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The effect of selenium (Se) treatments on potato growth and Se, soluble sugar, and starch
accumulation was investigated. Potato plants were cultivated in quartz sand without or with sodium
selenate (0, 0.075, 0.3 mg Se kg~! sand). In young potato plants, Se treatment resulted in higher
starch concentrations in upper leaves. The tuber yield of Se-treated potato plants was higher and
composed of relatively few but large tubers. At harvest, the starch concentration in tubers did not
differ significantly between treatments. The higher Se addition (0.3 mg Se kg~1) may have delayed
the aging of stolons and roots, which was observed as high concentrations of soluble sugar and
starch. Together with the earlier results showing elevated starch concentration in Se-treated lettuce,
the findings of this research justify the conclusion that Se has positive effects also on potato
carbohydrate accumulation and possibly on yield formation.
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INTRODUCTION concentrations of Se strengthens antioxidative capacity and
promotes plant growth, especially at the senescing stage, or
under UV-stress conditionsl{—13). A similar Se-induced
increase in antioxidative activity has also been found in tea
leaves (20).

Moreover, Se is able to alleviate photooxidative stress and
to activate defense mechanisms in potato chloroplaats. (
; A . o Electromicroscopic studies have shown an enhanced accumula-
7). For this reason, in I_:lnland_smce 1984, NPK fertilizers have tion of starch grgins in Se-treated lettuce plants, coincidentally
been supplemented with sodium s_e_lenate (8)- ) . with improved plant growth 22). Whether the increased

Although Se has not been classified as an essential nutrientyccymylation of starch was due to improved starch synthesis,
for plant growth, its beneficial effects on plant carbohydrate yeqced assimilate export, or changes in sink strength were not
metabolism and growth, including its stress-resisting function, jnyestigated. The aims of this study were to investigate the effect

have been shown recently by many auth&s13). However, of selenium on potato growth, carbohydrate accumulation, and
it has also been established that its effects on plants areyield.

concentration-dependent, and in general, plants have low

tolerance to it 10, 15—-17). Selenite (Se¢® )_appl|cat|on is TJ\/IATERIALS AND METHODS

reported to increase the glucose concentration in the leaves o N _

bean plantsRhaseolusulgaris) (), to enhance the growth of Growth Conditions and Plant Material. Potato tubers§olanum
coffee plantsCoffea arabicy, and to increase the concentration  tuberosunL. cv. Satu) were presprouted at 16 under natural light

of soluble sugars and caffeine in their leavag)( The foliar in a greenhouse for three weeks before planting. Potato plants were

aoplications of Se enhanged the quality and vield of areen teagrown in a greenhouse at 15—28 under a 16 h day and 30—50%
pplicall g quality y 9 relative humidity. The light intensity was controlled by shading curtains

leaves {4). Furthermore, a}ppllcatlon of Se as selenite t(,) potgto to maintain the photon flux density within the range of 2BD0xmol
plants has been found to increase both total and protein aminom-2s-1. Natural daylight was supplemented with 400 W high-pressure
acid contents1(8) and to decrease the glycoalkaloids and nitrate sodjum lamps (Lucalox, LU 400/HO/T/40 NG, Hungary). The tubers
accumulation in tubersl@). Studies on lettucd.actuca sativa were grown in individual 10-I plastic pots containing 10 kg quartz sand
L.), and ryegrassLlium perennd..) have indicated that low  (grain size 0.1—0.6 cm, SP-Minerals Oy Ab, Nilsidn kvartsi, Finland).
Before planting, a modified Hoagland nutrient soluti@3)and 7 g of
dolomite pot?! (Saxo Mineral Oy, Loukolampi, Finland) were mixed
*To whom correspondence should be addressed. Tel.: (358)-9-

19158696. Fax: (358)-9-19158582. E-mail marja.turakainen@helsinki.fi. MO quartz sand. After liming, the pH of the sand cuilture was about
t Department of Applied Biology. 6.4 (in 0.01 M CaGJ). The plants were fertilized a second time 10

* Department of Applied Chemistry and Microbiology. weeks after planting by adding the same modified Hoagland solution

Selenium is an essential micronutrient for human and
livestock (L—3). The Recommended Dietary Allowance (RDA)
of Se for both women and men is 28/d (4). In Finland, soils
are very low in bioavailable Se, which was reflected in the
quality of domestic agricultural products. Consequently, the
intake of Se by humans was below the recommended level (5
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in amounts corresponding to one-half that given at the first fertilization. the concentrations diminished. However, 15 weeks after plant-
The total amounts of nutrients added per pot were 3.0 g of N, 1.0 g of ing, the concentration in roots and stolons increased slightly at
P,4.8gofK, 1.8 of Ca, 0.18 g of S, 0.02 g of Fe, 0.136 g of Mg, 8.3 the higher Se level (0.3 mg ké (Figure 1, partsa—c). In

mg of Na, 2.7.mg of B, 1.1 mg of Mn, 0.8 mg of Zn, 0.3 mg of Cu, ~ sher |eaves, the concentration was much higher than that in
0.3 mg of Ni, and 0.5 mg of Mo. Selenium was dissolved in deionized below ground plant parts (Figure 1a). With increasing Se

water and applied after shoot tips emergency three times at one-weeka lication. the Se concentration of mature tubers was elevated
intervals to the surface of the quartz sand in quantities corresponding Pp ’ ure tu

to a total addition of 0.075 mg (lower addition) or 0.3 mg (higher {rom 2.1 10 7.4ug g ' dry weight (Table 2), and increased

addition) Se kg! quartz sand (supplied as sodium selenatSea, linearly with Se application levelsy(= 24.41x+ 0.1254,
Sigma). Control plants were treated with deionized water. During the R2=0.9987) (data not shown).
experiment the pots were placed at random in the greenhouse. Growth of Leaves, Roots, and StolonsThe Se applications

Five plants (4 weeks after planting), 10 plants (8 and 13 weeks after did not affect the biomass accumulation in upper leaves either
planting) and eight plants (15 weeks after planting) per treatment were 4 \yeeks after planting or 8 weeks after planting (Figure 1d).
randomly sampled. The youngest leaves were collected 4 and 8 weeksyq, gitfarences were observed in fresh weight of roots between
after planting. Sampling was done between 9 a.m. and 3 p.m. ROOtStreatments 8 weeks after planting; the fresh weights of roots in

and stolons were collected 4, 8, 13, and 15 weeks after planting. Tubers 1
were harvested 15 weeks after planting, and the tuber yield, the meanSe treatments of 0, 0.075, and 0.3 mg Se'kgere 54.25+

tuber weight, and the mean number of tubers per pot were determined.2-9 9, 53.11 1.9 g, and 55.7€ 3.4 g, respectively. However,
Soluble sugars and starch concentration of tubers were determined 18he applied Se reduced the dry weight of roots significantly,
weeks after planting. To study the effect of Se application on potato but later the negative effect disappear&yre 1le). Stolons
quality during storing, the soluble sugar concentration of tubers was of the control and the Se-treated plants reached their maximum
determined 5 months after harvest. Prior to sugar and starch analysissize 8 weeks after planting (Figure 1f). The Se additions
roots, stolons, and tubers were rinsed under running water. Roots andgecreased the dry weight of stolons 4 weeks after planting but

stolons were weighed and frozen immediately in liquid nitrogen and gyerted only a slight positive effect on their growth 15 weeks
then stored at-20 °C until analyzed. The tubers were stored &C4 after planting (Figure 1f)

in 80% relative humidity before analysis. Samples for sugar, starch, o
and Se analysis were freeze-dried (Heto Dry Winner FIB, Heto- The stolons of control plants were significantly shorter than

Holten A/S, Allergd, Denmark), weighed (dry matter g/plant) and those of Se-supplied plants 8 weeks after planting; in the control

ground into fine powder with an electrical mill (1093 Cyclotec Sample treatment, the mean stolon length per plant was 6185 cm;

Mill, Foss Tecator, Hogands, Sweden, or with IKA A10, Janke & atthe lower Se addition, it was 7.400.6 cm; and at the higher

Kunkel GmbH & Co, Staufen, Germany). Se addition level, it was 7.8% 0.7 cm. At the later growing
Analysis of Soluble Sugars and StarchTotal soluble sugars were  stages, the differences between the treatments leveled off. The

determined using an anthrone methdi) Soluble sugars were  mean number of stolons did not differ between treatments during

extracted from 10 mg of freeze-dried plant material with 2@00f the growing period (data not shown)
80% ethanol. Extraction was done three times, followed by centrifuga- . - L
tion at 160@ for 10 min. Supernatant was incubated at°Tdfor 30 Tuber Yield. The addition of Se did not change the

min to inactivate invertase. A 0.25-mL aliquot of supernatant was mixed morphology of tubers (data not shown), but it affected potato
with 1.25 mL of ice-cold Anthron reagent (2 g Anthron in 1 L 72% Yield and average tuber size. Significantly higher yields were
sulfuric acid), and the mixture was heated in a boiling water bath for harvested from the Se-treated plants 15 weeks after planting
11 min and cooled in ice. Absorbance was measured at 630 nm (Table 1). Mean tuber weight correlated with total yield, the

(Shimadzu UV-160A, Shimadzu Co., Kyoto, Japan). Starch concentra- highest yield in Se-treated plants, was composed of relatively
tion was determined spectrophotometrically as previously described e\ put large tubers (Table 1).

(25). Soluble sugars and starch concentrations were presented as mg . .
g-* dry weight (DW). Tuber morphology was monitored 8, 13, and 15 Selenium Content.The Se content (Se concentratigndry

weeks after planting. biomass) in the upper Ieaveg remained the same in all treatments
Selenium Analysis. Selenium was analyzed according to the 4 and 8 weeks after planting-igure 1g), but in roots and
electrothermal atomic absorption spectrometric mett2) from the stolons, Se content decreased with increasing Se additions
same plant material used for analysis of soluble sugars and starch. An(Figure 1, partsh andi). In all treatments, flowering initiated
in-house reference sample was included for every analytical round. 4 weeks after planting, between the first (4 weeks after planting)
Leaf Photosynthesis.Leaf CQ, exchange was measured with an  and the second (8 weeks after planting) harvest. Selenium did
open infrared gas analysis system using a temperature-controllednot affect the development of foliage, monitored by leaf area,
chamber equipped with two fans (LI-6400,2COR, Lincoln, NE).  nymper of leaves and stems, or height of plants (data not shown).

Measurements were taken at a chamber temperature 8€24nd a .
photosynthetic photon flux density (PPFD) ofp5pm0| quanta m?2 Photosynthesis, Total S.olt.ka.a Sugars and Starch Content.
s was provided by a 640602B red light source. In measurement, a Measurements of COassimilation rate 4 and 8 weeks after
6400—01 CQ mixer was used to set the control, and the reference Planting showed no differences between treatments. In the first
concentrations with a target of 4Q@mol mol. Flow rate in the measurement, 4 weeks after planting, :C&3similation rate
chamber was set at 5@0nol s™. In control and lower Se treatment  (umol m™2 s71) in Se treatments of 0 and 0.075 mg Se kg
(0.075 mg Se kgt), 4-5 leaflets from 9 to 10 plants were measured were 16.73+ 0.2 and 17.23: 0.1, respectively, while 8 weeks
between 10 a.m. and 2 p.m., 4 and 8 weeks after planting. after planting the corresponding figures were 16460.1 and

Data Analysis. The data were tested using analysis of variance 16 174 0.1. In roots, the peak concentration of soluble sugars
(ANOVA) in the GLM procedure of SAS version 6.12 (SAS Institute 45 reached 8 weeks after planting, and it declined toward
Inc., Cary, N_C). Slgnlflc?ntly dl_fferent means between treatments were maturity (Figure 1K). In stolons, the peak concentration of
separated with Duncan’s Multiple-range tests. . .

soluble sugar was reached later, 15 weeks after planting (Figure

11). However, the effect of Se on the concentrations of soluble
sugars in roots and stolons was not systematic. At the highest

Selenium Concentrations and Plant DevelopmentSele- Se addition (0.3 mg Se kg), the highest soluble sugar
nium fertilization increased Se concentrations significantly in concentration was observed in the upper leaves 4 weeks after
upper leaves, roots, and stolofsgure 1, partsa—c). The peak planting (Figure 1j) and in the roots and stolons at maturity
concentration was obtained 4 weeks after planting, after which (Figure 1, partsk andl).

RESULTS
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Figure 1. The effect of selenium application (0, white bar; 0.075, lined bar; 0.3, , shaded bar mg Se kg~1) on Se concentration (a—c), dry weight (d—),
Se content (Se concentration x dry weight) (g—i), soluble sugar concentration (j—I), and starch concentration (m—n) in uppear leaves, roots, and stolons.
Data are means + SE; n = 5-10. nd = not determined. Columns marked with different letters are significantly different at P < 0.05.

Starch concentration of upper leaves was significantly higher kg=1), about 10% higher starch concentrations were measured
4 weeks after planting in Se-treated plants than that in control in the tubers 15 weeks after plantinfaple 1). However, these
plants Figure 1m). Later, 8 weeks after planting, this beneficial differences in starch concentration were not statistically sig-
effect of Se was not found (Figure 1m). During early stolon nificant.
development, the starch concentration was lowest in Se-treated
plants (4 and 8 weeks after plantingligure 1n), whereas later DISCUSSION
in the growing period (15 weeks after planting) the starch
concentration in stolons was almost 1.5 times higher in the Se- The fact that Se fertilization increased the Se concentration
treated plants (Figure 1n). In Se-treated plants (0.075 mg Se in potato plants in proportion to the addition level demonstrates
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Table 1. Effect of Selenium Treatments on Tuber Yield, Number of allocation pattern of assimilates. However, potato tuber forma-
Tubers, and Mean Tuber Weight of Plant Harvested 15 Weeks after tion and growth are flexible processes that are regulated by many
Planting? interacting mechanisms. In addition, the growth of individual

tubers varies considerably, allowing changes in growth pattern

Se asdled (uber yif'dt no. of t:JbeI's mean t”bf”’t“(g) (29, 30). Due to this complexity, the reasons for the variations
(mg kg™ (9) per plan per pian per pian of tuber size distribution in Se-treated plants (0.3 mglg
0.075 803.0  14.0a 249+ 12a 33.0+2.3b : . . . —
03 810.8 + 13 1a 180+ 130 4644292 Itis notewo_rthy that in aging plants, the higher Se app_llcatlon
(0.3 mg kg1) increased the carbohydrate accumulation in roots
2 Results are presented as means + SE; n = 8. The values within a column and stolons, suggesting that Se may have de|ayeﬂ_| accumulation
with the same letter do not differ at P < 0.05 by Duncan test. of carbohydrates or the processes associated with senescence
in potato roots and stolons. The elevated carbohydrate concen-
Table 2. Selenium Concentration of Tubers 15 Weeks after Planting, tration in stolons may indicate that stolons are still active, or
Soluble Sugars of Tubers 15 Weeks after Planting, and 5 Months after that they are used for carbohydrate storage. Some authors have
Harvest, and Starch Concentration in Tubers 15 Weeks after Planting suggested that stolons play a role in the storage of starch and
at Various Selenium Addition Levels? in contributing to tuber growth (3132). Previous studies have
Se added S bl arch shown that the beneficial effect of Se is dependent on application
¢ adde € conen SOub'e sugars stare level and plant agel0—14). At low concentrations, Se was
mg kgt ug gt DW mgg~!DW mg g~1DW . . S .
able to resist senescence by counteracting oxidative stress in
15weeks  15weeks 5 months 15 weeks aging leaves and rootsl{, 33). We know of no studies
0 00+00c  56.0+2la  477+2la  508.7+6.0a concerning the senescence processes of stolons. Our findings
0.075 21+01b  560+18a  494t24a  5631+35a for potato plants support previous studies of starch and
03 74+04a  440+2la  447%31a  5121+25a

carbohydrate accumulation in plants supplied with $e10,

22). Whether Se application has an effect on starch synthesis
itself needs to be studied further. We conclude that Se may have
a positive effect on yield formation via enhanced carbohydrate

. - . metabolism, and to some extent via the antioxidative effects of
that the added sodium selenate was efficiently utilized. The Se

concentration of mature tubers was significantly lower than that
in leaves, roots, or stolons, indicating that Se accumulation in
tubers is not as efficient as it is in other plant parts. The Se
content (Se concentratiox dry weight) in upper leaves
remained unchanged, while the Se concentration significantly
diminished at the same time. This decline can be explained by
dry matter dilution, owing to the simultaneous increase of the
biomass of the upper leaves. Earlier findings show a similar
dry matter dilution of Se in lettuce seedlings during the growing
period (11). Selenium decline in the roots and stolons toward
maturation cannot be explained by dry matter dilution, because LITERATURE CITED
the biomass of the stolons diminished at the same time. The
result may indicate either that the rate of Se uptake was reduced @
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