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Abstract. When empirical research provides incomplete data, it is often not accepted, especially if the
primary data is slightly controversial. This article investigates this situation exactly, where there is little
data and quite unexpected results. A conceptual modeling approach is applied here to supplement the
empirical research and to examine the yield obtained from the Silphium perfoliatum energy plant under
certain environmental conditions in Lithuania. The designed conceptual model is based on an analysis of
informational relationships within the “donor-acceptor” (“source-sink™) plant (sub)system. It was found,
that the chlorophyll-a amount did not affect the yield, what according to the model, may be determined by
the different acceptor activity. Nitrogen and potassium influenced the biomass positively, possibly
through the activation of acceptor metabolism and assimilate transport, and the consequent signaling on
the photosynthetic apparatus (via cytokinin and sugar). Meanwhile, the high phosphate amount in soil
negatively influences the yield. A hypothesis of yield limitation by signaling through the high phosphate
levels in the case of slowed down photosynthesis is proposed. In addition to determining the causality of
the yield formation, the conceptual modeling enables us to make use of limited empirical data to design
future experiments, aimed at testing the hypothesis and verifying the model.

Keywords: energy plant Silphium perfoliatum; yield formation conceptual model; system dynamics
methodology; donor-acceptor causal relationships; yield inhibition via phosphate

Introduction

The list of crops grown both in Europe and in Lithuania is constantly supplemented
with new, poorly investigated energy plants. These plants grow rapidly and create a
large biomass, although because of economic and ecological reasons, they are grown in
poorly cultivated soils (McKendry, 2002a; Jakiené et al., 2015; Allen et al., 2014). Not
only is productivity important while growing such plants, but also their ecological
impact, i.e. less harmful environmental impact. In seeking to obtain a sufficient yield in
non-fertile soils, it is necessary to apply agricultural practices aimed at addressing the
main yield-limiting factor, otherwise the yield sharply decreases. The same strategy (to
affect the limiting factor) is applied while seeking to reach the proper ecological effect —
to minimize any impurities that pollute the environment and complicate the
technological process. So we face challenges in achieving both a higher plant yield and
a positive ecological effect.

One of the less investigated energy crops, Silphium perfoliatum L., is suitable for
biochemical conversion, i.e. methane extraction via anaerobic digestion. This is
achieved because of the large biomass of this plant and its easily degraded materials, i.e.
the stems are filled with a spongy core. The average yield of S. perfoliatum is 13-15
t/ha, and high yields may be obtained up to 15-17 t/ha (Gansberger et al., 2015). So the
dry matter yield per hectare of S. perfoliatum may be approximately equal to that of
maize, while some authors reported an approximately 20% lower yield per hectare for S.
perfoliatum than for maize (Aurbacher et al., 2012). Meanwhile, other authors reported
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(Stockmann et al., 2013) a 20-50% lower yield per hectare for S. perfoliatum than for
maize. While growing these plants, it is also important to be aware of the ecological
impact during the methane extraction process — slag formation, which depends on the
biomass ash content. The following impurities could be present: particulates, tar, N, S
and alkali compounds. The problem of slag formation is caused by the alkali content of
the biomass (McKendry, 2002b). So while growing S. perfoliatum, it is important to pay
attention to the yield increase along with its quality.

Up until now, plenty of empirical data has been accumulated about energy crop yield
formation accomplished through the use of fertilizers, liming soils, etc. (Douglas et al.,
1987; Wrobel et al., 2013; Siaudinis et al., 2012). Many authors also suggest that further
research is needed in the following directions: first year trial equipment optimization,
control of weeds and pests, opportunities to use a form of different geographical origin
for both economic activity and plant-breeding, and the application of energy plants
(incl. S. perfoliatum) in medicine (Kowalski and Wolski, 2003; Gansberger et al., 2015).
However, up until now, the empirical viewpoint has prevailed in the field research of
energy plants, so the typical results obtained lack an explanatory nature and (eco)system
level conceptualisation (Adegbidia et al., 2001; Borkowska et al., 2009; Maughan et al.,
2012; Jasinskas et al., 2014; Siaudinis et al., 2015). They are not oriented enough
towards the causality of agroecosystem processes and their interconnections. Such an
examination of individual processes encompasses a broad spectrum of topics and a great
number of unrelated experiments and field trials.

When empirical research provides little or incomplete data, it is often not accepted,
especially if the primary data is even slightly controversial. This article investigates this
situation exactly, where there is little data or quite unexpected results (for example,
when a significant correlation between chlorophyll concentration and biomass is absent,
or when the phosphate concentration in a soil has a negative influence on biomass). A
systemic conceptual approach, which is applied here to examine the yield obtained from
the S. perfoliatum energy plant under certain environmental conditions, is based on an
analysis of informational relationships that are important for photosynthesis control
within the “donor-acceptor” (“source-sink™) plant (sub)system. The resulting causal
model of vyield formation includes both internal (donor-acceptor) and external
(fertilization, illumination, etc.) factors, which enables us to analyse all the experimental
field results from the chosen conceptual viewpoint. Moreover, the conceptual model
itself can be further formalized and refined, constructing a simulation model, which can
then be investigated in computer experiments in order to supplement weak empirical
data with a new set of synthetic data. To sum up, the representation of sparse or
incomplete empirical data via a conceptual model can help in identifying the origins of
contradictions, to reveal their significance, to explain causality of factors, and thus, to
provide more added value to the research results.

The underlying concept of “donor-acceptor” (“source-sink™) applied here takes into
account that the photosynthesis and yield formation processes directly depend on the
activity of a leaf, as a donor (source) of photoassimilates (Rossi et al., 2015; Yu et al.,
2015). Meanwhile, it is known that the intensity of photosynthesis is also regulated via
signals related with the acceptors (sink), i.e. areas involved in the metabolic activities of
growing and reserving (Mokronosov, 1981; Nancy, 1994; Chikov, 2008; Paul and
Foyer, 2001; Fatichi et al., 2014; Yu et al., 2015; Rossi et al., 2015). In particular, the
latter is confirmed by positive correlations detected between photosynthetic activity and
the acceptors’ growth indices (relative and absolute growth rate) (Mokronosov, 1981). It
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is also known that some photosynthesis genes (Rubisco small subunit, plastocyanin
genes, etc.) are turned off by feedback control loops when carbohydrates are not used
enough in acceptors, and they accumulate in the leaves (Paul and Foyer, 2001; Tognetti
et al., 2013). The main signal substances in this regulation network are soluble
carbohydrates, mostly sucrose. Meanwhile, photosynthesis throughout the entire plant
level is regulated from other parts of the plant system, i.e. acceptors, and the
productivity of photosynthesis depends to a great extent on systemic determination.

It is important to keep in mind that photosynthesis may be limited by any component
of the “donor-acceptor” system, and it depends on specific environmental conditions —
the amount of light, water content in the soil, and mineral nutrition components
(Mokronosov, 1981; Brown, 1988; Rossi et al., 2015). From the donor side, the
limitation of photosynthesis is possible because of insufficient light, or when the CO,
fixation becomes insufficient and limits the growth and yield. It should be mentioned
that in a situation when the amount of sugar is not sufficient, growth is not reduced
directly, but through regulatory mechanisms, i.e. SNrK1 kinase activation, thus, growth
is suppressed and adapted to the donor potency (Lastdrager et al., 2014; Yu et al., 2015).
Alternately, when the donor activity and sucrose amount increase, the amount of signal
carbohydrate trehalose 6-phosphate (T6P) also increases, which indicates good donor
functioning and inhibits the kinase SNrK1 activity, thus stopping the suppression of
growth. Photosynthesis can be also limited through the growth limitations of acceptors,
and this can be caused by different factors (for example, a phosphates deficit) (Rychter
and Rao, 2005; Lawlor and Paul, 2014). In this case, a smaller amount of sugar is used,
and photosynthesis slows down because of feedback control. It is also important to note
that the interaction between donor and acceptor changes during ontogenesis, for
example, during the later ontogenesis phases, an entirely new group of acceptors, i.e.
generative structures, are formed. Then, with the assimilates more oriented towards
inflorescence, root nutrition may suffer, which slows down photosynthesis and limits
the yield (Mokronosov, 1981; Chikov, 2008) Thus, the systemic determination of
photosynthesis is non-static, i.e. it changes through the influence of both environmental
conditions and ontogenetic drift.

The study deals with the following research issue: which of the investigated system
components, i.e. either donor or acceptor, limits the yield of an S. perfoliatum energy
crop under the influence of specific environmental conditions (Lithuanian climate,
Cambisols, different soil NPK in the experimental plots). The aim of the study is to
design a conceptual model of the S. perfoliatum energy plant’s productivity, enabling
the identification of such limiting components and to delineate further research
directions for it. In particular, the study will assess the relationships of the chlorophyll
content within the S. perfoliatum biomass and the influence of the amount of root
nutrition medium indices (general amounts of nitrogen, mobile phosphorus and
potassium available) to the S. perfoliatum biomass. It will also compare the influence of
different factors (chlorophyll content in the leaves and nitrogen, phosphorus and
potassium present in the soil) to S. perfoliatum productivity. As already mentioned, the
primary data from the experimental fields is incomplete and somewhat controversial,
however, at the same time, is quite interesting and provocative, inviting further
interpretation. To make use of it, it is combined with known physiological assumptions
to produce a conceptual model of energy plant productivity, based on the analysis of
informational relations that are important for the control of photosynthetic productivity
within the “donor-acceptor” (“source-sink™) plant (sub)system.
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Materials and methods
The object and location of investigation

The object of investigation was the cup plant (Silphium perfoliatum L.), which
belongs to Asteraceae family (Wrobel et al., 2013). It is a perennial Cs plant, which is
used as an energy crop. The possibility of using this plant in biogas production has been
determined by its botanical characteristics, i.e. its large biomass, as each plant grows
10-25 stalks, having 8-12 internodes with a length of 20-30 cm (Wrobel et al., 2013). Its
easy degradation is ensured by the spongy core that fills the stalks.

The experiment location — Lithuania, Siauliai district, Bubiai eldership, Bagdoniskés
village. Coordinates: 55.766919, 23.1864474.

Although native to North America, S. perfoliatum has also adapted to different
European climates (Kowalski and Wolski, 2003; Stanford, 1990). The optimal growth
temperature for these plants is about 20°C, although they survive under the temperature
as low as -30°C (Stanford, 1990; Gansberger et al., 2015). These plants grow mainly in
places with high air humidity and soil moisture (Stanford, 1990; Gansberger et al.,
2015). Its very strong root system (30-150 cm in length) allows S. perfoliatum to
survive during drought periods (Stanford, 1990; Grebe et al., 2012; Schoo et al., 2013).
The minimum water requirement is around 400-500 mm per year and 200-250 mm per
vegetation period, similar to maize (Grebe et al., 2012). This plant has also been
introduced in Lithuania, where both the temperature and precipitation amounts (600-650
mm in the experimental area) are proper for its cultivation.

Currently, only seeds of a different geographical origin are available, but no
approved varieties with typical characteristics (Bierttimpfel et al., 2013; Grebe et al.,
2012). S. perfoliatum has a wide genetic range. In our case, the seeds were obtained
from Germany.

Plant growing and the study area selection

Seedlings were grown in cassettes with a substrate composed of peat, sand and
compost soil (at a ratio 2:1:1). The cassettes were kept in a greenhouse about 60 days till
the stage of three-four leaves. Then the seedlings were planted in soil (at the end of June).
Plants were not applied with fertilizers, and were watered only in the greenhouse. The
yield was taken in the second and third year. This paper examines the third year yield.

Two fields, named A and B, were chosen for growing S. perfoliatum and the same
conventional cultivation process applied in each field. Two plots with plants of different
size were chosen for each field to study the differences in yield. After this, the plots
were named I, 11 (from field A) and I11, 1V (from field B). Each plot covered 3 m?. The
plots were divided into 3 parts, each part being 1 m?, and samples of soil, leaves and
green mass were taken from them.

Plant leaves, soil and plant biomass samples collection

S. perfoliatum leaves were taken from the investigated plots (1, 11, 111, 1V), seeking to
identify the concentrations of chlorophyll. Three leaf samples were randomly picked
from each plot (one from each 1 m? plot area). The samples were taken from the same
apical positions of the plants. Samplings were made 3 times during 2014: on September
18" September 25" and October 2.

Soil samples were taken from investigated plots I, Il and IV, seeking to identify the
soil pH, granulometric composition and total nitrogen, mobile potassium and
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phosphorus amounts. To form the samples, 20 cm of the upper soil layer were taken
from each plot (one from each 1 m? plot area), and a common sample for each entire
plot was formed. The soil samples were taken on July 1%, 2014.

The S. perfoliatum green mass yield from plots I, 11, 11l and 1V was estimated on
October 2™, 2014. Three green mass yields were cut from each plot and weighed (one
from each 1 m? plot area).

Determination of chlorophyll a concentration, soil sample investigation and biomass
weighing

The concentration of chlorophyll in the S. perfoliatum leaf tissues was estimated
according to the protocol of Hiscox and Israelstam (1979). The chlorophyll was
extracted using dimethyl sulfoxide (DMSQO) and quantified by spectrophotometry at the
645nm and 663nm wavelengths. The concentration of chlorophyll a was expressed in
g/l of fresh weight using the following equation: (g/l) = 0.0127 x A663 — 0.00269 x
A645 (Arnon, 1949; Eleuch et al., 2012).

The soil pH was estimated in a 1 mol/l KCI suspension. The concentrations of total
nitrogen (N), mobile phosphorus (P20s) and mobile potassium (K,O) were estimated by
the acetate-lactate Egner-Riem-Doming (A-L) method, as this method is the most
appropriate for potassium and phosphorus detection in sandy loam soils (Mazvila et al.,
2006). The research results were obtained from air-dry soil samples at the Agrochemical
Research Laboratory (Lithuanian Research Center for Agriculture and Forestry).

The plant biomass was estimated, having cut the above-ground parts of all the plants
growing in each 1 m? and measuring their fresh weight with a balance. The data
obtained was expressed in kg/m?. As the water requirements were equally fulfilled in
the investigated plots, the measured fresh weight differences should reflect the
differences of dry mass as well.

Statistical analysis and the conceptual model design

The yield of the investigated plots was evaluated using the ANOVA method. The
criterion p shows the significance of differences between the variants (plots), and the
detected criteria of LSDggs and LSDo; allowed estimating the significance of the yield
differences between the particular plots. The amount of chlorophyll a and amount of total
nitrogen, mobile phosphorus and mobile potassium in the soil had an influence on the S.
perfoliatum biomass, and this influence was estimated using the linear regression method.

The systemic conception of photosynthesis regulation was applied to perform the
causal analysis of the yield formation process. It is based on the detailed analysis of the
“donor-acceptor” relationships within the plant system (Mokronosov, 1981; Lerbs et al.,
1984; Hirel et al., 2007; Paul and Foyer, 2001; Sandmann et al., 2011; Rychter and Rao,
2005; Lemoine et al., 2013). The preliminary conceptual model of the yield formation
was created, in which the causal relationships were represented by the material and
informational flows between the identified system components.

Results

The green matter of the S. perfoliatum yield in the investigated fields was estimated.
The results of the ANOVA statistical method showed that the growing location
influenced the yield: p = 0.033 ( < 0.05) (Fig. 1). To estimate the significance of the
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yield differences between the fields, the LSDgs and LSDg; statistical indices were
calculated. Based on this criterion, the statistically significant yield differences were
determined for the I and Il plots (0.05 significance level) and between the | and 1V
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plots (0.01 significance level) (see Fig. 1).

Green mass yield, kg/m’

Figure 1. Green mass yield of S. perfoliatum in the investigated fields. The standard errors of

During the vegetation period, the assimilate donor (leaf) characteristic, chlorophyll a
concentration, was estimated dynamically; the measurements were made 3 times (Table
1, Fig. 2). It was found that the chlorophyll a concentration had influenced the S.
perfoliatum biomass insignificantly (the yield correlation indices from the different
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perfoliatum leaves (chlorophyll concentration on 2014 10 02)
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Table 1. The statistical indices of linear regression between the chlorophyll a concentration
and green mass (Y = a + bx)

deteDr?wt?ngiion r? Slope (b) P(b) Intercept (a) P(a)
201509 18 0.106 228.708 233.884 -1.875 4.526
201509 25 0.198 237.149 150.743 -0.919 2.585
20151002 0.0609 91.829 114.074 1.371 2.172

The mineral nutrition factors, such as the concentrations of total nitrogen (0.102 —
0.118%), mobile potassium (164 — 332 mg/kg) and mobile phosphorus (228 — 291
mg/kg) in the soil of the investigated field plots were estimated. It was determined that
the total nitrogen concentration in the soil had positively influenced the biomass of S.
perfoliatum (r* = 0.58), the influence of the mobile potassium to biomass was also
similar (r? = 0.55) (see Figs. 3A, 3B). So the amount of the plant biomass was larger in
the plots where the nitrogen and potassium concentrations in the soil were higher.
Meanwhile, a higher mobile phosphorus concentration in the soil reduced the S.
perfoliatum biomass (r* = 0.54) (see Fig. 3C).
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Figure 3. Green mass dependence on the nutrient concentrations in the soil: A — from the total
nitrogen (%), B — from mobile potassium (mg/kg), C — from mobile phosphorus (mg/kg)
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In summarizing the results, it can be stated that the concentration of the light
absorption component, chlorophyll a, influenced the vyield of S. perfoliatum
insignificantly. The influence of the mineral nutrition factors on the S. perfoliatum
biomass was also estimated: the total nitrogen and mobile potassium concentrations
influenced the biomass positively, whereas the mobile phosphorus concentration had a
negative influence on the biomass.

Discussion

It was found that an important donor’s characteristic, the chlorophyll a concentration,
insignificantly influenced the yield of S. perfoliatum within the described limits (the
determination coefficients of the three investigation periods were as follows: r? = 0.106,
r? = 0.198, r? = 0.0609) (see Fig. 2; Table 1). This is a little contradictory of well-known
facts regarding the correlation between chlorophyll concentration and biomass
(Andrianova and Tarchevskii, 2000). Meanwhil, it does not contradict with another
well-known fact, that the photosynthesis of Cs plants (such as S. perfoliatum) is not
limited by summer illumination conditions, i.e. chlorophyll and light reactions have
some reserve opportunities (Hall and Rao, 1994). The finding that the correlation
between the chlorophyll a and biomass was absent and also the fact that there was no
limitation by the air nutrition conditions lead to the assumption that the dispersion of the
photosynthetic productivity of the S. perfoliatum energy plant at different chlorophyll a
concentrations may be explained by other factors limiting photosynthesis and yield.
This is a precondition in searching for an explanation by employing the systemic
conception of photosynthesis regulation, which is based on the ‘“donor-acceptor”
relationships. The main hypothesis made by the authors is that the yield differences may
be explained by the different acceptors’ activity, which determines the photosynthesis
through signalling (informational flows).

Thus, the conceptual modeling approach was employed by the authors for further
analysis and interpretation of the yield formation process. To develop a conceptual
model of the energy plant’s productivity, both empirical results and physiological
assumptions were used together with the known literature data available. The
suggested causal conceptual model is presented in Figure 4A. The model causal loop
diagram was created based on several sources; one of them is the conceptual scheme
of A. T. Mokronosov (1981), which shows the relationships between the donor and
the acceptor. To reveal the functioning of the donor and acceptor in more detail, the
original scheme was expanded by including the influence of external factors
(controlled and uncontrolled) previously discussed by other authors (Mokronosov,
1981; Lerbs et al., 1984; Nancy, 1994; Hirel et al., 2007; Paul and Foyer, 2001; Taiz
and Zeiger, 2006; Sandmann et al., 2011; Rychter and Rao, 2005; Lemoine et al.,
2013). The novelty of the proposed model is that it employs a methodology of systems
dynamics modeling (Sterman, 2000) and makes a clear distinction between material
and informational flows within the donor-acceptor system of the plant. Besides,
comparing to the conceptual schemes mentioned above, it includes two new feedback
loops, representing signalling through the levels of cytokinin and, especially, through
phosphate.

An in-depth analysis of the interaction of individual components may require further
refinement of the conceptual model’s specifications. To accomplish this, it was
proposed that very detailed diagrams of the plant’s biochemical processes be summed
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up at a higher abstraction level. In particular, the authors summarized the detailed
biochemical pathways of the photosynthesis-phosphate interaction (presented in Heldt
and Piechula, 2011; Huber and Huber, 1992; Nielsen et al., 2004; Taiz and Zeiger,
2006) and brought them to a higher conceptual level, which is more practically sound
and helpful for typical agronomic research. This conceptual phosphate-photosynthesis
sub-model is presented in Fig. 4B and is discussed in detail below along with the
interpretation of the results of the field experiments presented in the previous section.

PLANT INFLUENCES .
Sucrose synthesis
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Figure 4. The causal loop diagrams for the conceptual model of photosynthesis and yield
formation under specific environmental conditions (A) and for the sub-model of phosphates
interaction (B)

The results of field experiments show the positive influence of the total nitrogen
concentration in soil on S. perfoliatum biomass (r? = 0.58, see Fig. 3A). This increase in
photosynthetic productivity while fertilizing with nitrogen is consistent with the fact
that the CO, and NO,™ reductions carried by photosynthesis do not compete in terms of
reduction, even under average illumination conditions (Alekhina et al., 1996).
Moreover, it is known that with better root nutrition with nitrogen and when the entire
root system is functioning well, the cytokinin signal is transmitted to the shoots,
informing them about the need for more photoassimilates, so photosynthetic genes
(including Rubisko, carbonic anhydrase, etc.) are activated, stomata are opened and,
thus, photosynthesis is intensified (Lerbs et al., 1984; Paul and Foyer, 2001) (see Fig.
4A.: Informational flow “N — sink — cytokinine — source”). Plus, nitrogen is important
for cell division processes and for the metabolic activity of acceptors in sucrose
utilization (Nancy, 1994; Hirel et al., 2007). In growing acceptors, sucrose utilization
depends on the supply of amino acids (Paul and Foyer, 2001). Because of these reasons,
better nutrition with nitrogen can lead to the increased activity and sucrose consumption
of acceptors, which lessens the suppression of photosynthesis and leads to a growth in
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productivity (see. Fig. 4A: Informational flow “N — sink (epigenesis) — sucrose —
source”). To sum up, in assessing productivity, a sufficiently large dispersion of yield at
various chlorophyll a concentrations may be identified by differences in the activity of
the acceptors, dictated by mineral nutrition, and then following by the signal’s impact
(gibberellin, sugar, etc.) on photosynthetic metabolism. The study shows that the mobile
potassium concentration also influenced the S. perfoliatum biomass positively (r* =
0.55, see Fig. 3B). The mobile potassium concentration varied greatly — from 165 to 330
mg/kg in the soils of the field plots, i.e. the investigated soils ranged from medium to
very high in regard to their potassium content (Mazvila et al., 2006). According to the
literature, the influence of potassium on photosynthesis can occur by promoting the
transport of assimilates from the leaves (Sandmann et al., 2011). Potassium promotes
the removal of sucrose from leaves, and it reduces its concentration in leaves. Thus, this
feedback control reduces the inhibition of photosynthesis and increases the entire
plant’s productivity (see. Figure 4A: Informational flow: “K — transport of assimilates —
sucrose — source™).

Carbon and nitrogen intake in plants takes place according to a certain ratio, while
maintaining a functional balance between the above-ground part and roots (Bastow
Wilson, 1988). The required carbon assimilation, while maintaining a defined C/N ratio
is not only achieved by the photosynthetic intensity regulation described in the
preceding paragraph, but also by the required formation of leaf surface area. It is known
that the leaves of dicots have significantly longer growth zones than roots (Dale, 1982;
Ivanov, 2011). It helps them to achieve the required growth rate of leaf surface area, and
it also means an increase in photosynthetic productivity. The authors found that the
meristem of monocots, specifically of grasses, may be about 3 times longer than now
supposed (Simkiinas et al., 2018). These observations additionally confirm the fact that
carbon assimilation (either by changing the intensity of photosynthesis or the
assimilating surface area) reaches its scale or level in different ways, which are affected
by acceptor activity and mineral nutrition.

It should be mentioned that the limitation of photosynthesis and yield resulting from
a phosphate deficiency is often encountered and almost exclusively described in the
literature (see the review by Rychter and Rao, 2005). The inhibition of photosynthesis
caused by a phosphate deficiency may occur especially in acidic soils, where
phosphates are chemically bound and not readily available for plants. In this study, we
found some unexpected negative influence on the S. perfoliatum biomass (r?> = 0.54)
(see Fig. 3C) attributable to the mobile phosphate concentration in the soil. The mobile
phosphorus concentrations in the soils ranged from 228 to 291 mg/kg, i.e. these soils
ranged from sufficient to high saturation according to the amount of phosphorus they
contained (Mazvila et al., 2006).

It is known that reduced triose phosphate and glucose-6 phosphate concentrations are
accompanied by an increased phosphate concentration in the cytosol, thus, a relatively
high phosphate content produces a signal indicating slow photosynthesis and a low
metabolic level in plant cells (Nielsen et al., 2004). Since the sucrose synthesis pathway
enzymes are inhibited by this signal (fructose 1,6-bisphosphatase is inhibited through
fructose-2,6 phosphate, and sucrose phosphate synthase is inhibited by phosphate
allosterically and through SnRK1), the sucrose synthesis rate is “adapted” to the low
energy status of cells (see Fig. 4B) (Huber and Huber, 1992; Nielsen et al., 2004; Heldt
and Piechula, 2011; Tognetti et al., 2013). As already mentioned, photosynthesis may
be slowed down by a lack of acceptors activity when there is a deficiency of N and K or
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by other factors. During slowed down photosynthesis, when the external phosphate
content available increases, the relative amount of phosphates increases even more in
the cytosol. It such a way, it can provide a signal indicating extremely slow
photosynthesis, which can lead to additional suppression of sucrose synthesis, and
therefore, the plant biomass decreases (see. Figs. 4B and 4A, informational flow: “P —
signal PO,* — source”). Besides this, according to the literature data, when a plant is
supplied with sufficient phosphates, an increase in their quantity may precipitate zinc
(Zn) in plant tissues (Fageria, 2006; Hafeez et al., 2013). A lack of Zn or its low
concentration increases phosphorus transport to the shoots and its concentration in
leaves, which can cause the mentioned suppression of photosynthesis in plants
(Mousavi et al., 2012). The detected suppression of photosynthesis by phosphates in the
background of a nitrogen and potassium deficiency shows the importance of a balance
of nutrient ions for the formation of plant productivity.

The essential role of acceptors in photosynthesis and yield limitation through sucrose
and giberellin signalling is predicted by the conceptual model. The limitation of
photosynthesis and yield attributable to signalling caused by high phosphate levels is
also emphasized. Therefore, the informational flows, which are usually a subject of
biochemical investigations, need to be incorporated in further field trial experiments as
well, in order to facilitate the verification of the conceptual model. First, the specific
growth characteristics of acceptors (meristemic growth on the morphometric,
cytological, etc. levels) and the intensity of photosynthesis under various nutritional
conditions should be evaluated, thus assessing the potential limitations of
photosynthesis because of growth. In particular, it is worth estimating the change in
photosynthesis intensity during the saltatory changes of the acceptors’ growth under the
influence of various stressors. Second, to prove that the yield limitation can be caused
by the inhibition of the acceptors’ growth, we propose that the hypothesis regarding the
high concentration of sucrose and low concentration of cytokinin (signal compounds) in
some compartments of leaves in the case of slow acceptors’ growth be checked
experimentally. Finally, the influence of large phosphate concentrations in a soil on
photosynthetic productivity in the case of inhibited growth should be investigated in
more detail.

In parallel, these regularities could be also validated under controlled conditions. In
particular, an integrated climatic-hydroponic system developed by the authors provides
all the necessary conditions required for such kind of validation experiments (Simkiinas
et al. 2018). The results of all these experiments should be directly used to refine the
conceptual model proposed here. As the model expresses a generic conception of yield
formation, it, therefore, can be used also for other energy plants and in a variety of
environmental conditions. Meanwhile, the model can be refined according to a
particular case, so it can reveal also a different causality for yield limitation. The energy
plants are very fast growing, and the yield limitation through acceptors (i.e. the growing
parts) could be more frequently met.

Conclusions

The designed conceptual model of S. perfoliatum productivity provides a significant
methodological value while interpreting scarce and sometimes controversial empirical
results. The model employs a systemic view of the concept of the “donor-acceptor”
plant system and is based on the analysis of both material and informational
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relationships between the system components. To develop such a model of energy plant
productivity, both empirical results and physiological assumptions along with known
literature data are used. The representation of the field experimental data through use of
the conceptual model provides a missing link between the field experiment’s results and
the molecular-biochemical investigations of the informational flows that regulate
photosynthesis.

The field trial (empirical) results show the absence of dependence between the donor
characteristic (chlorophyll a concentration) in regard to yield. According to the designed
conceptual model, the yield differences may be explained by the differences in acceptor
activity, which determines photosynthesis through signalling (informational flows).

The total nitrogen and mobile potassium concentrations in the soil positively
influenced the productivity of S. perfoliatum. The article argues that nitrogen influenced
the growth of biomass positively through the metabolic activation of acceptors,
signalling the photosynthetic apparatus (through the increased cytokinin and the
decreased sugar concentration). Meanwhile, the positive influence of potassium on
biomass growth may express itself through the activation of the transport of assimilates
from leaves (i.e. signalling through the decreased sugar concentration in leaves), thus
promoting photosynthesis through feedback control.

In this study, some unexpected negative influence attributable to the mobile
phosphate concentration in the soil on the S. perfoliatum biomass was found. To
interpret this observation, the hypothesis of photosynthesis and yield limitation by
signalling through high phosphate levels in the case of photosynthesis that has already
slowed down is proposed.

To verify the conceptual model and test the underlying novice hypothesis, further
research is needed. A detailed plan for that is delineated in the Discussion section. In
particular, it is proposed that the study of plant information processes (carbohydrate,
gibberellin and phosphate signalling) be incorporated in field research, along with
synchronous measurements of the donor’s (photosynthesis) activity characteristics and
acceptor’s growth rates.
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