatography. Data are shown as mean 
and standard deviation, while letters represent significant differences (P < 0.05) based on a 1-way ANOVA followed by a Tukey’s HSD test (n = 4).
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driven by the shoot, the C4 roots have a higher capacity to take up 
and translocate phosphate than the C3 roots.

Effect of phosphate supply on growth and 
P homeostasis of C3 and C4 plants
To better understand the interconnection of phosphate homeosta
sis and the type of photosynthesis, we compared the effects of 
phosphate deficiency on closely related C3 and C4 species in more 
detail. Since sulfate assimilation is organized differently in C4 di
cots and monocots (Koprivova et al. 2001), we included representa
tives of both, F. robusta and F. bidentis as well as Panicum bisulcatum 
(C3) and Panicum miliaceum (C4), respectively. As a first indicator of 
the plant performance under different phosphate regimes, the bio
mass production was determined. However, only a slight increase 
of the fresh weight under intermediate phosphate conditions was 
observed in all species, while the decrease of fresh weight under 
low phosphate conditions was most prominent in F. bidentis 
(Supplementary Fig. S3). When comparing the ratio of biomass be
tween roots and shoots, it is notable that the root-to-shoot ratio of 
P. bisulcatum was higher under low phosphate, indicating that these 
plants invest more into their root growth under phosphate stress or 
that the low phosphate availability inhibits shoot growth.

Then, we determined the effect of the decreased P supply on 
phosphate accumulation. The concentrations of phosphate in 
roots and shoots were generally proportional to the phosphate 
supply in the media; however, there were some variations in dif
ferent species especially in the allocation between shoots and 
roots. In the 2 Flaveria species, there were no differences between 
C3 and C4 under low phosphate conditions, but under a sufficient 
supply, the C3 species had higher phosphate levels in the roots, 
while the C4 species showed a similar accumulation in the shoots 
and roots (Fig. 3A). Also, in the 2 Panicum species, there were no dif
ferences between the C3 and C4 under phosphate starvation. 
However, at higher phosphate supply, both Panicum species had 
higher phosphate concentration in the shoot than in the root, 
this ratio being higher in C4 species P. miliaceum (Fig. 3B). 

The shoot/root ratios calculated from these results confirm these 
observations (see Supplementary Fig. S4).

Next, we determined the contents of total phosphorus in plants 
grown in a gradient of P supply. The measurements of total phos
phorus agreed largely with the results obtained for the phosphate 
contents, with an overall increasing amount of phosphorus under 
increasing availability of phosphate (Fig. 3, C and D). Under low 
phosphate conditions, total phosphorus levels were similar be
tween roots and shoots in all 4 species. However, under high phos
phate concentrations, the phosphorus pool increased especially in 
the roots of Flaveria and shoots of Panicum, showing a clear differ
ence in allocation between the genera. At the same time, the 
Flaveria C3 and the Panicum C4 showed overall greatly increased 
phosphorus levels in comparison to their respective relative 
species.

We then determined phosphate uptake, using radioactively la
beled phosphate (33P). Interestingly, the measurement indicated a 
substantial increase of phosphate uptake rate under a low phos
phate supply in both C3 species, F. robusta and P. bisulcatum, while 
it remained unaffected in both C4 species (Fig. 4). As suggested by 
the analyses of the grafts (Supplementary Fig. S2), there was a ten
dency of a higher uptake rate at normal supply in C4 F. bidentis, but 
this was not significant on the chosen level of P < 0.05. In Panicum, 
however, in control conditions, the C4 species showed a higher up
take rate than the C3 species (Fig. 4).

Effect of P deficiency on photosynthetic 
performance
We were then interested to test whether there is any difference 
between C3 and C4 species in the physiological effects of phos
phate deficiency. Therefore, as a measure of the photosynthetic 
performance, CO2 response curves were recorded for the different 
species grown under control or low phosphate conditions (Fig. 5). 
The initial slopes of the curves and the resulting CO2 compensa
tion points were higher in both C4 species compared to their C3 rel
atives, reflecting the generally higher carboxylation efficiency of 
C4 plants. However, no effect of the phosphate deficiency on the 
curve progressions under low CO2 concentrations could be de
tected. From the plateau phase of the assimilation curves, the 
maximal assimilation rate for each species under low phosphate 
or control conditions was calculated. This rate was similar be
tween C3 and C4 relatives under normal conditions. However, in 
the C4 F. bidentis, the maximal rate decreased significantly when 
plants were exposed to low phosphate conditions (Fig. 5C). In 
the other 3 species, there were no significant differences between 
the treatments. Thus, it seems that in the dicot genus Flaveria, 
phosphate deficiency affects the C4 species more strongly than 
the C3 species, but in the monocots, the effect is not apparent 
(Fig. 5D).

Effects of P starvation on metabolic profiles in C3 
and C4 plants
Given the effect of phosphate starvation on photosynthesis, we 
determined the concentrations of various metabolites under 
these conditions. Gas chromatography-mass spectrometry 
(GC-MS) analyses of shoot materials revealed distinct differences 
among the 4 species and in their response to P starvation. The 
heatmap in Fig. 6 shows relative changes in the metabolite levels 
in response to the low phosphate treatment calculated from the 
absolute amounts under the 2 conditions (Supplementary 
Table S1). The response of the accumulation of the majority of 
metabolites to phosphate starvation, including amino acids, 

Figure 2. Phosphate content in roots and shoots of interspecific grafts 
between F. robusta (C3) and F. bidentis (C4). Seedlings were grafted 5 d 
after germination, while samples were harvested 35 d after grafting. 
Phosphate content was measured by ion chromatography. Graph shows 
individual measurements as well as their mean and SD (n = 4). Letters 
indicate significant differences (P < 0.05) based on a 2-way ANOVA 
followed by a Tukey’s HSD test.
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TCA cycle intermediates, and sugars, showed opposite trends in 
Flaveria and Panicum. While these metabolites tended to be less 
abundant after P starvation in Flaveria, they accumulated more 
in Panicum.

The levels of several amino acids, such as glutamate, 
alpha-alanine, 5-oxoproline, and valine, were decreased by phos
phate starvation in both Flaveria species, while several others (as
partate, phenylalanine, methionine, glutamine, leucine, and 

Figure 4. Phosphate uptake rate is induced by low phosphate treatment in C3 species. Phosphate uptake was measured in F. robusta and F. bidentis A) 
and P. bisulcatum and P. miliaceum B) grown for 7 d under low P (2.5 µM) or control (200 µM) conditions by feeding them with 33PO4 for 20 min. The uptake 
was quantified via a scintillation counter. Graphs show individual measurements as well as their mean and SD (n = 5). Letters indicate significant 
differences (P < 0.05) based on a 2-way ANOVA followed by a Tukey’s HSD test.

Figure 3. Phosphate and phosphorus contents in the plants reflect phosphate availability in the growth media. Roots and shoots were harvested 
separately after 4 wk in the respective phosphate treatment for F. robusta and F. bidentis A and C) and after 2 wk for P. bisulcatum and P. miliaceum 
B and D). Phosphate content was determined via ion chromatography, while total phosphorus levels were measured using ICP-MS. Graphs show 
individual measurements as well as their mean and standard deviation (n = 5 to 8). Letters indicate significant differences (P < 0.05) based on a 3-way 
ANOVA followed by a Tukey’s HSD test.
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serine) were significantly less abundant, specifically in F. robusta. 
On the other hand, in both Panicum species, most amino 
acids showed a tendency of increased levels under phosphate 
starvation; however, that was significant only for phenylalanine 
in P. bisulcatum. With the exception of raffinose, all sugars showed 
the same general trend of decreased levels under phosphate lim
itation in both Flaveria species and increased levels in both Panicum 
species. Several intermediates of the TCA cycle, including early 
steps such as pyruvate, steps from in between such as alpha- 
ketoglutarate, and late steps such as fumarate and malate, accu
mulated to a significantly lower amount in the C4 Flaveria, while 
they remained unaffected in its C3 relative. This suggests that in 
dicot species, TCA cycle is more affected by the phosphate limita
tion in C4 than in C3 species. In Panicum, different steps of the 
TCA cycle were affected in C3 and C4, but TCA intermediates 
were increased differently in the 2 species. While malate and 
citrate showed elevated levels in P. bisulcatum, pyruvate, 
alpha-ketoglutarate, and fumarate accumulated to higher levels 
in P. miliaceum. Thus, the effect of P deficiency on the TCA cycle 
seems to be stronger in the C4 dicot than in monocot.

Overall, it seems that the changes in the metabolite levels are 
not specific for the photosynthesis type but rather specific 
for the monocots and dicots, indicating clearly distinct 
coping strategies with phosphate limitation on a metabolic level 

between these genera as they often showed opposite regulation 
of metabolite levels.

Apart from the different metabolites determined by GC-MS, 
other compounds and nutrients were determined in P-deficient 
plants. Firstly, we measured starch, which plants use to store sug
ars as an output of photosynthesis. Starch levels at the end of the 
day showed differences between the species already under con
trol conditions in the dicots. The C4 species F. bidentis had a lower 
starch content compared to its C3 relative (Fig. 7A). The accumu
lation of starch was significantly increased under phosphate 
starvation in comparison to control conditions in F. bidentis and 
P. bisulcatum, while there was only a slight increase in P. miliaceum 
and no changes in F. robusta.

Additionally, we determined the levels of anions: nitrate and 
sulfate. Nitrate content in Flaveria was decreasing with higher phos
phate supply, but this was not the case for Panicum (Supplementary 
Fig. S5). On the other hand, sulfate levels were slightly increasing 
with a higher phosphate availability in Panicum, at least in the roots, 
while they remained largely unaffected in Flaveria (Supplementary 
Fig. S6). When comparing the overall concentrations between the 
plants of different photosynthesis types, nitrate was more abun
dant in shoots of C3 Flaveria than of C4, while sulfate showed higher 
levels in the shoots of C3 Flaveria and roots of C4 Panicum in compar
ison to their counterpart species.

Figure 5. Photosynthetic performance under phosphate starvation. CO2 assimilation was determined by an infrared gas analyzer supplying the leaf 
with increasing CO2 conditions. Plants were grown for 4 wk (Flaveria) or 2 wk (Panicum) under low phosphate (2.5 µM) or control (200 µM) conditions, 
before the last fully expanded leaf was used for the measurement. A and B) The CO2 assimilation rates over increasing internal CO2 concentrations 
presented as means and SD of 5 to 6 biological replicates. The maximal assimilation rate C and D) was calculated based on these curves as the maximal 
measured value for each replicate presented as individual data points and including means (empty circle) and standard deviations. Letters indicate 
statistically significant differences (P < 0.05) based on a 2-way ANOVA followed by a Tukey’s HSD test.
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Accumulation of further mineral nutrients was determined via 
inductively coupled plasma mass spectrometry (ICP-MS) to assess 
the effects of P deficiency on the ionome (summarized in 
heatmaps in Supplementary Fig. S7). However, there were no 
dramatic changes in element contents, and the levels were rela
tively stable especially in the shoots. Iron accumulation, which 
is known to be dependent on the presence of phosphate (Yang 
et al. 2024), was significantly lower under phosphate starvation 
in F. bidentis (Supplementary Fig. S8). Manganese, which is 
involved in the water splitting of photosystem 2 (Oliver et al. 
2022), was clearly less abundant in the phosphate-starved roots 
of F. bidentis, while there was a slight decrease in both Panicum 
species (Supplementary Fig. S9).

Transcriptional response to phosphate deficiency
To evaluate the different responses to phosphate limitation on a 
transcriptional level, the expression of key genes involved in the 
phosphate starvation response was quantified. PHOSPHATE 1 
(PHO1), encoding a phosphate transporter that is responsible for 
the phosphate loading into the xylem, was much more highly ex
pressed in both C4 species compared to their C3 relatives (Fig. 8A). 
However, PHO1 was not transcriptionally regulated under phos
phate starvation. PHO1 is under posttranscriptional negative con
trol by an E2 ubiquitin conjugase encoded by the PHOSPHATE 2 
(PHO2) gene. The PHO2 transcript levels were much lower in C4 

Flaveria than in C3, but this big difference was not conserved in 
Panicum (Fig. 8B). Under low phosphate conditions, PHO2 was 
downregulated only in P. miliaceum (Fig. 8B). As expected, genes 
for one of the main phosphate transporter family PHT1 were tran
scriptionally induced by phosphate starvation in all 4 tested spe
cies (Fig. 8C), indicating that this part of the phosphate starvation 
is strictly conserved. The same was true for genes involved in the 
synthesis of sulfolipid. It was shown earlier that phosphate limita
tion increases sulfolipids while decreasing phospholipids and the 
enzymes in sulfolipid synthesis UDP-sulfoquinovose synthase 
(SQD1) and sulfoquinovosyl transferase (SQD2) are the key factors 
in such lipid reprogramming (Essigmann et al. 1998). Here, we used 
SQD1 for Panicum and SQD2 for Flaveria since their sequences were 
respectively better conserved among species. The gene expression 
was induced by low phosphate in all 4 species (Fig. 8D).

To get a more mechanistic understanding of the induction of the 
phosphate starvation response in the different species, expression 
of microRNA399, a key regulator in the phosphate homeostasis, 
was quantified. A slight induction by the low phosphate treatment 
was observed in all of the species; however, in P. miliaceum, the ex
pression was induced on average around 500 times, which was 
drastically more than in any of the other species (Fig. 8E).

Discussion
PO4 accumulation shifts from the roots to the 
shoots during C4 evolution
A sufficient supply with macro- and micronutrient is essential for 
plant growth and can have a huge impact on crop yield (Maathuis 
2009; Mueller et al. 2012). This makes it a crucial research field to 
understand how to attain our future agricultural needs, especially 
in the context of C4 plants, which generally have a higher productiv
ity (Atkinson et al. 2016). Nitrate and sulfate assimilation were 
shown to be spatially separated in C4 plants. While nitrate is assimi
lated in the mesophyll cells, the first steps of sulfate assimilation 
take place in bundle sheath cells of C4 monocots (Jobe et al. 2020). 
Regarding nitrate, C4 plants are able to cope better with deficiency 
since their nitrate use efficiency is higher than in C3 plants (Sage 
et al. 1987). Previous studies focusing on the sulfur homeostasis dur
ing C4 evolution in Flaveria revealed a higher demand for sulfate re
duction with a higher degree of C4 within the genus, while the 
uptake and distribution of sulfate were shown to be under the con
trol of the identity of the shoot (Koprivova et al. 2001; Gerlich et al. 
2018). However, knowledge about phosphate assimilation and defi
ciency response in C4 plants is still limited. Hence, this study focuses 
on the phosphate homeostasis during C4 evolution in monocots and 
dicots, and we could indeed detect some substantial differences be
tween closely related C3 and C4 plants.

In Flaveria, phosphate allocation shifted from a high proportion 
in the roots toward the shoots along the gradient from C3 to C4 

species (Fig. 1). These observations in the dicot Flaveria were 

Figure 6. Regulation of individual metabolite levels by phosphate 
limitation. Plants were grown for 4 wk (Flaveria) or 2 wk (Panicum) under 
low phosphate (2.5 µM) or control (200 µM) conditions, before the leaf 
material was used for metabolic profiling via GC-MS. Heatmap presents 
the mean relative changes of the content under low phosphate 
conditions in comparison to the control (n = 5). Asterisks indicate 
significant changes between the treatments based on a Student’s t-test 
(*P < 0.05; **P < 0.01; ***P < 0.001).
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compared to the monocot Panicum C3 and C4 to see if it is an evo
lutionarily conserved trait. As a first observation under control 
conditions, the majority of phosphate was located in the roots in 
Flaveria and in the shoots in Panicum (Fig. 3, A and B). The accumu
lation of phosphate under deficiency conditions was similar be
tween the species, indicating that C3 and C4 have similar 
sensitivity and uptake ability under starvation. Also, the phos
phate uptake rates do not differ between C3 and C4 species under 
low phosphate conditions (Fig. 4). However, when comparing the 
distribution of phosphate between the below- and aboveground 
plant parts and especially when calculating the ratios from the 
PO4 data, the trend seen for the Flaveria gradient above can be con
firmed also for the monocot species. Both C4 F. bidentis and P. mil
iaceum showed a higher accumulation in the leaves compared to 
their C3 relatives, which suggests a general C4 characteristic that 
is evolutionarily conserved at least between these 2 distinct gen
era and might be explained by several factors. The chloroplastic 
transporter exporting sugars in exchange with phosphate TPT is 
more abundant and has a higher flux in C4 plants, which also pos
sess the additional symporter requiring phosphate ions, the phos
phoenolpyruvate/phosphate translocator (PPT) (Bräutigam et al. 
2008). In C4 plants, PPDK, which regenerates the CO2 acceptor 
PEP, is a highly abundant protein with a much higher flux than 
in C3 plants (Edwards et al. 1985). On the other hand, the higher 
demand for phosphate in leaves of C4 might be due to its regula
tory functions, since several enzymes involved in carbon assimila
tion in C4 plants are regulated by phosphorylation (Jiao and 
Chollet 1991; Vidal and Chollet 1997). Furthermore, the generally 
higher growth rates in C4 (Monteith 1978) might also lead to a 
higher demand for phosphate-containing structural compounds 
such as lipids, nucleotides, sugars, and proteins, which would in
crease the need for phosphate.

The total phosphorus levels under varying phosphate condi
tions reflect the results obtained for inorganic phosphate (Fig. 3, 
C and D). This shows that it is not only the phosphate uptake itself 
but the whole pool of phosphorus-containing metabolites includ
ing organically bound phosphorus that is adapted to the phos
phate supply. When using these 2 data sets to calculate the pool 
size as percentage of the total phosphorus stored in phosphate, 
there was an overall slightly higher percentage in the shoots of 
both C4 species F. bidentis and P. miliaceum in comparison to their 

C3 relative (Supplementary Table S2). This would support the hy
pothesis that C4 plants have a higher demand for the ion itself 
which is needed for the symporter activity and not for 
phosphorus-containing metabolites or structural compounds. 
Furthermore, both C4 species showed a roughly constant percent
age of P in PO4 under differing phosphate conditions in their 
shoots (around 50%), while the percentage increased quite 
strongly with phosphate availability in their roots. Since PO4 is 
the preferred storage form of phosphorus, one could speculate 
that under deficiency, C4 plants do not store a lot of phosphorus 
taken up from the soil in their roots but rather directly transport 
it to the aboveground tissues where it is needed.

The differences in phosphate allocation due to the photosynthe
sis type were also supported by the expression analyses in roots of 
genes involved in phosphate uptake and distribution among the 
plant organs (Fig. 8). PHO1, a gene encoding a transporter involved 
in loading of phosphate to the xylem (Hamburger et al. 2002), showed 
higher expression in both C4 species compared to their C3 relatives, 
which correlated with their higher phosphate levels in the shoots 
indicating that PHO1 might be responsible for the elevated root-to- 
shoot translocation of phosphate in C4 species. However, PHO1 ex
pression was not induced by the low phosphate treatment in any 
of the 4 species, possibly because it is regulated through a posttrans
lational mechanism. This matches previous studies on Arabidopsis, 
showing that PHO1 protein is degraded under phosphate limitation 
and PHO2 activity is crucial for this process (Liu et al. 2012). The 
PHO2 gene codes for an E2 conjugase that is responsible for the 
negative regulation of several phosphate-responsive genes. Its 
transcript levels in Arabidopsis were shown to be reduced under 
phosphate limitation by microRNA399 as well as by an 
additional microRNA-independent mechanism (Bari et al. 2006). 
microRNA399, a shoot derived signal, is induced by phosphate 
limitation and responsible for induction of phosphate starvation re
sponses (Fujii et al. 2005). Furthermore, microRNA399 was proposed 
to be transported from shoots to roots where it prevents accumula
tion of PHO2 that then induces a higher transport of phosphate from 
the roots to the shoots (Bari et al. 2006). The presented experiments 
could confirm this regulatory feedback loop, in particular for the 
monocot C4 P. miliaceum, as it showed a strong induction of 
microRNA399 in roots under phosphate starvation (Fig. 8E) that led 
to a corresponding decrease in PHO2 levels (Fig. 8B). PHTs have 

Figure 7. Accumulation of starch under phosphate starvation. Plants were grown for 4 wk (Flaveria) A) or 2 wk (Panicum) B) under low phosphate (2.5 µM) 
or control (200 µM) conditions, before the leaf material was harvested at the end of the light period and subjected to a colorimetric starch assay. Graphs 
show individual measurements as well as their mean and standard deviation (n = 4 to 5). Letters indicate significant differences (P < 0.05) based on a 
2-way ANOVA followed by a Tukey’s HSD test.
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been identified as high-affinity phosphate transporters in Arabidopsis 
roots that are involved in phosphate starvation response (Muchhal 
et al. 1996). However, PHT transporters are encoded by a big gene 

family with several candidates that differ in their location on the 
plant or cell level as well as their regulation (Nussaume et al. 
2011). Incomplete genome annotation of the nonmodel plants 

Figure 8. Regulation of key phosphate genes under phosphate starvation. Gene expression in roots of plants grown under low phosphate (2.5 µM) or control 
(200 µM) conditions was measured by RT-qPCR. Expression of PHO1 A), PHO2 B), PHT1 C), and SQD D) were normalized to expression of housekeeping genes 
TIP41 or CYP5; miRNA399 E) transcript levels were normalized to expression of miRNA159 as well as the control. Graphs show individual measurements as 
well as their mean and standard deviation (n = 3 to 4). Letters indicate significant differences (P < 0.05) based on a 2-way ANOVA followed by a Tukey’s HSD test.
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used in this study makes it hard to study these genes, since there are 
several homologous isoforms showing high sequence similarities 
and it is not yet clear which are the main responsible genes in 
Flaveria or Panicum. Nevertheless, gene expression analyses showed 
that PHT1 is induced by phosphate limitation at least slightly in all 
4 tested species, while there was a significant increase only in the 2 
C4 species. This could underline the higher demand of phosphate 
in C4 discussed earlier.

Using interspecies grafts between C3 and C4 Flaveria species was 
instrumental in determining the role of root in control of sulfate 
allocation between shoots and roots (Gerlich et al. 2018). 
Therefore, we employed the grafts also for deeper analysis of 
the control of phosphate homeostasis. While the distribution of 
phosphate between the organs in C3/C4 heterografts was similar 
to the C3/C3 control, the C4/C3 heterograft showed a similar distri
bution as the C4/C4 homografts (Fig. 2). This indicates that the high 
accumulation of phosphate in C4 leaves is controlled by the 
shoots. This is a surprising result since the internal and external 
phosphate status is initially sensed in the roots and signals are 
transported via the xylem to the shoots, where subsequent signals 
are induced and distributed through the plant via the phloem 
(Zhang et al. 2014).

The shoot-to-root ratio of phosphate was significantly in
creased by phosphate limitation in both Flaveria species and P. mil
iaceum, indicating that these plants induce a higher translocation 
of phosphate from the place of uptake to the leaves under these 
deficiency conditions and this was reversed in P. bisulcatum 
(Supplementary Fig. S4). In the model species Arabidopsis thaliana, 
inorganic phosphate accumulates to higher levels in shoots in 
comparison to roots under control conditions, while there is a bal
anced distribution between the organs under phosphate limita
tion (Bonnot et al. 2016). Hence, the reports on Arabidopsis are 
more comparable to the presented results for P. bisulcatum, sug
gesting that the observations are not specific for monocots and di
cots but rather differ between individual species and genera.

Photosynthetic CO2 fixation is inhibited by 
phosphate starvation only in the C4 dicot
Given the higher demand for phosphate in C4 species, evidenced 
by higher concentration in the leaves, it could be expected that 
the C4 species would be more sensitive to phosphate limitation. 
We thus used gas exchange measurements to obtain specific 
CO2 response curves as a measure of photosynthetic performance 
(Fig. 5, A and B). The initial slopes as well as the CO2 compensation 
points were not affected by the phosphate level in any species, 
which shows that phosphate has no effect on the carboxylation ef
ficiency of Rubisco or PEP carboxylase. The saturation phases of 
the curves and the maximal CO2 assimilation rates (Fig. 5, C and 
D) revealed that only F. bidentis showed significantly impaired car
bon fixation rates under phosphate starvation. This was unex
pected because the different shoot/root ratio of phosphate 
between C3 and C4 species was observed in both Flaveria and 
Panicum.

What can be the reason for the specific sensitivity of F. bidentis to 
P limitation? Since the limitation in photosynthetic performance is 
not due to PEP carboxylase activity, the substrate availability might 
be limiting due to a decelerated ribulose-1,5-bisphosphate regen
eration. CO2 assimilation rates were shown to drop severely also 
in the C4 crop plant maize exposed to phosphate limitation 
(Usuda and Shimogawara 1992). On the other hand, although low 
phosphate conditions were previously shown to reduce photosyn
thesis in a range of C3 species including spinach, barley, and sugar 

beet (Dietz and Foyer 1986; Rao and Terry 1989), this seems not to 
be the case for the 2 C3 plants in this study. However, different re
ports showed discrepant relations between phosphate limitation 
and performance of the C3 and C4 cycle. A similar study comparing 
grass species with different photosynthesis types revealed that 
CO2 assimilation is less inhibited by phosphate limitation in C4 

than in C3 while photosynthetic phosphate use efficiency in
creased under low phosphate stronger in C4 (Ghannoum and 
Conroy 2007). Possibly, the C4 grasses employ a more efficient in
tercellular allocation of phosphate between the vacuole and cyto
plasm (Ghannoum and Conroy 2007). The Rubisco enzyme activity 
was shown to be reduced by phosphate deficiency in sunflower but 
not in maize (Jacob and Lawlor 1992), which matches our observa
tions of the CO2 assimilation data for monocots and dicots, since 
sunflower is very closely related to Flaveria while maize is closer 
to Panicum.

Thus, it seems that the C4 photosynthetic cycle is more affected 
by limiting phosphate concentration, which matches the general 
view of lower phenotypic plasticity of C4 plants, i.e. their lower ef
ficiency in adapting to unfavorable conditions (Sage and McKown 
2006). This seems to be true at least for the dicots and is probably 
due to their higher demand of phosphate for a successful C4 cycle 
with all its transport processes. This is also in agreement with the 
higher phosphate allocation toward the leaves in C4 plants which 
was discussed earlier. Furthermore, when comparing the 2 differ
ent C4 systems, one can speculate that even though they both 
should have a higher phosphate demand for completing the C4 

cycle, the monocot C4 seems to be better adapted by inducing 
microRNA399 under phosphate limitation to a higher level than 
the dicot and subsequently increasing phosphate starvation re
sponse to meet the higher phosphate demand. That could also ex
plain why in comparison to the dicot C4, the monocot C4 is not 
affected in its carbon assimilation.

Downstream metabolic responses to phosphate 
limitation are not photosynthesis type specific but 
rather genus or species specific
Since phosphate is one of the essential nutrients for plants, its 
limitation affects multiple layers of plant metabolism. Indeed, a 
previously published metabolic profiling in Arabidopsis revealed 
87 primary and 35 secondary metabolites being affected by phos
phate limitation, including, for example, an increase of many ami
no acids, organic acids, and sugars (Pant et al. 2015). However, we 
hypothesized that different metabolic groups might be affected in 
C3 and C4 plants. For example, intermediates from the photores
piratory pathway such as serine, glycine, or glycolate might be 
more affected in C3, while organic acids such as pyruvate, malate, 
and aspartate might show a stronger response in C4. The pre
sented GC-MS results showed that the accumulation of many 
amino acids, such as glutamate, phenylalanine, methionine, as
partate, glutamine, leucine, and serine, was strongly reduced by 
phosphate limitation in F. robusta but not in F. bidentis, which indi
cates that the amino acid metabolism is generally more affected 
by phosphate in the C3 than it is in the C4. The total amino acid 
content as the percentage of total C was shown to be almost 
40% in F. robusta and only around 10% in F. bidentis (Borghi et al. 
2022). This hints to a more important role of amino acids in the 
Flaveria C3 that might also explain the elevated sensitivity of the 
amino acid pools to stress conditions.

Several organic acids and other TCA cycle intermediates in
cluding malate, fumarate, pyruvate, and malonate were signifi
cantly downregulated by phosphate limitation in F. bidentis but 
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not in F. robusta (Fig. 6). This indicated that due to the reduced as
similation of CO2 in F. bidentis, also the flux of carbon into sugars is 
limited in these plants. On the other hand, citrate and isocitrate 
showed the opposite trend, since they were significantly upregu
lated by low phosphate but only in F. robusta. This might be be
cause the CO2 assimilation is not inhibited, so that the first 
intermediates of the TCA cycle can still be produced, but the light 
reaction might be impaired leading to reduced availability of ATP 
and NADPH, which is needed for the further conversion into sug
ars and that way early intermediates might accumulate.

Opposite to the trends in Flaveria, most measured metabolites 
showed elevated levels under phosphate depletion in comparison 
to the control in both Panicum species. Especially, most amino 
acids were very consistently upregulated in both Panicum species. 
This can be either due to a lower protein synthesis rate or to an in
duced degradation of proteins under low phosphate. Still some 
differences were observed within the Panicum genus. Malate and 
citramalate as well as the 2 sugars fructose and xylose were 
very highly upregulated by phosphate limitation in P. bisulcatum 
but not in P. miliaceum. This could lead to the conclusion that in 
the C3 Panicum, the incorporation of assimilated carbon into or
ganic compounds and subsequently into sugars might be im
paired by an insufficient phosphate supply.

Starch functions as a storage form of assimilates but can also 
represent a sink for unused carbon. Indeed, previous studies 
showed that starch levels are increased under phosphate starva
tion because there is a decreased exchange of cytosolic phosphate 
with triose phosphate during low phosphate conditions, leading to 
accumulation of Calvin cycle intermediates and accelerated flux 
to starch (Li et al. 2021). This expectation could be confirmed for 
all tested species except for F. robusta (Fig. 7). However, the extent 
by which starch levels were elevated was very different. While in 
P. bisulcatum, the starch accumulation was 9 times higher under 
low phosphate, the level was only 1.7 times elevated in P. milia
ceum. However, when comparing these 2 species under control 
conditions, there were no differences, while in Flaveria, the C4 spe
cies showed a lower starch accumulation. Previous studies 
showed that in C4 plants, starch synthesis and accumulation are 
located exclusively in the bundle sheath cells, while the accumu
lation differs strongly along the leaf blade (Majeran et al. 2010; 
Furbank and Kelly 2021). Hence, it is possible that the decreased 
starch levels in F. bidentis in comparison to its C3 relative are due 
to the limitation of its synthesis in the bundle sheath. 
Furthermore, one could expect that the starch and sugar accumu
lation would be correlated, meaning that increased flux of carbon 
into starch would lead to a depletion of stored sugars. However, 
our data from the metabolite analyses did not support this hy
pothesis except F. bidentis, which showed increase in starch and 
a corresponding reduction in accumulation of sugars. The stron
ger response of starch accumulation in F. bidentis compared to F. 
robusta agrees well with the increased sensitivity to P limitation.

The metabolomics data make the distinction between the 2 di
cots and monocots in response to P limitation very clear. In line 
with the CO2 assimilation results, the Flaveria species seem to be 
more diverse while these traits were more conserved between spe
cies in Panicum, which might be due to differences in the evolution
ary distance between the species within a genus. Furthermore, 
there seems to be a generally different coping strategy in monocots 
and dicots, since the monocots accumulated most of the metabo
lites including many sugars as well as TCA cycle intermediates 
during phosphate starvation, while in both dicot species, these me
tabolite levels were rather diminished. Interestingly, while there 
are no substantial differences in C4 photosynthetic carbon 

metabolism between monocots and dicots, the nutritional path
ways seem to be adapted to C4 photosynthesis differently in these 
2 groups as the bundle sheath-specific localization of enzymes for 
sulfate reduction described for many C4 species (Gerwick et al. 
1980) was shown to be specific to the monocots (Koprivova et al. 
2001). In addition, in response to sulfur deficiency, the monocots 
are able to oxidize cysteine to sulfate, but the dicots do not 
(Rahimzadeh Karvansara et al. 2023).

Taken together, 2 main conclusions may be drawn here. Firstly, 
phosphate and phosphorus accumulation as well as expression of 
key phosphate genes indicated a higher demand of phosphate in 
shoots of C4 plants. This seems to be a trait that was a necessary 
prerequisition or a consequence of the C4 evolution and is pre
sumably linked with the higher demand for phosphate to fuel 
the additional transport processes in the C4 leaf. Secondly, the di
cot C4 was most affected by phosphate limitation on a physiolog
ical level indicated by a diminished photosynthesis rate while all 4 
tested species were affected on a metabolic level (including pri
mary metabolites, starch, and genes in lipid synthesis), but the 
metabolic responses were rather species or genus specific than 
specific for the photosynthesis type. The high level of induction 
of microRNA399 in the C4 monocot seems to be responsible for 
its better adaptation to phosphate deficiency than the C4 dicot.

Materials and methods
Plant material and cultivation
F. bidentis and F. robusta were grown in a liquid hydroponic system. 
Cuttings from adult plants were placed into 50 mL tubes covered 
in aluminum foil which contained the Hoagland media 
(Supplementary Table S3) with varying phosphate concentra
tions. Plants grew for 4 wk in a growth chamber under long-day 
(16 h light, 8 h dark) condition and a temperature of 31 °C during 
the day and 22 °C at night. The medium was changed first after 
1 wk and then every 3 to 4 d.

P. bisulcatum and P. miliaceum seeds were surface sterilized with 
chlorine gas for 4 h and afterward placed onto ½ Murashige and 
Skoog (MS) (Duchefa, Haarlem, Netherlands) agar plates. After 7 to 
10 d, seedlings were transferred into pots containing a 3:1 mix of ver
miculite and autoclaved sand and watered with media described 
above. Plants grew for 2 wk in the same conditions as Flaveria.

Alternatively, seeds were sterilized with chlorine gas and placed 
onto agar plates containing ½ MS or Hoagland media. Seedlings 
grew in a growth camber under long-day (16 h light, 8 h dark) and 
a temperature of 31 °C during the day and 22 °C at night.

Interspecies micrografting of F. robusta and 
F. bidentis
Interspecies micrografting of F. robusta and F. bidentis was con
ducted as described in Gerlich et al. (2018), using the modified 
collar-free micrografting protocol by Marsch-Martínez et al. 
(2013) with seedlings 5 d after germination under sterile condi
tions. The seedlings were transferred onto small square petri 
dishes (120 mm × 120 mm × 15 mm) containing a thin layer (2 to 
4 mm) of the liquid Hoagland medium. Cotyledons were removed 
with a single cut with a thin, commercial razor blade. Scion and 
stock were separated by a single horizontal cut in the upper third 
of the hypocotyl. Subsequently, the scion and stock were joined 
thoroughly as soon as possible on fresh small square petri dishes 
with the Hoagland medium, supplemented with 0.5% sucrose. 
Cutting and graft union was performed with the help of a Hund 
SM33 binocular stereoscope (Hund, Wetzlar). Fresh grafts were 

10 | Plant Physiology, 2025, Vol. 198, No. 4

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/article/198/4/kiaf327/8211129 by U

niversitaets- und Stadtbibliothek Köln, M
ed. Abt. - IN

AC
TIVE user on 10 August 2026

http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf327#supplementary-data


incubated in a Percival phytochamber for 7 d with a slight tilt of 
the plates at 5° to 10° and subsequently moved to high-light con
ditions. Twelve days after grafting, the grafts were transferred to 
large, square petri dishes to grant suitable space for scion and 
stock development. Exposure to different nutrient conditions 
was conducted 29 d after grafting.

Metabolic analyses
For anion measurement, 25 to 30 mg root or leaf material was homo
genized and extracted in 1 mL H2O at 4 °C for 1 h. Afterward, samples 
were heated at 95 °C for 15 min and centrifuged for 20 min at 4 °C 
and maximum speed. The supernatant was diluted with water, 
and inorganic anions were separated on a Dionex IonPac AS22 
RFIC 4 × 250 mm analytic column and quantified with a Dionex 
ICS-1100 chromatography system (Thermo Fisher Scientific, 
Darmstadt, Germany). A 4.5 mM Na2CO3 and 1.4 mM NaHCO3 were 
used as running buffers, and amounts were calculated based on 
an external standard curve as described by Dietzen et al. (2020).

Starch content was quantified in 30 mg leaf material, breaking 
down the starch enzymatically and quantifying the glucose colori
metrically using the Starch Assay Kit (Sigma-Aldrich) following 
the manufacturer’s instructions.

Total soluble proteins were quantified by Bradford assay. 
A 20 mg plant material was extracted in 1 mL 0.1 M NaOH (pH 
12.8) and centrifuged for 5 min. A 10 µL of the extract was mixed 
with 790 µL water as well as 200 µL Bradford dye (Bio-Rad, 
Hercules, United States) and incubated for 5 min. Absorbance at 
595 nm was measured, and protein content was calculated based 
on a BSA protein standard curve.

For global metabolic analysis, around 40 mg shoot material 
was extracted in a mixture of H2O:MeOH:CHCl3 (1:2.5:1), vortexed, 
and shaken for 6 min at 4 °C. Samples were centrifuged for 5 min, 
and the supernatant was used for metabolite analysis by GC-MS 
using a 7200 GC-QTOF (Agilent, Santa Clara, United States) as de
scribed in Schlüter et al. (2023). For quantification, peak areas 
were normalized to Ribitol/DMPA as an internal standard.

Elemental analysis
Elemental analysis was conducted using 10 mg dried plant mate
rial, digesting it with 0.5 mL 67% nitric acid first at room temper
ature overnight and then at 95 °C until fully dissolved. Extracts 
were diluted with 4.5 mL H2O and centrifuged for 1 h at 
4000 rpm and 4 °C. The supernatant was subjected to an analysis 
using the Agilent 7700 Inductively Coupled Plasma Mass 
Spectrometer (Almario et al. 2017).

Phosphate uptake rate
For the uptake experiment, plants were germinated on ½ MS agar 
plates and transferred on Hoagland plates with specific phosphate 
concentrations for further 5 d. Afterward, they were placed into 
2 mL tubes containing the media with adjusted phosphate concen
tration for another 2 d. The medium was exchanged for media sup
plemented with 100 µCi 33P, and the plants were incubated for 
30 min, before all plant parts were harvested and extracted in 1 mL 
0.1 M HCl. After centrifugation, 200 µL of the extracts was used to de
termine the 33P phosphate content with use of a scintillation counter.

Photosynthetic efficiency by an infrared gas 
analyzer
Photosynthetic parameters were measured in fully expanded 
leaves of hydroponically grown plants with an infrared gas ana
lyzer within the Portable Photosynthesis System LICOR 6400XT 

(LI-COR Biosciences, Lincoln, United States). Conditions were set 
to 25 °C, VPD of 1.5 kPa, fan speed of 10,000 rpm, flow rate of 
400 µmol/s, and light at 1500 µmol/m2s. The CO2 response was 
measured in a range from 10 to 1500 µmol/mol.

Gene expression
Total RNA of the root material was extracted using 
phenol-chloroform-isoamyl alcohol extraction and LiCl precipita
tion. cDNA was synthesized with the RevertAid RT Reverse 
Transcription Kit (Thermo Fisher Scientific, Darmstadt, Germany) 
following the manufacturer’s instructions. Gene expression was de
termined using SYBR Green and the CFX96 Touch Real-Time PCR 
Detection System (Bio-Rad, Hercules, United States). Primers were 
obtained from Sigma-Aldrich and can be found in Supplementary 
Table S4. For expression analysis of microRNA, a RT reaction with 
specific primer was performed and an adapted RT-qPCR protocol 
was utilized exactly as described in Varkonyi-Gasic et al. (2007).

Accession numbers
Sequence data from this article can be found in the GenBank/EMBL 
data libraries under accession numbers GCA_018326485.1 for 
F. robusta, GCA_018326385.1 for F. bidentis, and GCA_038442765.1 
for P. miliaceum.
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