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Abstract. Spring barley seedling were grown in the dark for 21 d and respiration rates of the
whole plant (including the seed), of the shoots, and of the roots were determined. A function
describing the growth and maintenance components of respiration was interpolated through the
experimental points and its parameters in plants under different mineral nutrition were
compared. The plants grown in a complete nutrient solution showed the highest growth rate in
the initial phase of development and thus reached the maximum respiration rate earlier than
plants in the other variants. The highest proportion of substrate was respired in the shoot.
Plants grown under deficiency of phosphorus and magnesium had a slower respiration rate than
plants grown in the complete nutrient solution (NP), whereas the amount of respired substrate
in plant parts was similar to that recorded in the NP plants. Plants grown in distilled water
showed the lowest growth efficiency and respirated the highest proportion of substrate in the
root.

The seed in the earliest phase of plant life is the sole source of saccharides
and mineral substances. A limited saccharide reserve pool in the seed must
support the growth of organs which then ensure full autotrophy of the plant,
and simultaneously it must cover energy demands of the seedling connected
with its heterotrophic growth and maintenance of its structures.

Energy usage by the plant shows two components (McCree 1970, Raven
1975, Thornley 1977): (1) the maintenance respiration rate, Ry (Penning de
Vries 1975) represents energy used for the maintenance of cell structures,
membrane potentials, and protein, phospholipid and RNA turnover, (2) the
growth respiration rate (Rg), that corresponds to the energy necessary for the
formation of new dry matter — macromolecules biosynthesis, uptake, transport
and utilization of nutrients (Sinclair and De Wit 1975), and regulations
associated with growth. In photosyntheticaly active plants, Rg is directly
proportional to the rate of gross photosynthesis (Pg) (McCree 1970). In
seedlings, P can be substituted with saccharide transport rate from reserve
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tissues (seeds) to growing tissues. Saccharide transport rate is dependent on the
activity and the number of carriers, actual needs of the plant, the status of
saccharide reserves, etc. (Humphreys 1987, 1988). The aim of this paper was
to characterize respiration of etiolated seedlings grown under different mineral
supply during the early stages of plant ontogeny.

Mathematical Model

The change in the structural dry mass of plant growing only from seed reserve
substances in dependence on time is described in this paper by means of logistic
function. When the saccharide transport from reserve tissues (provided they
are not a part of the embryo) is continuous and its rate is directly proportional
to growth rate, saccharides are not accumulated in the plant and their actual
storage in root and shoot tissues is directly proportional to the structural dry
mass of the plant. Under these conditions, the increase in total dry mass (W)
can be described by a logistic (sigmoidal) function:

w

W=— (1)
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The coefficients ¢ and d determine the position of the inflexion point,
w stands for the theoretical dry mass to which the real dry mass approaches,
and t indicates time. This model can be applied to plants which are in
the heterotrophic phase of growth entirely dependent only on seed reserve
substances.

The simulation of the components of respiration (R) is based on the
assumption that maintenance respiration (Ry) is directly proportional to dry
matter content, whereas the growth respiration (Rg) to the change in dry matter
content in time (McCree 1970, Barnes and Hole 1978, Lambers 1985):

Ry=bW 2
and
Ro—a — W 3
A

where a and b are the coefficients of proportionality.
When similating changes in R in dependence on time, dry matter content in
Eq. 3 was substituted with Ry.

d Ry
dt
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At the beginning, we implied the existence of a logistic function for
the dependence of dry matter on time. After the substitution of dry matter
with Ry, we obtain the relationship

r

)

Ry=——
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which, after derivation, represents a relationship for the description of the
dependence of Rg on time:
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The course of R in dependence on time can be obtained by summing the Egs.
5 and 6.

R = Rg + Ry ()

In these equations, r is the theoretical maximum Ry, that is approached by the
measured rate of maintenance respiration from below and by the measured
rate of the total respiration from the above relations. The magnitude of r is
directly proportional to w and depends on the magnitude of the coefficient b.
The values of r differ according to varying environmental conditions (tempera-
ture, mineral nutrition).

The coefficients ¢ and d determine the position of the inflexion point of the
Eq. 5, and the position of the peak of Eq. 6, but they do not determine the
position of the peak of the Eq. 7.

Inc

t=—y ®)

R reaches its peak later than Rg (cf. Fig. 1). At the time of the R-peak the
first observable symptoms of photosynthate deficiency appear — slacking up of
growth and decrease of the respiration rate. The beginning of starving leads to
the manifestation of regulatory responses resulting in reduced growth. This
may be a passive mechanism caused by the shortage of photosynthates, or an
active regulatory process. Sopanen (1984) reported that amino acids released
from aleurone cells were transported across scutellum according to the actual
need of the seedling. A similar mechanism may also exist in the photosynthate
transport. Photosynthate deficiency manifests itself in reduced photosynthate
reserve pool and in this way in reduced growth (Hansen 1977, Moldau and
Karolin 1977, André 1982). From the R decrease after transfer of the green
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plant to continuous darkness (Ruget 1981) or after cutting the kernel from
germinating etiolated plants (¢f. Fig. 3), Rg and Ry were interpolated.

The total amount of respired CO, and thus also the amount of substrate
used for respiration, and the two respiration components can be calculated
from the mathematical model by means of integral.

MATERIAL AND METHODS

Spring barley (Hordeum sativum L., cv. Koral) plants were grown from seeds
with a mass of 46 to 50 mg per kernel in the dark at 20 °C in three variants
differing in mineral nutrition. In the NP variant, plants were grown in a complete
Hoagland 3 nutrient solution, in the N variant plants were grown in a solution
without P and Mg salts, and the 0 variant plants were grown in distilled water;
always twenty plants were grown in 1500 cm?® vessels. Nutrient solutions were
replaced in five-day intervals.

The respiration rate (R) was determined as CO, output in a closed gas
exchange system of a small volume (65 cm?). The application of Grubb Parsons
optical filter for cutting off the absorption bands of water vapour (Janac 1971)
in an IRGA measuring cell (Infralyt IV, Junkalor, Dessau) allowed to maintain
a high relative humidity in the system (Kase and Catsky 1984); in this way
sample wilting which results in inaccurate results in the systems with a freezing
water vapour trap was prevented.

The respiration rate (R) was measured in 2 to 21 d-old plants. The values
obtained were processed using a computer; the Eq. 7 was interpolated through
the means of the method of mathematical network by gradually defining the
parameters in more precise terms.

R and Ry of the whole plant (including the seed) shoot respiration rate, and
root respiration rate were determined as a function of time (Fig. 2 and 4). The
function coefficients, the position of the inflexion point, and the integral were
calculated. The mean error of calculation was in the range 1 to 8 %.

RESULTS

Plants of the NP variant (complete nutrient solution) respired during the
experimental period the highest amount of substrate (higher by 9 and 16 % than
the N and O plants, respectively). The highest proportion of substrate was
respired in the shoot (55 % of the whole plant [including seed] R). The root
R represents 26 % of the whole plant R. This relatively high value is the result
of a high R in the initial phase of seedling growth. Plants of the NP variant
were the first in reaching maximum R, and in the first 150 h of cultivation
showed the highest whole plant and plant part R values. The pattern of the
R curve was more pronounced in the NP variant than in the other variants,
with the peak showing both a steeper ascent and sharper descent.
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Plants of the N variant (P and Mg deficiency) differed from plants of the
NP variant above all in the shift of the peak of R to a later stage. Shoot
R accounted for 55 % of whole plant R, root R represented 15 % of whole
plant R. The root R curve showed only a low peak. Average dry shoot mass
was 16.16 mg at the end of experiment (16.72 mg in the NP variant), average
dry root mass 3.89 mg (4.8 mg in the NP variant).

R --=->
\\ o,

4

|

TIME --->

Fig. 1. Illustration of the mathematical model used for the description of changes in the respiration
rate of seedlings grown in the dark. Solid line represents the logistic relationship (Ry), dashed line
derivation (Rg), and dash-and-dot line is the sum of the above two relationships (R). The value
approached by both the solid line and the dash-and-dot line is the coefficient r.

Plants grown in the O variant (distilled water) differed in many features.
Whereas the pattern of the whole plant R curve was similar to that recorded
in the N variant, the root R curve and the shoot R curve patterns markedly
differed. Shoot R and root R reached 35 and 41 % of the whole plant R,
respectively. Shoot and root dry masses were only 8.65 mg and 5.37 mg,
respectively. The dry matter respired in the shoot decreased to 53 % NP, the
shoot dry mass decreased to 51 % NP. The dry matter respired in the root
increased to 132 % NP but the root dry mass increased only to 112 % NP.
This indicated a lower growth efficiency in the root when compared with the
shoot, or exactly for the growth and function of the root more energy on the
biomass unit was depleted (Hansen and Jensen 1977, Szaniawski and Kiet-
kiewicz 1982, Johnson 1990).

A comparison of the positions of inflexion points showed that in the N and
NP variants the inflexion points occurred earlier in the root than in the shoot.
Thus the shoot grew in these variants for a longer period than the root system.
By contrast, in the O variant the inflexion point occured earlier in the shoot
than in the root.

DISCUSSION
The conditions and the course of seed germination have a marked influence
on the subsequent plant growth, in cereal crops it also influences yields (Frank
1980). Whereas the effect of mineral nutrition on photosynthesis is well
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understood (e.g. Natr 1972), the nature of the effect of mineral nutrition on
respiration and on heterotrophic growth is more complex. Nutrient deficiency
induces growth reduction owing to reduced photosynthetic rate and shortage
of photosynthates and other metabolites, and the following reduced Rg.
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Fig. 2. Respiration rates of the whole barley plant including seed, of the shoot, and of the root in
dependence on time. Solid lines ( x ) represent the NP variant (complete nutrient solution), dashed
lines ( @) the N variant (solution deficient P and Mg), dash-and-dot lines ( O) the 0 variant
(distilled water). The plants were grown in the dark at 20 °C; the seed was the sole source of
saccharides. One point is average from three measurements.

On the other hand, however, energy expenses associated with the growth and
formation of new structures involved in nutrient uptake or reutilization can
simultaneously increase. This results in a reduction in growth efficiency.
Simultaneously, Ry increases owing to enhanced turnover rate (Trewavas 1975),
which results in a high energy consumption in the cell (Ryle et al. 1976).

In spite of high level of mineral nutrients in the seed, their deficiency is
manifested already in early growth phases. Natr (1988) found a significant effect
of mineral nutrition on the mass of barley seedlings grown in the dark.
Differences in the amount of respired substrate were also significant. They
ranged from 49 to 52 % of utilizable substrate of the seed, whereas the content of
the not utilizable seed dry matter was around 14 %, which is consistent with
values presented in this paper.
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The most frequently reported range of the coefficient b in green plants is
1 to 4% of dry matter per 24 h (Moldau and Karolin 1977). Our values were
somewhat higher, plants of the O variant respired at the end of the experiment
5.6 % of dry matter per day, plants of the N and NP variants 5.1 %. The
coefficient b of each treatment is considered to be constant in our model during
the whole experimental period.
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Fig. 3. Respiration rate of the whole barley plant (NP variant) in dependence on time. The seed
of a 120-h-old plant was cut. The respiration rate decreased during 48 h and reached a constant
value, maintenance respiration rate, Ry. Rg — growth respiration rate.

Plants of the O variant utilized the highest proportion of energy in the root,
where it was measurable as the growth component of root respiration. This
energy was utilized mostly in functional processes of the root and to a lesser
extent in root growth processes (cf. the discussion on difficult interpretation of
the growth and maintenance respiration components at a lower level than the
whole plant or plant canopy (Kase and Catsky 1984)). The measured R includes
both the root growth (its dry mass increase), and the uptake, metabolism and
transport of nutrients utilized in shoot growth (Johnson 1990). The latter
component is associated with a high energy consumption which is not reflected
in a marked increase in root mass. Thus Rg of roots also involves a portion
of Rg of shoots (Szaniawski and Kietkiewicz 1982, Lambers 1985).

Changes in the positions of inflexion points of the R of the shoot and the
root in the variants differing in mineral nutrition indicate the existence of
regulation mechanisms of the distribution of photosynthates between roots and
shoots. Brower (1962) deduced similar conclusions from growth analysis of
plants growing under different mineral nutrition. However, the nature of such
regulation mechanism is so far unknown.
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Fig. 4. Maintenance respiration rate (respiration rate 48 h after cutting off the seed) in dependence
on time. The description and experimental conditions are described in Fig. 2.
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