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Abstract—Wild-type (WT) plants of potato (Solanum tuberosum L.) and their transgenic forms carrying agro-
bacterial genes ro/B or rolC under the control of B33 class I patatin promoter were cultured in vitro on MS
medium with 2% sucrose in a controlled-climate chamber at 16-h illumination and 22°C. These plants were
used as a source of single-node stem cuttings, which were cultured in darkness on the same medium supple-
mented with 8% sucrose. The tubers formed on them were used for determination of the structure of native
starch using the methods of differential scanning microcalorimetry (DSC), X-ray scattering, and scanning
electron microscopy. It was found that, in starch from the tubers of ro/B-plants, the temperature of crystalline
lamella melting was lower and their thickness was less than in WT potato. In tubers of 70/C plants, starch dif-
fered from starch in WT plants by a higher melting temperature, considerably reduced melting enthalpy, and
a greater thickness of crystalline lamellae. Deconvolution of DSC thermogram makes it possible to interpret
the melting of starch from the tubers of ro/C plants as the melting of two independent crystalline structures
with melting temperatures of 65.0 and 69.8°C. Electron microscopic examination confirmed the earlier
obtained data indicating that, in the tubers of rolC plants, starch granules are smaller and in the tubers of ro/B
plants larger than in WT plants. Possible ways of influence of rol transgenes on structural properties of starch

in amyloplasts of potato tubers are discussed.
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INTRODUCTION

Tuber formation in potato is regulated by numerous
external and internal factors with phytohormones
being of special importance [1]. In order to investigate
the hormonal control over tuber formation, some
researchers used transformed potato plants expressing
rolB and rolC genes of Agrobacterium rhizogenes [2].
Biochemical mechanism of the operation of ro/-trans-
genes remains debatable; however, it was shown that
their role in higher plants resembles to the effect of
phytohormones: auxins in case ro/B and cytokinins in
case rolC [3]. It is assumed that hormone-like effect of

Abbreviations: DSC—differential scanning microcalorimetry;
AH,;—melting enthalpy; AHYH_—van’t Hoff enthalpy; L 4—
thickness of crystalline lamella; ro/B-plants—potato plants
expressing B33:rolB transgene; rolC-plants—potato plants
expressing B33::rolC transgene; T,,,—temperature of crystalline

lamellae melting; WT—wild-type potato plants.

rol genes may be related to their influence on the
metabolism of auxins and cytokinins or to the changes
in plant cell sensitivity to these phytohormones [3]. It
was also shown that the intensity of the effect of ro/
genes on morphogenesis of potato plants greatly
depends on the used promoter governing organospec-
ificity of gene expression [4].

It order to investigate the effect of genes ro/B and
rolC on tuber formation, we used B33 class I patatin
promoter, which ensured preferred expression of
B33::r0lC and B33::rolB in growing potato tubers [5].
These experiments showed that transgenes induced
numerous morphological changes accompanied by
changes in the activity of some enzymes of carbohy-
drate metabolism, the content of soluble sugars [6],
and the number and size of starch granules [7]. The
obtained data suggested that transgenes ro/B and rolC
might also modify qualitative characteristics of storage
starch, which by volume and biological role is the
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main metabolite in tubers. Presently, starch is widely
used in different industries, with composition and
structural features of this carbohydrate being of great
practical importance [8]. The biosynthesis of storage
starch is a complicated process; therefore, the forma-
tion of its structure is obscure and debatable [9].
Transformed plants are an efficient up-to-date instru-
ment of investigating the regulation of starch structure
formation [10].

Influence of the genes rolB and rolC on the qualita-
tive characteristics of storage starch in tuber amylo-
plasts is so far unexplored. It this relation, the aim of
this work was to study thermodynamic and structural
features of starch produced in the tubers of potato
plants expressing transgenes B33::ro/B and B33::rolC.

It is known that storage starch in potato is depos-
ited in tuber amyloplasts as water-insoluble granules
that consist of alternate crystalline (mainly amylopec-
tin) and amorphous (mainly amylose) layers (lamel-
lae). There are two main types of crystalline assembly
of amylopectin double helixes in lamellae: type A
(monoclinic) and type B (hexagonal). As a rule, potato
starch is crystallized according to type B but, under
certain experimental conditions, the type of starch
crystalline structure changes [11]. The biological role
of such changes is not evident.

Structural characteristics of starch granules are
described by numerous parameters. In this work, we
determined the type of crystalline assembly of the
investigated starch types, analyzed the thermograms of
their melting describing heat stability and the degree of
order of lamellar structure, and determined the thick-
ness of crystalline lamellae and dimensions of starch
granules.

MATERIALS AND METHODS

Plant material. Investigations were conducted with
tubers of wild-type potato (Solanum tuberosum L.,
cv. Désirée) and transgenic lines of this cultivar
expressing rolB and rolC genes of Agrobacterium rhizo-
genes under the control of the B33 class I patatin pro-
moter. The plants were transformed, and expression of
the transferred genes was analyzed at the Institute of
Molecular Plant Physiology (Max-Planck Institute fiir
Molekulare Pflanzenphysiologie, Germany) [5]. The
experiments were conducted with independently
transformed lines (B33 rolC and B33 ::rolB) notable
for typical morphological features described in our
previous papers [12, 13].

Plants were propagated by in vitro cloning on MS agar
medium containing 60 mg/l mesoinositol, 0.4 mg/1 thi-
amine, 0.5 mg/I1 pyridoxine, and 2% sucrose and cul-
tured in a controlled-climate chamber at Timiryazev
Institute of Plant Physiology, Russian Academy of
Sciences, at 22°C and 16-h illumination with lumi-
nescent lamps producing white light. Low content of
sucrose was unfavorable for tuber formation but pro-
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moted vegetative growth of plants. These plants were a
starting material for subsequent experiments.

In the experiments, we used single-node stem cut-
tings with one leaf taken from the middle part of initial
plants. The cuttings were transplanted to the agar
medium of the same composition supplemented with
8% sucrose conducive to tuber formation. From the
6th day after planting, the cuttings were cultured in
darkness at 20°C, which promoted the formation of
microtubers. Starch was analyzed in 4-week-old
tubers.

Starch content. Starch was determined in freeze-
dried microtubers after prior extraction of soluble sug-
ars with 80% boiling methanol. Residues were washed
with water, lyophilized, repeatedly weighed, and used
for hydrolysis of starch as described by Sergeeva et al.
[14]. The content of starch was calculated from the
level of glucose produced as a result of hydrolysis. Glu-
cose was assayed by HPLC combined with pulse
amperometric detection using a Dionex system
(Dionex, United States) equipped with Carbo Pac
PAT1 columns (4 x 250 mm and 4 x 500 mm). Elution
was conducted with 85 mM NaOH at room tempera-
ture and the flow rate of 1 ml/min.

Differential scanning microcalorimetry. Starch was
extracted from fresh microtubers at room temperature
according to [15] with repeated washing with deion-
ized water. Thermodynamic parameters of melting of
0.15% water dispersions of investigated starch samples
[15] were determined by high-sensitivity differential
scanning microcalorimetry (DSC), using a DASM-4
microcalorimeter (Russia) with the sample volume of
0.5cm? in a closed cell. Measurements were con-
ducted in the temperature range from 20 to 100°C (fig-
ures show the results in the range from 40 to 85°C) at
a constant pressure of 2.5 bar and heating rate of
2°C/min. The scale of excess heat capacity for each
experiment was calibrated using the effect of Joule—
Lenz. Under the chosen experimental conditions, there
was no need to take into consideration a thermal lag and
duration of the sample treatment in the calorimetric cell
[16]. As a reference, deionized water was used.

Average values of thermodynamic parameters were
calculated on the basis of three measurements and
standardized per mole of anhydroglucose (162 g/mol).

Melting temperature corresponded to the peak on
the DSC-thermogram. Repeated scanning showed
that the structures melted irreversibly. Melting
enthalpy was determined as the area under the peak
above the extrapolation curves.

In order to evaluate cooperativity and the thickness
of crystalline lamella in starch granules, we used a sin-
gle-stage model of melting [17]. Values of van’t-Hoff
enthalpy (AHM) were calculated as described earlier
[18] using the following equation:

AHM =2 R2 T, (C, — 0.5AC;")!2,
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Table 1. Growth characteristics of tubers and content of starch therein in WT and transgenic (ro/B and rolC) plants of potato

AKSENOVA et al.

after 4 weeks of culturing in continuous darkness

Pani il | Tubrfewsmg | LeneVidD ool | No plane i ers | Contentofsar.mef
WT 35.1£3.0 1.20 £ 0.20 65.5+7.1 510.5 £ 25.65
rolB 445+24 1.09 +0.05 86.21+4.8 481.5 £ 15.04
rolC 672154 2.71 £0.31 47.0+4.2 437.8 £ 14.84

Table 2. Thermodynamic characteristics of melting of starch samples from tubers of WT and transgenic (ro/B and rolC) plants

of potato
Plant material T °C AH,., kJ/mol AHYH | kJ/mol v, relative units L, nm
WT 65.9£0.2 3.6+ 0.1 449+ 0.1 14.5+0.3 5.1£0.1
rolB 64.9 £ 0.1 32103 455+0.3 13.5+0.3 4.7+0.2
rolC 69.1+£0.2 1.0+ 0.1 159+ 0.1 179 £ 0.2 6.3+0.1
Note: T, —temperature of melting of crystalline lamellae; AH ,;;,—enthalpy of melting; AHYH—van’t Hoff enthalpy; v—cooperative unit

of melting; L. —thickness of crystalline lamella in investigated starches.

where R—universal gas constant; T, ;,—melting tem-
perature of starch crystalline lamella; C, —ordinate peak
on the DSC-thermogram; AC,, —difference between heat
capacities of melted and native starch dispersions.

Deconvolution of melting thermograms of the
investigated starch samples was conducted using a
Peak Fit software product (Gandel Scientific Soft-
ware).

Scanning electron microscopy. Morphology of
starch granules was studied by scanning electron
microscopy. Ultrathin sections of potato microtubers
(3—4 pm) were prepared using an UltracutE micro-
tome (Reichert-Jung, Germany). The sections were
placed on a copper grids and coated with a thin layer of
gold using a Jeol JEE-400 vacuum vaporizer. The sam-
ples prepared in that way were examined under a Jeol
5200 scanning electron microscope at accelerating
voltage of 10 kV.

X-ray scattering. Native starch was investigated by
the method of X-ray scattering [19], using an X-ray
difractometer equipped with a linear coordinate
detector. Debye—Scherrer X-ray optical circuit was
employed. X-ray emission was produced by a
BSV33Cu sharp-focused X-ray tube with a nickel filter
(radiation CuK,, o = 0.154 nm). Before measure-
ment, starch was saturated with distilled water.

RESULTS

Table 1 shows growth characteristics of the tubers
of WT, rolB, and rolC plants and total content of starch
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therein. The same as in our previous works [12, 13],
tuber-specific expression of ro/ transgenes was accom-
panied by changes in the pattern of tuber formation,
including the shape of tubers, their size and number.
The tubers of rolC transformants were elongated,
larger in size, and less numerous than in WT and ro/B
plants. Rounded tubers of rolB plants were more
numerous than in WT and ro/C plants. These results
show that, in respect of the effect on tuber formation
in transgenic potato, the used transgenic lines ro/B and
rolC are typical. As to starch content calculated on dry
weight basis, there were no appreciable differences
between WT and ro/B plants, whereas, in the tubers of
rolC plants, the level of starch slightly decreased (on
the verge of reliability). The same as in our previous
experiments [7], expression of rol transgenes consider-
ably affected the size of starch granules in tubers (Fig. 1).
In the tubers of rolC plants, the granules were smaller,
and in the tubers of rolB transformants, they were
larger.

Figure 2 shows DSC-thermograms and Table 2—
thermodynamic parameters of melting of crystalline
lamellae of the investigated starch samples. The
obtained results showed that melting temperature of
starch crystalline lamellae in ro/B plants was much
lower and in rolC plants much higher than in WT
potato. Enthalpy of starch melting in 70/C plants was
much lower than in ro/B and WT plants. The thickness
of crystalline lamella in 7o/B plants was somewhat less
and in ro/C plants much greater than in starch of WT
potato.
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Fig. 1. Starch granules (scanning electron microscopy
images) from potato tubers.

(a) Tubers of nontransformed plants; (b) tubers of trans-
genic rolB plants; (c¢) tubers of transgenic ro/C plants.

Thermograms in Fig. 2 show that melting curves of
starch samples in all the types of plant material display
typical of native potato starch thermal transitions
reflecting melting of crystalline lamellae of amylopec-
tin [18]. The graphs also show that, in starch samples
isolated from the tubers of ro/B and WT plants, the
melting curves were rather symmetric relative the
melting peak. In contrast, in starch of rolC plants, the
thermogram of crystalline lamella melting was much
less symmetric. Such an asymmetry of the calorimet-
ric melting peak is most likely accounted for by the
presence in the starch from rolC tubers of two or more
independent well-ordered structures with different
thermostability of crystalline lamellae differing in the
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Temperature, °C

80

Fig. 2. DSC-thermograms of melting of water dispersions
of starch samples (concentration of 0.15%) from potato
tubers.

(1) Tubers of nontransformed plants; (2) tubers of trans-
genic ro/B plants; (3) tubers of transgenic ro/C plants.
ENDO—consumption of heat energy associated with
melting of starch crystalline lamellae.

thickness. Depending on type A or B of polymorphic
organization, high-amylose starch can contain from
2 to 3 types of crystalline structures, which melt inde-
pendently in the same temperature interval [19, 20].
As a rule, starch from potato tubers belongs to type B;
however, our experimental conditions, such as the
procedure of transgenic plant production and subse-
quent long culturing in vitro, could modify the type of
starch polymorphic structure in microtubers. In order
to elucidate a possible number of crystalline struc-
tures, which could cause asymmetry of DSC thermo-
gram describing rolC starch melting, we conducted the
experiments designed to determine the type of poly-
morphic organization of starch in the investigated
material. To this end, we analyzed the melting of
starch from WT and transgenic (rolB) potato in 0.6 M
KCI (Fig. 3). In the presence of KCI, the melting tem-
perature of crystalline lamella is to become higher
[18], with melting temperature of A-polymorphic
structure of starch usually increasing by 7—12°C and
in the case of B-polymorphic structure—by only 1—
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Fig. 3. DSC-thermograms of melting of water suspension
of starch samples from potato tubers (concentration of
0.15%) in water (1) and 0.6 M KCI (2).

(a) Tubers of nontransformed plants; (b) tubers of trans-
genic ro/B plants. ENDO—see Fig. 2.

4°C [21]. Figure 3 shows that, as compared with water
suspension, the melting temperature of starch samples
in KCI solution increased by 1.1—1.3°C, which is
characteristic of polymorphic structure of type B.

The obtained calorimetric results were confirmed
by determination of the type of starch polymorphic
structure using the method of X-ray scattering (Fig. 4).
The type of crystalline structure was determined by the
location of crystalline reflexes, i.e., by the scattering
angle corresponding to the greatest rate of X-ray scat-
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Fig. 4. Difractograms of X-ray scattering for starch sam-
ples from potato tubers.

(1) Tubers of nontransformed plants; (2) tubers of trans-
genic rolB plants.

tering [22]. For the starch samples under investigation,
reflexes were observed at 20 values equal to 6.1, 13.5,
21.7, 27.8, and 34.4°. Difractograms of X-ray scatter-
ing showed that location of the reflexes for the investi-
gated starch samples corresponded to polymorphic
structure of type B.

On the basis of obtained results, melting of starch
from the tubers of rolC plants shown in Fig. 2 may be
regarded as independent melting of two different crys-
talline structures. Deconvolution of DSC thermogram
describing melting of starch granules from rolC plants
isshown in Fig. 5, where, for convenience, the scale of
thermal energy consumed for starch melting (ENDO)
is exaggerated as compared with the curves in Fig. 2.
Figure 5 shows that the thermogram of the melting of
starch from ro/C tubers may be considered as the curve
describing melting of two crystalline structures, with
the calculated proportion of low-temperature struc-
ture (7, = 65°C) being 24.4% and that of high-tem-
perature structure (7,,, = 69.8°C) being 75.6%.

DISCUSSION

Our experiments showed that tuber-specific
expression of rol genes considerably affected structural
and thermodynamic properties of starch in the amylo-
plasts from tubers of transformed potato. Transgenes
rolB and rolC induced different changes in crystalline
organization of starch. For instance, melting temper-
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ature of crystalline lamellae of starch from the tubers
of rolB plants was somewhat lower and in ro/C tubers
higher than in nontransformed control material.
Thickness of starch crystalline lamellae calculated on
the basis of single-stage model of melting was greater
in rolC plants and less in rolB transformants than in
WT plants.

Considerable elevation of starch melting tempera-
ture in rolC tubers probably depended on numerous
disturbances in the structure of crystalline lamellae
therein. As a rule, melting of crystalline lamellae starts
from a destruction of imperfect areas in starch crystals,
such as the ends of chain and loop segments [11].
Therefore, elevated temperature of starch melting in
rolC tubers suggests that there were the greatest num-
ber of imperfections in this starch, which was accom-
panied by a reduction in the value of melting enthalpy
and an increase in the thickness of crystalline lamellae.
In addition, in contrast to starch from WT and ro/B
plants, melting thermogram of crystalline lamellae in
rolC starch was extended and asymmetric (Fig. 2),
which is characteristic of high-amylose starch [23]. It
is possible that the tubers of 70/C plants contain storage
starch most rich in amylose among all investigated
samples. Thermograms of melting in 0.6 M KCl and
the results of X-ray scattering confirmed that poly-
morphic structure of the investigated starch samples
belongs to type B. This made it possible to interpret the
asymmetry of the melting peak on the DSC-thermo-
gram of starch from the tubers of 7o/C plants as a result
of the presence in this starch of two independent crys-
talline structures with differing melting temperatures.
Deconvolution calculations done for starch of B type
showed reliably (correlation coefficient R?> = 99.4%)
the presence of two different crystalline structures in
the storage starch of ro/C tubers. One of them (with
melting temperature of 65.0°C) accounted for 24.4%
and the other (with melting temperature of 69.8°C) for
75.6%.

On the whole, the obtained results revealed a con-
siderable effect of rolB and rolC transgenes on starch
metabolism in tubers. So far, it is difficult to identify
exact pathways of this influence, but one can speculate
about possible mechanisms of the effect of investigated
transgenes on production and deposition of storage
starch. It is known for sure [10] that biosynthesis and
deposition of storage starch in potato tubers involve at
least four main groups of enzymes: ADP-glucose
pyrophosphorylases (AGP), starch synthases (SS),
enzymes catalyzing the branching of glucan chains
(BE), and debranching enzymes (DBE). AGP cata-
lyze production of ADP-glucose (this reaction
restricts the total rate of starch biosynthesis in tubers)
[24]. Because expression of rolB and rolC genes did not
induce considerable changes in the total content of
starch in tubers of transformed plants (Table 1), one
can assume that these transgenes do not affect the ini-
tial stage of starch biosynthesis associated with AGP
activity. Changes in the activity of the enzymes
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ENDO
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Temperature, °C

Fig. 5. Deconvolution of DSC-thermogram of starch from
tubers of transgenic ro/C plants of potato.

(1) Experimental DSC-thermogram; (2, 3) theoretical
DSC-thermograms, where the proportion of low-temper-
ature ordered structures (2) with 7,,;; = 65°C is 24.4% and
the proportion of high-temperature ordered structures (3)
with T}, = 69.8°C is 75.6%. ENDO—see Fig. 2.

belonging to the rest three groups playing an important
role in the determination of starch structure could
account for the revealed structural features of starch
and starch granules in transformed plants.

For instance, Fig. 1 shows that, as a result of
expression of rol transgenes, dimensions of starch
granules changed: in the tubers of ro/B plants, they
became larger and in rolC-tubers smaller than in WT
plants. Presently, the processes influencing the size of
starch granules are poorly investigated [9]; however,
there are data pointing to a possible participation of
the enzyme BE-I in the regulation of these processes
[10]. It is worth noting that the average size of starch
granules in the tubers of potato transformed with an
antisense construction of BE-I considerably increased
[25]. These data suggest that changes in the activity of
BE-I enzyme can modify dimensions of starch gran-
ules in ro/B and rolC plants of potato as compared with
control material.

As it was noted above (Fig. 2, Table 2), elevated
melting temperature of crystalline lamella and low
melting enthalpy of starch in r0/C plants suggest a high
content of imperfect structural areas in this starch.
Presently, there accumulate data indicating that one of
the functions of DBE is breakdown of wrong struc-
tures of starch impeding normal granule growth [14].
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It is possible that accumulation of imperfect structures
in starch from rolC plants is related to the reduced
activity of DBE in tubers of these transformants,
which could result in the formation of smaller starch
granules.

In conclusion, we should stress that further thor-
ough investigations are needed to elucidate specific
biochemical mechanisms modifying the structure of
storage starch in the tubers of rolB and rolC transfor-
mants of potato.
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