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Abstract
Soybean (Glycine max [L.] Merr.) is the major protein and oilseed crop worldwide. Soybean seeds are a rich source of spermidine and other polyamines, which have various positive health
effects such as anti-ageing, antioxidant or anti-inflammatory properties. Beside its macronutritional composition, soybean contains various bioactive compounds adding health-protecting
functional properties to soy-based foods. The present research is based on the hypothesis that
soil application of nitrogen and sulphur might stimulate soybean seed polyamines in addition to
agronomic traits. As effects of fertiliser application on spermidine were unknown before,
a respective pot experiment was carried out, applying ammonium sulphate or urea at nitrogen
levels of 0, 1 or 3 g per 5 kg soil in two soybean cultivars. The results indicated that cultivars
differed significantly in seed yield, thousand seed weight (TSW) and oil content. For both tested
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cultivars, seed yield, TSW and contents of protein and spermidine were lowest in the unfertilised treatment. The spermidine content increased significantly after the application of each dose
of ammonium sulphate (280 - 283 mg kg-1 DM) or the lower dose of urea (267 mg kg-1 DM)
as compared to the unfertilised control (228 mg kg-1 DM). The contrast in spermidine levels
between non-sulphur (256 mg kg-1 DM) and sulphur (282 mg kg-1) treatments was significant
as well, whereas no significant effects were found for the spermine content. The results demonstrate that an application of appropriate doses of nitrogen and sulphur can increase the content
of spermidine in soybean seeds apart from affecting other traits.
Keywords: polyamines, human health, soy-food.

INTRODUCTION
Soybean (Glycine max [L.] Merr.) is the major protein and oilseed crop
worldwide; while soybean is predominantly processed for livestock feed and
vegetable oil production, an increasing share is utilized in human consumption, which is due to the superior seed composition, made up of 400 g
kg-1 protein and 200 g kg-1 oil on average (Vollmann et al. 2015). Beside its
macro-nutritional composition, soybean contains various bioactive compounds
adding health-protecting functional properties to soy-based foods. Soybean
seeds are also known to contain polyamines such as spermidine and spermine
(Kalač 2014).
A recently considered component of soybean seed with a potentially large
health effect is polyamine spermidine (Sagara et al. 2017), which has various
important functional and regulatory properties related to the physiology of
cell ageing. In cellular models, spermidine application reversed age-induced
memory impairment and neuro-degeneration through induction of autophagy
(Gupta et al. 2013). In human diabetic patients, spermidine-mediated autophagy has been demonstrated to reduce endothelial dysfunction, which might
decrease the risk of cardiovascular disease (Fetterman et al. 2016). Apart
from autophagy, antioxidant and anti-inflammatory protective effects of spermidine have been shown in neurodegenerative disease models (Jamwal,
Kumar 2016).
A growing body of evidence for autophagy-mediated positive effects associated with spermidine suggests that soyfoods rich in spermidine might bear
significant health effects. As effects of agronomic treatments, such as fertiliser application, on polyamine levels are largely unknown, the objective of
this experiment was to investigate the influence of nitrogen and sulphur
application on the concentration of spermidine and other traits in two soybean cultivars. While both symbiotic N2 fixation in root nodules and inorganic
nitrogen uptake by the roots are important for obtaining high soybean yields,
the present research is based on the hypothesis that soil application of nitrogen and sulphur might stimulate soybean seed polyamines in addition to
agronomic traits.
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MATERIAL AND METHODS
Pot experiment
A pot experiment was established in an outdoor vegetation hall of the
Botanical Garden and Arboretum of Mendel University in Brno during 2016.
Mitscherlich vegetation pots were filled with 5 kg of medium heavy fluvial
soil (pH/CaCl2 – 7.4, P, K and Mg levels – 47, 226 and 322 mg kg-1, respectively). Mineral fertilisers suitable for pre-sowing were applied in five treatments (Table 1) with 4 replications. Early maturity soybean cultivars Vanessa
Table 1
Experimental fertilisation treatments
Treat.
No.

Dose of nitrogen / sulphur
(g pot-1)

Fertiliser

1

0/0

-

2

1 / 1.17

ammonium sulphate

3

3 / 3.51

ammonium sulphate

4

1/0

urea

5

3/0

urea

(Agroscope, Switzerland) and ES Mentor (Euralis Seeds, France) were sown
on 5 May 2016 at density of 10 seeds per pot and were thinned to 2 plants
per pot after emergence. Pots were watered to a level of 60% of maximum
capillary capacity. Plants were harvested at full maturity on 15 (Vanessa)
and 26 (ES Mentor) September 2016.
Protein and oil content
From the harvest, about 5 g of finely ground dry seeds were analysed for
the oil and protein content by near-infrared reflectance spectroscopy (NIRS)
using a Bruker Matrix-I Fourier transform instrument (Bruker, Ettlingen,
Germany). All seed oil and protein content data were expressed in g kg-1 of
oven-dried seed.
Spermidine and spermine concentration
Polyamines were extracted from ground seed threefold with the use of
0.6 mol L-1 perchloric acid. The content of spermidine and spermine was
determined by high performance liquid chromatography (LabAlliance, State
College, USA; Agilent Technologies, Agilent, Paolo Alto, USA) after the preceding derivatization by dansylchloride. Derivatization, chromatographic
separation (ZORBAX Eclipse Plus C18, 50 mm × 3.0 mm, 1.8 µm, Agilent
Technologies) and detection (spectrophotometrically λ = 254 nm) were performed according to Dadáková et al. (2009) and Smělá et al. (2004).
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Statistical analysis
Data were analysed by means of the statistical programme STATISTICA,
using analysis of variance (ANOVA) models with fixed effects for cultivars,
fertiliser doses, fertiliser forms or sulphur vs. non-sulphur fertilisers.
The Tukey’s test at α = 0.05 was used for separation of means.

RESULTS AND DISCUSSION
Depending on characters, ANOVA revealed significant effects of soybean
cultivars and fertiliser treatments, whereas interactions between factors generally were not significant. The two cultivars (Table 2) were significantly
Table 2
Cultivar differences in yield and seed quality
Cultivar

Seed yield
(g pot-1)

TSW
(g)

Oil
content
(g kg-1)

Protein
content
(g kg-1)

Spermidine
content
(mg kg-1)

Spermine
content
(mg kg-1)

ES Mentor

13.6a

194a

176b

395a

262a

29.3a

Vanessa

12.3b

168b

189a

385a

259a

29.2a

LSD5

1.03

11.9

9.3

15.8

18.9

1.74

TSW – thousand seed weight. Different letters (a, b) indicate significant differences at the level
of α = 0.05 between cultivars.

different in seed yield, thousand seed weight (TSW) and oil content, but did
not differ in the protein and polyamine content.
Biological N2 fixation and mineral soil or fertiliser N are the main sources of meeting the N requirement of high-yielding soybeans (Streeter, Wong
1988). Soybean requires a starting dose of nitrogen at the beginning of plant
growth. Starter-N application is directed at providing readily available soil-N
during the seedling development and has been shown to increase soybean
grain yields (Touchton, Rickerl 1986). As shown in Table 3, seed yield, TSW,
protein and spermidine content were the lowest in the unfertilised treatment. Both fertilisers significantly increased seed yield at the low N doses as
compared to the high ones. There were no differences in seed yield between
ammonium sulphate and urea. In contrast, Brahim et al. (2017) reported that
the application of magnesium sulphate and/or triple superphosphate significantly increased soybean grain yield, suggesting an effect of sulphate. In our
experiment, the higher dose of N (3g N pot-1) was a luxury dose, which
depressed the yields (treatments 3 and 5) – Table 3. Nitrate, a major form
of inorganic nitrogen in soil, strongly inhibits nodulation and N2 fixation
activity (Gibson, Harper 1985, Streeter, Wong 1988). Nitrate inhibition has
been shown to have various effects, including a decrease in the nodule num-
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Table 3
Treatment effects in yield and quality traits across both cultivars
Treat.
No

Seed yield
(g pot-1)

TSW
(g)

Oil
content
(g kg-1)

Protein
content
(g kg-1)

Spermidine
content
(mg kg-1)

Spermine
content
(mg kg-1)

1

10.8a

169.8a

210c

327a

228a

29.4a

2

15.6b

181.6ab

192b

374b

280c

30.5a

3

10.8a

186.6ab

168a

424c

283c

29.2a

4

16.5b

196.0b

176a

405c

267bc

28.9a

5

11.0a

170.6a

165a

418c

246ab

28.5a

LSD5

1.63

18.74

14.8

24.9

30.0

2.75

Treatments: 1 – control, 2 – ammonium sulphate low, 3 – ammonium sulphate high, 4 – urea
low, 5 – urea – high. TSW – thousand seed weight. Different letters (a, b, c) indicate significant
differences at the level of α = 0.05 among treatments.

ber, nodule mass, and N2 fixation activity, as well as the acceleration
of nodule senescence or disintegration; therefore, nitrate inhibition cannot
be explained simply (Mizukoshi et al. 1995). It has been estimated that only
40 to 52% of total nitrogen uptake by soybean is from symbiotic di-nitrogen
fixation, while the remainder is from soil nitrate uptake (Schweiger et al. 2012).
The comparatively low di-nitrogen fixation rate which has implications on
seed quality and on the crop rotation value of soybean as compared to other
legumes is well in agreement with a meta-analysis on soybean nitrogen fixation, which revealed a negative nitrogen balance in 80% of cases across a
high number of individual studies (Salvagiotti et al. 2008). The same
authors describe that if the overall N supply does not meet soybean requirements, the crop will remobilize N accumulated in leaves to the grain, which
diminishes the photosynthetic capacity of the canopy and thus limits the
yield potential. In our experiment, the unfertilised treatment (treatment 1)
showed visual symptoms of N deficiency in both varieties. The pot contained
only 5 kg of soil from which mineral nitrogen released from mineralisation
was taken up during growth and the di-nitrogen fixation rate did not meet
the N-requirements of soybean. Overall, the contradictory results obtained in
N fertilisation studies do not provide clear evidence as to whether N fertilisation is required to complement the N supply from biological N2 fixation to
achieve soybean yields that approach yield potential levels in a cost effective
manner (Salvagiotti et al. 2008).
Although the focus of our research was particularly on the content of
polyamines, we also monitored other parameters, such as TSW, oil and protein content (Table 3). TSW increased significantly only in treatment 4 as
compared to treatments 1 and 5. As expected, the seed oil content decreased
in all the N-fertilised treatments as compared to the unfertilised treatment,
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whereas for the protein content this was exactly the opposite (Table 3).
It has been suggested by Rathke et al. (2005) that this may be a consequence
of a reduced availability of carbohydrates for oil synthesis with higher N
supplies causing oil and protein content to vary with N doses in opposite directions. The inverse relationship between the oil content and the protein
content can be explained by their competition for carbon skeletons during
carbohydrate metabolism. Since carbohydrate levels are lower in proteins
than in oils, an increase in the N supply results in intensified protein
synthesis at the expense of fatty acid synthesis (Rathke et al. 2005).
Soybean plants require a large amount of N because the seeds contain
a high concentration of protein of approximately 420 g kg-1 to 450 g kg-1
(Vollmann et al. 2015) in comparison with pea, blue lupine and bean –
207 g kg-1 to 321 g kg-1 (Fordoński et. al 2015). A low protein content might
be due to unfavourable environmental conditions and reduced rates of biological di-nitrogen fixation and it was the case in the unfertilised treatment
(treatment 1). In our experiment the protein content (Table 3) was significantly higher in all the fertilised treatments than in the unfertilised control.
Recent results demonstrate that concentrations of spermidine and other
polyamines are heritable characters in soybean, but there is an environmental influence too (Sagara et al. 2017). The content of spermidine (mg kg-1 DM)
increased significantly after the application of both doses of ammonium
sulphate (Table 3, treatments 2, 3): 280 - 283 mg kg-1 DM (with no mutual
differences) and the low dose of urea (267 mg kg-1 DM, treatment 4) as
against the unfertilised control (228 mg kg-1 DM). Comparing sulphur and
non-sulphur treatments, the sulphur effect was significant only for spermidine
content (α = 0.05), and spermidine mean concentrations were 256 and
282 mg kg-1 for non-sulphur vs. sulphur treatments, respectively.
The biosynthesis of polyamines is based on the amino acids arginine and
methionine; methionine is a donor of the aminopropyl unit for spermidine
and spermine formation (Kalač 2014). The polyamine pathways from arginine
and methionine are regulated by two key enzymes, ornithine decarboxylase
and S-adenosyl-L-methionine decarboxylase, respectively (Kalač 2014). Sulphur fertilisation of soybean significantly increased methionine and protein
content in the grain (Kumar et al. 1981). Limitation of S can reduce legume
N2 fixation by affecting nodule development and function (Scherer et al. 2008).
Dry soybean is a rich source of spermidine, ranging from 88 to 389 mg kg-1
according to different investigations (Gloria et al. 2005, Kalač et al. 2005,
Nishibori et al. 2007). Thus, the spermidine level of soybean is considerably
higher than in cereals, vegetables, root crops, fruits or most animal food products (Kalač 2014, Nishibori et al. 2007). The effects of fertilisers on the
spermidine content have never been explored before. In field experiments,
only a significant effect of the weather, i.e. temperature and precipitation,
has been described so far, namely Sagara et al. (2017) reported a higher content of spermidine in a year when temperatures during the seed filling period were clearly lower and precipitation was twice as high as in other years.
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CONCLUSIONS
The present results for the first time demonstrate that both nitrogen and
sulphur fertilisation increase the spermidine content of soybean, whereas the
treatments did not affect the content of spermine. Considering the proposed
health effects connected with the intake of spermidine, the results reveal an
increase of the health-promoting and nutritional value of soybean through
fertiliser application. As the present investigation has been carried out under
controlled conditions with variation in fertiliser treatments only, further research across growing seasons and locations is needed to quantify other
environmental effects on the expression of spermidine levels.
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