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Abstract: Lupins are an important source of domestic protein in many countries, and are often
considered as an alternative to soybeans, given their elevated and high-quality protein content,
suitability for sustainable production and consumer acceptability. The aim of the research was to
determine the effect of the variety (indeterminate and determinate) and tillage system (conventional—
CT, reduced tillage—RT, no-tillage—NT) on the chemical composition of three lupin species seeds
(narrow leaved lupin—NL, yellow lupin—YL, white lupin—WTL). The protein content of the lupin
seeds ranged from 323 g kg~! DM in the narrow-leaved lupin ‘Dalbor” to 445 g kg~! DM in the
yellow lupin ‘Lord’. The tillage system significantly influenced the crude protein content only in
NL seeds, with the greatest value observed with the NT system. An evaluation of the amino acid
composition of the protein in the lupin seeds showed that the differences depended largely on the
variation between the species. The conducted research shows that the varietal differentiation in terms
of the amino acid content was particularly evident in NL and YL, and, to a lesser extent, in WL.

Keywords: indeterminate; determinate; reduced tillage; no-tillage; macro elements; amino acid; lupin

1. Introduction

The systematic growth of the world’s population has caused a simultaneous increase in
the demand for food. The basis for food production in many countries are seeds, which, in
addition to direct consumption, are a processed food for animal feed production. Livestock
production in the European Union (EU) is highly dependent on imported soybeans, which
exposes the livestock farming system to risks related to the global trade of that crop [1].
Legume seeds are the second most important global plant protein source after cereals [2],
and legumes or pulses are an important element of sustainable agricultural production,
human nutrition and livestock feed [1,3]. Lupin (Lupinus spp.) can be a good alternative
to genetically modified organism (GMO) soybeans, as it is a valuable source of protein
for human consumption and can be used as a livestock feed in the form of seeds, forage
and silage [4]. Processing methods include soaking after roasting, boiling, germination,
fermentation and alkaline treatments [5]. Furthermore, legumes can be grown on less
fertile, acidic and sandy soils where other crops produce lower yields, and are preferred in
crop rotations, as they have a positive impact on the yield of subsequent crops [6-8]. Lupin
species have been shown to have a relatively high tolerance to various environmental
stresses, nitrate excess, low root temperature, lime excess and salinity, and could therefore
be cultivated worldwide [9]. Furthermore, this plant is very important in plant production
as it can fix nitrogen (N) from the atmosphere, thereby increasing the concentration in the
soil of one the most important plant nutrients [10].

The use of plant-based protein isolates in food formulations has recently become
of interest due to greater sustainability and lower production costs [11]. According to
Lucas et al., [4] sustainable, innovative and cost-efficient processing methods to produce
high-protein ingredients should be devised to guarantee the socio-economic value of the
crops.
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The feed and nutritional value of legumes seeds is determined by their chemical
composition, which include the protein content and amino acid composition [3]. As a result
of plant breeding research, it is now possible to obtain lupin varieties with a predetermined
growth, characterized by a shorter growing period and an associated earlier and more
uniform maturation, as well as the dynamics of assimilation accumulation in the biological
and agricultural yield, which is different from traditional varieties. Moreover, these varieties
are characterized by an absence or strong reduction in side shoots (depending on the plant
density), which changes the light conditions in the canopy due to mutual shading of
plants [12].

Seed quality, e.g., the protein and alkaloid content, are determine by the gene pool
(species, variety) but also by environmental [13] and agrotechnical factors [14,15]. The
chemical composition of legume seeds, such as pea [15], yellow lupin [16] and soybean [17]
can be modified by the tillage system. Wozniak and Rachon [16] observed that the potas-
sium content in yellow lupin seeds decreased in a no-tillage (NT) system compared to
conventional (CT) and reduced tillage (RT) systems. The selection of varieties may be
a basic condition for successful lupin production [1,18]. However, there is a paucity of
published studies on the effect of the variety and tillage system on the chemical properties
of lupin seeds. An overview of literature data [19-22] indicates that individual chemical
constituents are distributed over a relatively wide range depending on species. Of particu-
lar importance is the response of lupin varieties to practical simplifications in the tillage
system, which are increasingly introduced for economic reasons. These simplifications can
influence the seed quality. The reported variability in lupin varieties would indicate a need
to determine the appropriate cultivation technology for each variety, which will also take
into account the soil tillage system.

The aim of our study was to confirm or contradict this opinion, as well as to assess
the impact of various tillage systems on the chemical components of three lupin species of
determinate and indeterminate varieties.

2. Materials and Methods
2.1. Experimental Design and Agronomic Management

The field study was conducted at the Przebedowo Research Station, Wielkopolska,
Poland (52°35’ N, 17°10’ E) in 2014-2015. The experiment was located on fields formed from
light loamy sands, quality classes IVa and IVb, very good and good rye complex, classified
according to the IUSS Working Group WRB [23] as Albic Luvisols on a gray-brown podsolic
(pH = 6.5 measured in 1 M KCI; 0.8% organic matter: organic carbon—75.6 mg 100 g soil™};
50-110 mg P kg™!; 115-195 mg K kg!). For each species, the experiments were assumed to
be two-factorial, in a system of random complete blocks, in four repetitions. The forecrop
during the years of the study was winter rye. The research factors for each species were:
variety (indeterminate: narrow leaved lupin (NL)—'Dalbor’, yellow lupin (YL)—'Lord’,
white lupin (WL)—'Butan’; determinate: NL—'Regent’, YL—'Perkoz’, WL—'Boros’); and
tillage system (conventional—CT, reduced tillage—RT, no-tillage—NT). The conventional
system included the full range of cultivation after pre-harvesting: discing, pre-winter
ploughing and pre-sowing. The RT system was simplified by the replacement of ploughing
with a disc harrow. In NT, no soil tillage was abandoned, and one application of herbicide
Roundup 360 SL (glyphosate) at a rate of 2.0 L ha~! was applied in the autumn. Prior to
sowing, the seeds were dressed with Vitavax 200 FS (200 g dm?, carboxin and tiuram) and
were inoculated with Bradyrhizobium sp. (Nitragina). The number of germinated seeds
was 120 pcs for the indeterminate varieties, sown at a rate of 170 kg ha—1, and 100 pcs for
determinate varieties, sown at a rate of 140 kg-ha~!. Sowing was performed with a direct
sowing machine (Tiime-Agri oy, Turenki, Finland) and the seeds were sown in the third
week of March. Row spacing was 15 cm and sowing depth was 3—4 cm. Before sowing,
phosphorus fertilization at 100 kg P,Os ha~! (43.6 kg P ha~!) and potassium fertilization
100 kg K,0 (83 kg K ha~!) were applied. Immediately after sowing, weed control was
carried out with linuron (Afalon Dyspersyjny 450 SC) at a rate of 1.25 L ha~!. In addition,
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monocotyledonous weeds were treated with quizalofop-p-ethyl (Leopard Extra 05 EC) at a
rate of 2.0 dm3 ha~!. Protection of the canopy against fungal pathogens was performed
prophylactically with tetrachloroizoftalonitryl (Gwarant 500 SC) at a rate of 2.0 L ha™! at
the budding phase of the plants. Seed harvesting (at a 15% moisture content) was carried
out once, annually in August, using a 1.5 m wide Wintersteiger Classic Plot Combine. The
area of each plot was 48 m?. The remaining agrotechnical treatments were performed in
accordance with good agricultural practice for this species.

2.2. Weather Conditions

It is generally accepted that climatic conditions found throughout Poland are suitable
for lupin cultivation. Weather conditions during the vegetation period in the years of study
are presented using the hydrothermal index according to Walter [24] (Figure 1). In both
years of the study, drought was not recorded, which indicates that, at the most critical
development period of lupin, i.e., during florescence (June) and the emergence of pods
(July), the plants received a relatively good supply of water.
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Figure 1. Climatic data characterizing weather conditions in Przebedowo, Poland in the experimental
area during growing seasons (a) 2014 and (b) 2015 prepared according to Walter (1976).

2.3. Chemical Composition Analysis

A random sample of seeds was taken from each plot after harvesting for chemical
analysis. The samples were stored in closed containers at 4 °C. The samples were ground
to pass through a 0.5 mm sieve using a laboratory grinder WZ-1. Analysis of the basic
chemical composition included determination of dry matter (DM), content crude protein
(CP) and crude fiber (CF) content, which were determined according to standard AOAC
procedures [25]. The nitrogen content of the seeds was determined with the Kjeldahl
method and expressed as total protein content (N x 6.25), crude fat (CF) content was
determined with the Soxhlet method, CF was determined by hydrolyzation of the other
components of the plant material and crude ash (CA) was determined by incineration.
Nitrogen-free extracts (NFE) were calculated as NFE = DM — (CP + CA + CF).

DM—dry matter, CP—crude protein, CA—crude ash, CF—crude fiber.

Seed samples for analyses of macroelement content (N, P, K, Mg, Ca) were collected
at harvest time with a combine harvester. Macroelement content was determined at the
Chemical Laboratory in Poznan University of Life Science, using the following methods:
nitrogen by potentiometry, phosphorus with the vanadate-molybdate method in a Specol
11 spectrocolometer, spectrometric method in line with the standard PN-ISO 6491 (2000)
and magnesium in a Flavo 4 apparatus.

The amino acid (AA) content was determined by an AAA-400 Automatic Amino
Acid Analyzer (INGOS s.r.0., Praha, Czech Republic), using ninhydrin for post-column
derivatization. Before analysis the samples were hydrolyzed with 6 NHCl for 24 h at 110 °C
(procedure 994.12); AOAC [17]. Tryptophan was not measured. The quality of protein was
estimated by determination of total AA, as well as the fractions of the exogenous amino
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acids (EAA) and non-essential amino acids () NEAA). Amino acid determinations were
expressed on a g 16 g N~! basis.

2.4. Statistical Analysis

All analyses were carried out in four replications. Data were processed using two-way
analysis of variance (ANOVA) with the SAS package [26]. Treatment means were compared
using Tukey’s multiple range test and the least significant difference (LSD) was declared at
the p < 0.05 and p < 0.01 levels. The data presented in the study accounted for the mean
values from two years due to the lack of significant differences between the years that the
parameters were assessed.

An experimental variant heatmap with cluster analyses was created to analyze the
similarities between AA, seed yield and protein yield depending on variety and tillage
system. Data transformation using ‘normalize’ was used to compare and group different
data. Euclidean distance measures and Ward hierarchical clustering were used to determine
the dendrogram.

3. Results
3.1. Organic Components, Ash and Macroelements

In the narrow-leaved lupin seeds, the organic components and ash content were not
affected by the variety, or by the interaction between the variety and tillage system, in
contrast to the seeds of the yellow lupin and white lupin varieties (Table 1). In yellow lupin
seeds, the variety resulted in differences in the CF and CL contents (p < 0.01), but only
for CL in the case of white lupin (p < 0.05). A significant effect of the tillage system was
observed on the protein content (p < 0.01) in narrow-leaved lupin seeds and on the fiber
content (p < 0.05) in yellow lupin seeds. During the study period, the combined effect of
these factors on the content of organic compounds and ash was not demonstrated. The two-
way ANOVA showed no significant effect of the tillage system and the interaction between
the variety and tillage system on the content of macroelements in the narrow-leaved lupin
and yellow lupin seeds.

Table 1. Factorial ANOVA with variety, tillage system and interaction for the content of organic
components, ash and macroelements in lupin.

Specification df CP CF A CL NFE N P Mg Na K Ca
NL!

Variety (A) 1 ns? ns ns ns ns ns ns ns ns * ns

Tillage system (B) 2 * ns ns ns ns ns ns ns ns ns ns

A xB 2 ns ns ns ns ns ns ns ns ns ns ns
YL

Variety (A) 1 ns ** ns ** ns ns ns * ns ns ns

Tillage system (B) 2 ns * ns ns ns ns ns ns ns ns ns

A xB 2 ns ns ns ns ns ns ns ns ns ns ns
WL

Variety (A) 1 ns ns ns * ns ns ** ns ns ns ns

Tillage system (B) 2 * ns ns ns ns ns ** ns ns ns ns

A xB 2 ns ns ns ns ns ns * ns ns ns ns

NL!—narrow-leaved lupin; YL—yellow lupin; WL—white lupin; df—degrees of freedom; CP—crude protein;
CF—crude fiber; A—ash; CL—crude lipides; NFE—nitrogen-free extract; ns>—not significant; * p < 0.05 and
**p <0.01.

The statistical evaluation also showed a significant differentiation of varieties in terms
of the content of selected macroelements in seeds for individual species, potassium in the
narrow-leaved lupin seeds and magnesium in the yellow lupin seeds (p < 0.05). In the
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white lupin seeds, differences in the phosphorus content for both experimental factors
(p < 0.01) and their interaction (p < 0.05) were observed.

The results of our study indicate that the content was related to the species and variety
(Table 2).

Table 2. Content (g kg~ DM) of organic components and ash in lupin seeds depending on the variety
and tillage system.

Factor cP CF A CL NFE
NL!

CT 313 168 43 67 409

‘Dalbor’ RT 317 162 44 65 412

NT 340 163 39 64 394

Mean 323 164 42 65 405

CT 325 167 39 69 400

‘Regent’ RT 316 188 42 64 390

NT 340 157 38 67 398

Mean 327 171 39.7 66.7 396
LSD value A/B/A x B ns/15.1 **/ns ns/ns/ns ns/ns/ns ns/ns/ns ns/ns/ns

YL

CT 443 179 48 44 286

‘Lord’ RT 451 167 49 46 287

NT 442 184 48 43 283

Mean 445 177 48 44 285

CT 413 197 49 57 284

‘Perkoz’ RT 410 184 48 60 298

NT 409 185 49 59 298

Mean 411 189 49 59 293
LSD value A/B/A x B ns/ns/ns 9.9**/7.7*/ns ns/ns/ns 5.5 **/ns/ns ns/ns/ns

WL

CT 389 154 45 107 305

‘Butan’ RT 386 142 46 107 319

NT 386 143 45 100 326

Mean 387 146 45 105 317

CT 391 143 43 114 309

‘Boros’ RT 392 155 45 110 298

NT 375 149 44 117 315

Mean 386 149 44 117 307
LSD value A/B/A x B ns/9.6 */ns ns/ns/ns ns/ns/ns 5.3 */ns/ns ns/ns/ns

NL!—narrow-leaved lupin; YL—yellow lupin; WL—white lupin; CP—crude protein, CF—crude fiber, A—ash,
CL—crude lipides, NFE—nitrogen-free extract; CT—conventional tillage; RT—reduced tillage; NT—no-tillage;
ns—not significant; * p < 0.05 and ** p < 0.01.

The highest protein content was recorded in the yellow lupin seeds: 445 g kg ! DM in
the indeterminate ‘Lord’ and 411 g kg~! DM in the determinate ‘Perkoz’. The lowest CP
content was observed in narrow-leaved lupin seeds, indeterminate ‘Dalbor’ (323 g kg !
DM) and determinate ‘Regent’ (327 g kg ~! DM). In our study, the tillage system significantly
modified the CP content in narrow-leaved lupin seeds. The highest protein content was
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found in seeds from NT (340 g kg~! DM). In the yellow lupin seeds, the tillage system
had a significant effect on the CF content. In comparison to the CT system, RT reduced
the content of this component by 13 g kg~! DM, i.e., 6.9%. In all three lupin species, the
analyzed varieties and tillage systems did not differ significantly in terms of the A and
NFE content. In the yellow lupin seeds, the determinate ‘Perkoz’ exhibited the greatest CF
(189 g kg~! DM) and CL contents (959 g kg~! DM). In the white lupin seeds, a greater CL
content was noted in the determinate ‘Boros’ (114 g kg~! DM). Across all examined lupins
in our experiment, the greatest N, P and Mg contents were observed in the yellow lupin
seeds (Table 3).

Table 3. Macroelements (mg g_l dry mass) in lupin seeds.

Factor N P Mg Na K Ca
NL
CT 48.4 44 1.69 0.13 6.47 1.51
‘Dalbor’ RT 48.5 4.2 1.65 0.10 6.26 1.50
NT 51.5 42 1.80 0.13 6.05 1.41
Mean 49.5 4.3 1.71 0.12 6.26 147
CT 48.2 4.1 1.86 0.10 10.66 1.36
‘Regent’ RT 48.0 4.6 1.82 0.10 11.11 1.56
NT 51.7 4.0 1.69 0.11 10.02 1.41
Mean 49.3 4.2 1.79 0.10 10.60 1.44
LSD value A/B/A x B ns/ns/ns ns/ns/ns ns/ns/ns ns/ns/ns 4.09 */ns/ns ns/ns/ns
YL
CT 62.3 6.2 3.1 0.10 11.69 1.16
“Lord’ RT 64.9 6.6 3.1 0.20 11.87 1.26
NT 63.2 6.2 29 0.10 11.73 1.20
Mean 63.5 6.3 3.0 0.13 11.76 1.21
CT 59.7 6.1 2.5 0.10 11.85 1.46
‘Perkoz’ RT 60.3 6.0 2.8 0.10 12.15 1.36
NT 57.9 6.4 2.5 0.10 11.70 1.66
Mean 59.3 6.2 2.6 0.10 11.90 1.49
LSD value A/B/A x B ns/ns/ns ns/ns/ns 0.39 */ns/ns ns/ns/ns ns/ns/ns ns/ns/ns
WL
CT 56.8 4.8 1.8 0.10 12.10 0.15
‘Butan’ RT 58.0 5.0 1.8 0.10 12.00 0.15
NT 56.7 4.8 1.8 0.10 12.00 0.15
Mean 57.2 49 1.8 0.10 12.03 0.15
CT 55.4 43 1.8 0.10 11.80 0.15
‘Boros’ RT 56.3 49 1.8 0.10 11.90 0.15
NT 55.8 47 1.9 0.10 12.10 0.15
Mean 55.8 4.6 1.8 0.10 11.93 0.15
LSD value A/B/A x B ns/ns/ns 0'3*6/:{;);19 ns/ns/ns ns/ns/ns ns/ns/ns ns/ns/ns

NL—narrow leaved lupin; YL—yellow lupin; WL—white lupin; CT—conventional tillage; RT—reduced tillage;
NT—no-tillage; ns—not significant; * p < 0.05 and ** p < 0.01.
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Our analysis of mean showed that the variety modified the potassium content in the
narrow-leaved lupin seeds, with the greatest content found in the seeds of the determinate
‘Regent’ (mean value: —10.6 mg g~! DM). Furthermore, the variety modified the magne-
sium content in the yellow lupin seeds, where the greatest content was found in the seeds
of the indeterminate ‘Lord” —3.0 mg Mg g~! DM. The phosphorus content in the white
lupin seeds was also dependent on the variety, tillage system and their interaction, with
the greatest content observed in the indeterminate ‘Butan’ (4.9 mg P g~! DM) within each
tillage system. Moreover, for both determinate and indeterminate varieties, the greatest
phosphorus content was recorded in the RT seeds.

3.2. Amino Acids

The results of our study indicated that significantly greater levels of arginine were
noted in the determinate ‘Boros” white lupin (Table 4).

Table 4. Amino acid profile (g 16 g~! N) of white lupin (WL) depending on variety and tillage system.

Factor Lys Cys Thr Val Met Tyr Leu Phe Ser Pro Gly Ala Iso His Arg Asp Glu NI§A A EE A

CT 461 100 321 356 055 385 641 346 442 3.06 341 284 372 223 10.3 910 165  49.6 32.6

‘Butan’ RT 518 1.02 3.69 098 058 429 715 391 487 334 381 319 418 246 11.3 102 183 55.0 33.4

NT 523 115 376 405 059 423 724 390 479 337 390 328 419 258 11.3 104 185 555 36.9

Mean 501 106 355 286 057 412 693 376 469 326 371 310 4.03 242 11.0 990 178 534 343

CT 526 099 3.68 403 057 433 712 393 489 340 388 325 420 248 124 102 182 56.2 36.6

‘Boros’ RT 525 1.01 370 403 060 435 709 393 484 342 384 322 422 242 123 103 181 56.0 36.6

NT 532 102 377 410 061 442 723 401 493 346 390 332 430 240 12.0 104 183 563 37.2

Mean 527 101 372 405 059 437 715 396 489 343 387 326 424 243 122 10.3 182  56.2 36.8
LSD value

A ns ns ns ns ns ns ns ns ns ns ns ns ns ns 1.14* ns ns 1.03* 1.11*

B ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns 0.84 % 0.95*

AxB ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns 0.64* 0.48 *

CT—conventional tillage; RT—reduced tillage; NT—no-tillage; ns—not significant; ) NEA A—non-essential amino
acids; ) EAA—exogenous amino acids; * p < 0.05.

In the narrow-leaved lupin seeds, greater contents of leucine, phenylalanine, ser-
ine, isoleucine, aspartic acid and glutamic acid were found in the indeterminate “Dalbor’
(Table 5), whereas, in the yellow lupin seeds, lysine, threonine, valine, leucine, pheny-
lalanine, glycine, alanine, isoleucine, aspartic acid and glutamic acid were greatest in the
determinate ‘Perkoz’ (Table 6). The tillage system only caused insignificant differences in
the phenylalanine and isoleucine contents in the narrow-leaved lupin seeds. For both these
amino acids, the greatest content was observed in the indeterminate ‘Dalbor’.
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Table 5. Amino acid profile (g 16 g~! N) of narrow-leaved lupin (NL) depending on variety and tillage system.

Factor Lys Cys Thr Val Met Tyr Leu Phe Ser Pro Gly Ala Iso His Arg Asp Glu YNEAA Y EAA

CT 5.33 1.48 3.10 3.44 0.54 2.70 7.10 3.78 4.63 3.03 3.63 3.06 3.65 2.81 12.5 9.34 19.8 56.0 33.9

"Lord” RT 5.45 1.48 3.16 3.52 0.55 2.82 7.22 3.90 4.70 3.07 3.72 3.13 3.76 2.89 13.0 9.59 20.1 57.3 347

NT 5.52 1.44 3.24 3.59 0.56 2.87 7.31 3.94 4.74 3.17 3.78 3.18 3.84 291 13.1 9.70 20.2 57.9 352

Mean 5.43 1.47 3.17 3.52 0.55 2.80 7.21 3.87 4.69 3.09 3.71 3.12 3.75 2.87 129 9.54 20.0 57.1 34.6

CT 5.74 1.60 3.42 3.68 0.56 2.92 7.59 4.05 4.69 3.12 3.88 3.29 3.92 2.95 124 9.88 20.9 58.2 36.4

‘Perkoz’ RT 5.84 1.53 3.48 3.77 0.56 297 7.75 415 4.92 3.20 3.97 3.33 4.00 3.01 124 10.1 21.1 59.0 37.1

NT 5.69 1.54 3.35 3.67 0.56 2.89 7.54 4.05 5.00 3.12 3.90 3.30 3.90 2.95 12.2 9.88 20.9 58.3 36.1

Mean 5.76 1.56 342 3.71 0.56 2.93 7.63 4.08 4.87 3.15 3.91 3.31 3.94 297 12.3 9.95 20.9 58.5 36.5

LSD value

A 0.23* ns 0.20 ** 0.18 * ns ns 0.40 ** 0.13* ns ns 0.16 * 0.14* 0.18* ns 0.50 * 0.37* 0.65* 0.31 ** 1.21 **
B ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns 0.20* 0.92 *
AxB ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns 0.16 * 0.75*

CT—conventional tillage; RT—reduced tillage; NT—no-tillage; ns—not significant; )} NEA A—non-essential amino acids; ) EAA—exogenous amino acids; * p < 0.05 and ** p < 0.01.

Table 6. Amino acid profile (g 16 g1 N) of yellow lupin (YL) depending on variety and tillage system.

Factor Lys Cys Thr Val Met Tyr Leu Phe Ser Pro Gly Ala Iso His Arg Asp Glu NE)ZE:& A Y EAA
CT 5.52 0.95 3.76 427 0.54 3.72 7.32 4.26 5.05 3.59 4.40 3.59 4.39 3.11 122 10.6 20.1 59.5 37.8
‘Dalbor’ RT 5.51 0.94 3.65 417 0.55 3.58 7.16 421 5.02 3.55 4.30 3.53 4.30 3.06 12.1 10.1 20.0 58.6 37.1
NT 5.43 0.91 3.55 4.03 0.50 3.53 6.94 4.02 491 3.47 413 3.38 415 291 11.8 10.1 194 57.2 36.0
Mean 5.49 0.93 3.65 4.16 0.53 3.61 7.14 4.17 5.00 3.54 4.28 3.50 428 3.03 12.0 10.3 19.8 58.4 37.0
CT 5.53 1.00 3.61 413 0.58 3.47 6.99 4.06 4.72 3.51 4.26 3.59 4.07 3.06 11.8 9.78 19.0 56.7 36.5
‘Regent’ RT 5.45 0.93 3.67 4.16 0.52 3.50 6.96 4.03 4.72 3.47 424 3.60 4.05 3.05 11.8 9.52 18.7 56.0 36.3
NT 5.60 0.98 3.49 4.05 0.60 3.35 6.94 4.01 4.68 3.49 420 3.56 4.02 3.02 12.0 9.64 19.0 56.6 36.1
Mean 5.53 0.97 3.59 411 0.57 3.44 6.96 4.04 4.71 3.49 4.23 3.58 4.05 3.04 11.9 9.65 18.9 56.4 36.3
LSD value
A ns ns ns ns ns ns 0.14* 0.12** 0.22 ** ns ns ns 0.14 ** ns ns 0.49 * 0.41 ** ns ns
B ns ns ns ns ns ns ns 0.9* ns ns ns ns 0.11* ns ns ns ns ns ns
A xB ns ns ns ns ns ns ns ns ns ns ns ns ns ns 0.34 * ns 0.46 * ns 0.11*

CT—conventional tillage; RT—reduced tillage; NT—no-tillage; ns—not significant; )} NEA A—non-essential amino acids; }_ EAA—exogenous amino acids; * p < 0.05 and ** p < 0.01.
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The noted interaction resulted from the fact that the tillage system differentiated the
values of these traits only in ‘Dalbor’. The greatest variation was found with CT and NT:
0.24 g 16 g~ ! N, respectively. However, no significant difference was found between CT
and RT. Moreover, in the yellow lupin and white lupin seeds, the calculated fractions of the
exogenous amino acids (EAA) and non-essential amino acids (NEAA) varied depending
on the variety and tillage system. In both species, the greatest value of these fractions was
observed in the determinate ‘Perkoz’ and ‘Boros’ varieties. Simplifying the cultivation
slightly increased their content.

The heatmap showed a significant variation in the amino acid content depending on
the variety and cultivation system (Figure 2).
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Figure 2. Relationship between amino acids, seed yield and protein yield. Normalized values were
scaled (+2 > —3.5). D—'Dalbor’; L—'Lord’; P—'Perkoz’; R—'Regent’; Bo—'Boros’; B—'Butan’;
CT—conventional tillage; RT—reduced tillage; NT—no-tillage; ), NEAA—non-essential amino
acids; ), EAA—exogenous amino acids; Y—seed yield; PY—protein yield.

A lower concentration of most of the observed amino acids was recorded in the white
lupin and yellow lupin seeds, and mainly in the indeterminate ‘Butan” and ‘Lord’ varieties.
Under CT cultivation, the lowest values of lysine, threonine, leucine, phenylalanine, serine,
proline, glycine, alanine, isoleucine, histidine, arganine, aspartic acid and glutamic acid
were observed in the indeterminate ‘Butan’ variety, and the lowest values of threonine,
tyrosine, proline, glycine alanine, isoleucine and aspartic acid were observed in the “‘Lord’
variety. Similarly, the lowest level of exogenous amino acids in these varieties was recorded
under the CT system. In addition, our study has shown that the variety with the greatest
concentration of threonine, phenylalanine, serine, proline, glycine, alanine, isoleucine and
aspartic acid was the indeterminate ‘Dalbor’ narrow-leaved lupin variety under both CT
and RT systems. The grouping of varieties indicates, however, that among the studied
species, high seed and protein yields are possible with the determinate “‘Regent’ narrow-
leaved lupin variety under NT systems and with the determinate ‘Boros” white lupin
variety regardless of the tillage system. The indeterminate ‘Butan’ under the CT system
was found to have the lowest total NEAA and EAA values of the six lupin varieties across
all three trials, with the ‘Dalbor” found to be the greatest.

4. Discussion
4.1. Organic Components, Ash and Macroelements

The production of food for an ever-increasing human population and the protection
of natural resources from pollution are the most important challenges currently facing the
agricultural sector [27]. Lupins, such as white lupin, yellow lupin and narrow-leaved lupin,
provide an excellent source of plant protein [19,28,29]. The protein content can be related to
the species, variety, growing conditions and soil type [14]. The conducted research showed
a diversified reaction of species, but also varieties and their chemical composition to the
tillage system. In our study, the greatest protein content was observed in the yellow lupin
seeds, and the lowest in narrow-leaved lupin. Similar results for the protein content were
reported by Porres et al. [30] and Bartkiene et al. [9]. Between the compared species, the
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greatest differentiation for variety was found in yellow lupin, where the greatest protein
content was found in the indeterminate ‘Lord’".

The N-free extract content differs between lupin species and contains, in addition to
starch and pectin, more water-soluble non-starch polysaccharides and oligosaccharides [28].
According to Saez et al. [31] and Struti et al. [32], the NFE content decreases after the
dehulling of the lupin seeds, which permits its use for monogastric animal nutrition.

Our study shows that the content of A and NFE for all tested lupins did not vary
between the variety. Furthermore, the tillage system also did not modify these features. A
significant differentiation was shown in the case of the CL content in the determinate yellow
lupin and white lupin seeds, and also the CF content in yellow lupin seeds. Similar ranges
in the content of this nutrient in lupin seeds have been reported in the literature [3,19,28].
The mineral composition of legume seeds changes significantly depending on the genotype
and habitat conditions [33,34], and also as a result of agrotechnical factors [15]. According
to Grela et al. [3], phosphorus and potassium are well represented in narrow-leaved lupin
and yellow lupin, whereas calcium is found in greater quantities in white lupin, and the
high content in magnesium is characteristic for yellow lupin seeds.

The analysis of the macroelement content in our study indicates varietal differentiation.
In narrow-leaved lupin, the greatest content of potassium was found in the seeds of the
determinate ‘Regent’, whereas the greatest content of magnesium in yellow lupin was
found in the seeds of the indeterminate ‘Lord’, and also for white lupin phosphorus content
in the indeterminate variety. Similarly, Bartkiene et al. [9] observed a relationship between
the macroelement content in lupin seeds and the variety.

The main goal of tillage soil is to create optimal conditions for plant growth, develop-
ment and yielding. In our research, the tillage system caused differences in the contents of
CP, CF and potassium in the seeds of lupin. On combination with NT, in narrow-leaved
lupin, the greatest CP content for both varieties and a lower CP content in the determi-
nate ‘Boros’ were determined. In yellow lupine, a decrease in CF on reduced tillage for
both studied varieties was observed. In white lupin, a lower potassium content in the
determinate ‘Boros” was determined.

Wozniak and Rachon [16], in their study on the response of reduced tillage in yellow
lupin, observed that the tillage system had little effect on the contents of protein, phospho-
rus, magnesium and calcium in the seeds; however, the ash content of the seeds increased
and the potassium content decreased in the NT system compared to the CT and RT systems.
According to Wasilewko and Buraczewska [35], the chemical composition of seeds depends
primarily on the species and less on the cultivar and year of harvest. Furthermore, good
knowledge of the seeds of each lupin species or variety is essential for choosing the best
lupin as a protein source, increasing the production of farm animals.

4.2. Amino Acids

The results of our study indicate that the variety and tillage system have less impact on
the amino acid content in white lupin compared to the other lupin species in this study. A
significant difference in variety was observed in white lupin only in the case of the arginine
content. In the case of the narrow-leaved lupin, greater levels of leucine, phenylalanine,
serine, isoleucine, aspartic acid and glutamic acid were observed in the indeterminate
‘Dalbor’,whereas greater levels of lysine, threonine, valine, leucine, phenylalanine, glycine,
alanine, isoleucine, aspartic acid and glutamic acid were observed in the determinate
yellow lupin ‘Perkoz’. Similarly, Kotlarz et al. [36] observed differences in the chemical
composition of narrow-leaved lupin, including the amino acid composition, due to the
variety and sowing date. According to Tomczak et al. [37] narrow-leaved lupin seeds are
especially rich in leucine, threonine and lysine, with ‘Bojar” and ‘Oskar’ the richest among
the 18 varieties examined in their study.

The present study demonstrated that the tillage system only slightly differentiated
the content of amino acids. In the present study, the tillage system modified the content
of phenylalanine and isoleucine only in the narrow-leaved lupin seeds. In both cases, a
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reduction in the number of agrotechnical treatments contributed to a decrease in the value
of these amino acids.

5. Conclusions

Among the three lupin species, the yellow lupin exhibited the greatest protein content.
The variety did not have a significant effect on the protein content. The highest protein
content was only found in the NT system for narrow-leaved lupin, whereas these differences
were not significant in yellow lupin and white lupin. The remaining organic components
and ash content showed no differentiation under the influence of the examined factors.
The evaluation of the amino acid composition of the protein in the lupin seeds showed
that the differences depended to the greatest extent on the variation within the species.
The conducted research shows that the varietal differentiation in terms of the amino acid
content was particularly evident in narrow-leaved lupin and yellow lupin, and, to a much
lesser extent, in white lupin. Greater amino acid contents were noted in the indeterminate
and determinate forms for narrow-leaved lupin and yellow lupin, respectively. The tillage
system did not modify the amino acid composition of yellow lupin and white lupin proteins.
In narrow-leaved lupin, the tillage system only influenced the content of phenylalanine
and isoleucine; the reduction in cultivation treatments contributed to a decrease in the
content of these amino acids. The above results indicate that decreased tillage does not
have a significant impact on the amino acid composition of the proteins of the three most
commonly cultivated species of lupin, regardless of the variety. This would indicate
their potential for use in practice, without negative consequences for the quality of the
produced seeds.
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