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Abstract. The widespread use of narrowleaf lupine (NLL, Lupinus angustifolius L.) as a feed and food crop requires source
material for breeding cultivars with high-quality seeds. The priority criterion for attributing NLL cultivars to the feed or
food category is the content of alkaloids. At the same time, equally important seed quality indicators are the protein
and oil content, as well as moisture content, which determines the possibility of long-term storage of seeds. For the first
time in Russian lupine science, an attempt was made to study the relationships between all the listed characteristics of
narrowleaf lupine seeds under the conditions of Northwest Russia (Pushkin town). Sixty-two accessions from the VIR
collection were studied in 2019, 2020 and 2022. The range of variability of the studied characteristics was 27.8-37.6 %
for protein, 3.9-7.3 % for oil, 1.6-2017.4 mg/100 g of dry matter (D.M.) for alkaloids, and 6.4-7.3 % for moisture. A signi-
ficant negative correlation between the oil and protein content (-0.33) was observed only in 2019. No significant cor-
relations between the protein and alkaloid content were found in the studied sample. Significant negative relation-
ships were identified between the content of oil and alkaloids only in 2019 and 2020 (-0.38 and -0.27, respectively).
In 2022, no correlations were identified. Obviously, the identification of regularities in these correlations requires many
years of research taking into account weather conditions. The influence of weather on the concentration of alkaloids
in seeds has been proven. The average amount of alkaloids for the sample in 2019 was 504.2+77.7 mg/100 g D.M.,
263.7+38.6 mg/100 g D.M. in 2020, and 319.8+51.4 mg/100 g D.M. in 2022. It confirmed the data previously obtained
by the authors that the content of alkaloids in seeds increases significantly along with the precipitation deficiency. The
temperature regime during this research did not affect this indicator. An increased air temperature contributed to the
accumulation of oil, and an increase in precipitation contributed to the accumulation of protein. The most stable indica-
tor independent of environmental conditions was the seed moisture. Accessions with the optimal combination of the
main biochemical parameters that determine seed quality have been identified for breeding narrowleaf lupine cultivars
in the region in question for feed and food purposes, as well as for green manure.
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AHHoTauuA. LLinpokoe ncnonb3oBaHve nonviHa y3konuctHoro (J1Y) B Kauectse KOPMOBOW 1 MPOAOBONIbCTBEHHOW Kyb-
TYpPbl BO3MOXHO NPW HANIMUYNMN COPTOB C BbICOKMM KaueCTBOM CeMsAH. [propuTeTHbIM NPU3HAKOM ANA OTHECEHUA COPTOB
JY K 3TOI KaTeropum cYMTaeTca HM3Koe copepKaHue ankanomaos. OfHako He MeHee BaXkHble MoKa3aTenn KayecTsa
ceMsAH NIoMNMHA — cCoaepKaHne 6elka, Macna 1 BNa*kHOCTb. BrnepBble B OTEYECTBEHHOM NIONVHOBEAEHNIN NPeanpUHATA
NnonbITKa M3yYyeHns B3anMOCBA3EN MeXay NoKa3aTensaMmn BCeX NepeyrciieHHbIX UHIpeaneHTOB cemsaH JTY B ycnoBusx
CeBepo-3anaga PO (r. MywkuH). LecTbaecaT aBa obpasua us konnekuymmn BUP 6biin nsyueHnsl 8 2019, 2020 1 2022 rr.
M3meHUnBOCTb coflepkaHus 6enka coctaBmna 27.8-37.6 %, macna — 3.9-7.3 %, ankanoungos — 1.6-2017.4 mr/100 r cyxo-
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ro BelyecTsa (C.B.), BNaxHoOCTn — 6.4-7.3 %. [loctoBepHaa oTpuLaTeNibHaa Koppenauma Mexay cogepxaHvem macna u
6ernka (-0.33) Habnoganacb TonbKo B 2019 . 3HaUMMbIX KOPPENALMI MEXAY CofepKaHNeM BenKa 1 aikanouaos B U3y-
YeHHOW BblIbOpKe He 06HapyeHo. [locToBepHas oTpurUaTeNibHasA CBA3b MeXAY CofepPKaHNeM Macsia U CyMMOW ankano-
1A0B BblsiBNeHa ToNbKo B 2019 1 2020 rr. (-0.38 1 -0.27 cOOTBETCTBEHHO). B 2022 1. cBA3b He 06Hapy»keHa. OueBMaHoO,
YTO [N BbIABIEHUA 3aKOHOMEPHOCTEN, XapakTepu3yoLWwmx 3Tu CBA3K, TpebyeTca NpoBeAeHe MHOTONETHUX SKCNepu-
MEHTOB C y4eTOM MOrofAHbIX yCNoBUN. [lokasaHo BANAHME NOrOAbl Ha KOHLEHTPaLMIo ankanonaos B cemeHax. CpeaHas
no Bblbopke cymma ankanougos B 2019 r. coctaBuna 504.2 + 77.7 mr/100 1 ¢.B., B 2020 1. — 263.7 + 38.6 mr/100  C.B.
n B 2022 1. - 319.8 = 51.4 mr/100 r c.B. MoaTBepXAeHbI AaHHbIe, MONyYeHHble aBTOpaMM paHee: coepKaHve anka-
NOVAOB B CEMEHAX 3HAUMUTENbHO BO3pacTaeT Npu feduumte ocagkos. TemnepaTypHbIN PeXxrUM He OKasan BAVSHUA Ha
3TOT noKa3saTesib. [1oBbllEeHHaA TeMnepaTypa Bo3gyxa CNOCo6CTBOBaNa HAKOMIEHMIO Macna, a yBefIMYeHne 0CaKoB —
HakonneHuio 6enka. BnaxHocTb ceMAH oKa3anacb Havbonee cTabusibHbIM MOKa3aTeneM, He 3aBUCALLMM OT YCIOBUN
cpepbl. BoisiBneHbl 06pa3upbl C ONTUMaNbHbIM COYETaHMEM OCHOBHbIX OMOXMMMYECKUX NMoKasaTenen, onpeaensowmnx
KauecTBO CeMsH, ANA PernoHanbHOW cenekunn coptoB JTY KOPMOBOro 1 MPOAOBONBbCTBEHHOIO Ha3HaYeHMs, a Takxe
craepanbHbIX COPTOB.

KnioueBble cnoBa: NonvH Y3KONMCTHBIN; ankanougbl; 6ef10K; Macso; BNaXHOCTb CEMSAH; MOrofHble YCIOBUA.

Introduction

Narrowleaf lupine (NLL) Lupinus angustifolius L., a grain
legume crop adapted to relatively northern regions, is a vital
source of vegetable protein and amino acids, a universal ingre-
dient in feeds for farm animals and a promising component of
the human diet. The main limiting factor for the use of NLL for
these purposes is the content of quinolizidine alkaloids (QA)
in seeds and green matter, which impart bitterness to them. In
the 1930s, after the discovery of low-alkaloid mutants (Seng-
busch, 1931), the creation of low alkaloid cultivars began.

Both earlier in the USSR and currently in the Russian Fe-
deration, these cultivars were and are being created using ac-
cessions from the collection of the N.I. Vavilov All-Russian
Institute of Plant Genetic Resources (VIR) characterized as
sources of valuable traits. Currently, NLL breeding is develop-
ing quite actively in this country (Egorova et al., 2017). The
State Register of Selection Achievements for 2023 includes
29 cultivars, all of which are domestically bred ones (State
Register..., 2023). Breeding is carried out in two directions of
cultivar use, i. e. as fodder and as green manure. For example,
a low-alkaloid feed cv. ‘Belogorsky 310’ and a high-alkaloid
cv. ‘Oligarkh’ for green manure have been created at the Le-
ningrad Research Institute for Agriculture “Belogorka” jointly
with the VIR researchers and using the source material from
the VIR collection (Egorova et al., 2017).

According to the standards adopted in some European
countries and in Australia, the alkaloid content, i. e. alkaloid-
ity of seeds intended for food and feed purposes, should not
exceed 0.02 % of their dry weight (D.M.) (Frick et al., 2017).
In the Russian Federation, the permissible level of alkaloid
content for fodder lupine cultivars is from 0.1 to 0.3 % D.M.
(State Standard R 54632-2011), and, according to the existing
technical specifications developed at the All-Russian Research
Institute of Lupine, it is 0.04 % D.M. for food lupine (Specifi-
cation No. 9716-004-00668502-2008). In everyday practice,
the alkaloid seed content at the level of 0.05 % is considered
a borderline value for distinguishing low-alkaloid and high-
alkaloid forms (Lee et al., 2007).

Along with the alkaloid content, the quality of NLL seeds
is also determined by other metabolites, the main ones being
protein and oil. The protein content in the seeds of narrowleaf
lupine from the VIR collection was recorded at 34-36 %

(Egorova et al., 2019). The oil content in the NLL collection
accessions varies within 6.5-8.4 % (Benken et al., 1993).

High-protein cultivars with low alkaloid content are espe-
cially valuable because not only the grain, but also the green
matter is eaten by all types of farm animals. Lupine is con-
sumed freshly mown, in the form of compound feeds, silage,
haylage, grain haylage, and bran (Kuptsov, Takunov, 2006).

Lupine oil is a functional ingredient and a valuable source
of edible fats. The content of oleic, linoleic and linolenic
fatty acids, of tocopherols, carotenoids, triglycerides, and
triacylglycerols is at a high level. The oil of bitter cultivars
contains a large number of phenolic compounds, although it
has a lower antioxidant activity compared to that of sweet
lupine oil (Siger et al., 2017).

Based on the above, evaluation of a lupine collection only
by alkaloid content is not enough for recommending acces-
sions as source material for creating feed and food cultivars.
Accessions with a combination of high protein and oil and low
alkaloid content are required. An important quality indicator
of seeds is also their moisture content, which determines the
suitability of seeds for storage and processing (State Standard
R 52325-2005; Wang et al., 2001).

To which extent are the optimal values of these features
compatible within one genotype, what are the regularity in re-
lationships between them and their variability in the gene pool,
and to which extent do they depend on growing conditions?
Unfortunately, the answers to these questions in the world
scientific literature are fragmentary and ambiguous. Therefore,
the objectives of this article were to summarize the results
of the biochemical analysis of a set of seed quality features,
such as the content of protein, oil, alkaloids, and moisture in a
sample of NLL accessions from the VIR collection grown for
three years in Pushkin, Pushkinsky District of St. Petersburg
(inthe Northwest of the Russian Federation), to determine the
degree of variability of the studied features, their dependency
on weather factors in the region of research, and to identify
the source material for breeding for high seed quality.

Materials and methods

Plant materials and cultivation conditions. The object of
the study was a sample of 62 NLL accessions from the VIR
collection, selected according to the representativeness of
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their breeding status and alkaloidity. All the accessions were
grown in 2019, 2020 and 2022 in the fields of the “Pushkin
and Pavlovsk Laboratories” Scientific and Production Base
of VIR (Pushkin, Pushkinsky District of St. Petersburg,
59°42'45.5"N 30°25'05.8"E) according to the methodology
adopted for grain legumes (Vishniyakova et al., 2018). The
growing area belongs to the Atlantic-continental region of the
temperate climate zone.

Weather conditions during the years of research varied
greatly (Supplementary Figure S1a, b)L. The coldest year was
2020, though the temperature in June of this year was slightly
higher than the average long-term values. Average monthly air
temperatures in June—August 2022 significantly exceeded the
long-term average. Uneven precipitation was observed over
the years of research. For example, the amount of precipitation
in June 2019 was three times less than the average for this
month in 2020 and 2022, and almost two times less in August
of this year. The total precipitation in July—August 2020 and
2022 exceeded the long-term average. The greatest amount
of precipitation over the years of research was recorded in
August 2022 (Fig. Sla).

Methods. The alkaloid content was determined on an Agi-
lent 6850 gas chromatograph coupled with an Agilent 5975
mass spectrometer (Agilent Technologies, USA) in extracts
obtained by sequentially adding ethyl acetate and an aqueous
solution of sodium hydroxide to samples of NLL flour. A caf-
feine solution was used as an internal standard (Kushnareva
et al., 2020; Vishnyakova et al., 2023). The protein, oil and
moisture content in the NLL seed flour samples were deter-
mined using the developed calibration models by near-inf-
rared spectroscopy (NIRS) on a Matrix-1 IR analyzer (Bruker,
Germany) (Popov et al., 2024).

To carry out statistical processing of the results obtained
in 2019, 2020 and 2022, the samples of accessions were
aligned to 40 units, the accessions were selected randomly.
Statistical processing was performed using the Statistica 12.0
software package (StatSoft, Inc. (2019), www.statsoft.com).
The statistical processing included calculation of the main
descriptive statistics (mean, error of the mean, and coefficient
of variation); analysis of variance for assessing the significance
of differences between the accessions reproduced in different
years with calculation of the least significant difference at p =
0.05; calculation of coefficients of rank correlation between
the content of alkaloids and other biochemical indicators
in different years of plant life to assess the stability of trait
manifestation in accessions; factor analysis of the correlation
system of biochemical traits.

Results

In addition to the previously obtained results on the alkaloid
content in the seeds of the NLL sample studied in 2019-2020,
the present study added an assessment of this trait in 2022
(Supplementary Table S1). As we showed earlier (Vishnya-
kova et al., 2023), this trait is highly weather-dependent, and
the results of the third year of research make the picture more
objective.

T Supplementary Figure S1 and Tables $1-54 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Shelenga_Engl_29_1.pdf
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The qualitative composition of QA, characteristic of L. an-
gustifolius and determined for the accessions in the studied
sample earlier, is stable. The dominant alkaloid lupanine is
followed in the descending order by 13-hydroxylupanine,
sparteine, angustifoline and isolupanine (Kushnareva et al.,
2020). The average long-term values (mg/100 g D.M.) for the
entire research period were 252.9 for lupanine, 40.3 for 13-hy-
droxylupanine, 27.8 for sparteine, 4.6 for angustifoline, 2.9
for isolupanine, and 328.5 for the total alkaloids (Table S1).
The variability (CV) of the alkaloid content exceeded 100 %
(Table S2).

The average total alkaloids (mg/100 g D.M.) for the sample
were maximum in 2019 at 504.2 £ 77.7, intermediate in 2022 at
319.8+51.4, and minimum in 2020 at 263.7 £ 38.6 (Table S2).
In 2019, the values of individual alkaloids and their total ex-
ceeded the average for three years, in 2020 and 2022 they were
below the average long-term values. The maximum value of
the trait 2017.4 mg/100 g D.M. was also noted in 2019, and
the minimum of 1.6 mg/100 g D.M., in 2022. The coefficients
of variation for the content of both individual alkaloids and
their total were very high; the latter was from 112.4 to 124.6
(CV > 100 %, an abnormal range of values) (Table S2). This
indicates a very large diversity of the studied accessions of
the collection in terms of alkaloid content (Fig. 1a).

Fluctuations in the ranges of alkaloid content variability in
NLL seeds over the years of research, taking into account the
high CV, make it possible to assume a significant influence
of weather conditions on these traits. However, the quantita-
tive ratio of individual alkaloids remained unchanged during
the years of research. The highest indicators during all three
years of research were demonstrated by lupanine. Average
values were typical for 13-hydroxylupanine and sparteine, and
minimum ones, for angustiofoline and isolupanine.

The content of protein, oil and moisture in seeds found in
the studied sample averaged 31.9; 5.2 and 6.9 %, respectively
over the entire period of research (Table S3). The protein
and moisture indicators of lupine seeds depended little on
weather conditions and were characterized by a low degree
of variability (CV < 10 %). The oil content in NLL seeds had
a medium degree of variability (10 < CV = 20 %). In 2019,
the lowest values of protein and oil content were noted along
with the highest content of alkaloids. In 2020, the minimum
indicators for alkaloids, maximum for protein, and average
for oil were recorded. In 2022, the intermediate values of
alkaloids corresponded to the intermediate values of protein
and maximum values of oil. No visible fluctuations in the
moisture content of NLL seeds were detected during the period
of research (Fig. 1b, Table S2).

An analysis of the obtained results showed that the seeds of
different accessions obtained in 2019, 2020, and 2022 differ
significantly in terms of lupanine, sparteine, total alkaloids,
protein, and oil content. A difference close to significant was
observed for the values of angustiofoline and isolupanine. The
differences between the NLL accessions in terms of 13-hy-
droxylupanine and moisture content were not significant. The
rank correspondence coefficient (Table S4) showed a reliable
match between the alkaloidity of the NLL accessions grown
in different years according to their alkaloid status (low- and
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Fig. 1. Total alkaloids and the content of (a) individual alkaloids; (b) protein, oil and moisture content in narrowleaf lupine seeds.

Average, minimum, maximum values of indicators for 2019, 2020 and 2022 and average indicators for three years are presented. Pushkin, Pushkinsky District of

St. Petersburg, 2019-2020 and 2022.

high-alkaloid forms). Thus, it can be asserted that the content
of individual alkaloids, as well as their total, are features, the
order of magnitude of which is determined by the charac-
teristics (genotype) of an accession, and the value of which
is determined by the influence of abiotic factors.

The concentration of individual alkaloids and their total
content in NLL seeds in 2019 was significantly higher than
in 2020 and 2022 (Fig. 1a, Table S4). On the contrary, protein
values were significantly higher in 2020, and the oil content
in 2022 (Fig. 1b, Table S4). No significant differences in
moisture content were found between NLL seeds obtained in
different years (Fig. 1b, Table S4). It was found that the values
for protein in 2020, and protein and oil in 2022 were higher
than the average three-year ones, and those for oil in 2020,
and protein and oil in 2019 were lower. The seed moisture
content in all the years of research practically corresponded
to the average long-term data.

In 2022, a close relationship between the values for indi-
vidual alkaloids, and between those for individual alkaloids
and their total was confirmed in all the years of study (r =0.87
or more). This relationship was previously established for
2019 and 2020 (Vishnyakova et al., 2023). In 2019, a reli-
able negative relationship of medium strength was observed
between the indicators for oil and alkaloids (from —0.35 to
—0.42), and for oil and protein (-0.34). In 2020, the direction
of the relationship between the content of oil and alkaloids,
and that of oil and protein remained, but it became weaker;
its reliability was confirmed only for lupanine, sparteine and
the total alkaloids (the maximum absolute values of alkaloid
concentration). In 2022, an inverse relationship close to reli-
able remained relevant only for lupanine (-0.23). There was a
direct reliable correlation between seed moisture and sparteine
in 2019, and between moisture, protein, and oil content in
2020 (0.27; 0.30; 0.29, respectively). In 2019, a reliable nega-
tive correlation was found between the content of moisture

and lupanine, sparteine, and the total alkaloids (-0.29; 0.34;
-0.29, respectively), and a negative correlation close to reli-
able between the content of moisture and 13-hydroxylupanine
(—0.25). There were no significant correlations between protein
content and alkaloid values (see the Table).

When analyzing the influence of weather conditions on
the biochemical characteristics of NLL seeds, the previously
established fact (Vishnyakova et al., 2023) that insufficient
precipitation contributes to the accumulation of the main al-
kaloid lupanine and the total alkaloids was confirmed. These
two indicators are related by a reliable negative correlation to
the total amount of precipitation during the growing season
(-0.996 and —0.997, respectively). A particularly noticeable
lack of precipitation within three years was observed in June
and August 2019, when 58 and 25 mm fell, respectively. The
extremely low amount of precipitation for the region during
this period (Fig. S1a) resulted in the maximum accumulation
of lupanine and total alkaloids in 2019 (Fig. 1a, Table S2).

Higher air temperatures contributed to an increase in oil
content, whereas an increase in precipitation contributed to the
accumulation of protein in NLL seeds. Oil content and average
air temperatures were linked by a reliable positive correlation
(0.96), as were protein content and precipitation (0.96).

The factor analysis of a correlation system allows a reduc-
tion of a high-dimensional feature space to a lower-dimen-
sional one, in which the coordinate axes (factors) represent
the center of concentration of features that correlate with each
other. Factors are hidden variables that influence the observed
features. Over three years of research, two factors describing a
total of 77.7 % of the variability were identified in the variation
structure. The first factor (Factor 1, 65.2 % of the variance) is
associated with the variation of the indicators characterizing
the content of alkaloids, while the second factor (Factor 2,
12.5 % of the variance) is negatively correlated with the pro-
tein content, and positively with the moisture and oil content
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Correlation and factor structure of the variability of biochemical characteristics of seeds of narrowleaf lupine accessions
in 2019, 2020, and 2022
Indicator Abbreviated  Year L H S A TA Protein  Oil Moisture
name*
Lupanine L 2019 1.000 0968 0958 0.973  0.945 1.000 -0.064 - 0.199
13-Hydroxylupanine  H 0.001 1000 0896 0956 0926 0973 0.027 - 0.193
Sparteine S 0.001 0.001 1.000 0939 0.876 0.960 -0.061 - 0.271
Angustifoline A 0.001 0.001 0.001 1.000 0908 0975 -0.057 - 0.196
Isolupanine | 0.001 0.001 0.001 0.001 1.000 0.944 0.083 - 0.137
Total alkaloids TA 0.001 0.001 0.001 0.001 0.001 1.000 -0.051 - 0.205
Protein 0696 0.867 0.711 0727 0613  0.755 1.000 -—0.226
Moisture 0219  0.232  0.091 0225 0399  0.204 0.161 0.341 1.000
Lupanine L 2020 1.000  0.941 0959 0956 0969 0999 -0.118 -—0.1 77
13-Hydroxylupanine  H 0.001 1000 0874 0936 0938 0955 -0.152 -0.177 -0.160
Sparteine S 0.001 0.001 1.000 0916 0.950 0.961 -0.055 -—0.1 83
Angustifoline A 0.001 0.001 0.001 1.000 0960 0.962 -0.106 -0.152 -0.067
Isolupanine | 0.001 0.001 0.001 0.001 1000 0975 -0.083 -0.219 -0.130
Total alkaloids TA 0.001 0.001 0.001 0.001 0.001 1.000 -0.118 -—0.1 75
Protein 0430 0307 0713 0480 0.581 0.428 1.000 -0.066  0.303
Oil - 0.233 - 0308 0.138 - 0.662 1.000  0.289
Moisture 0235 0282 0219 0653 0384 0.241 0.038  0.049  1.000
Lupanine L 2022 1.000 0940 0935 0958 0.931 0.998 0.108 -0.229 -
13-Hydroxylupanine  H 0.000 1.000 0875 0924 0.889 0.956 0.072 -0.143 -0.250
Sparteine S 0.000 0.000 1.000 0.898 0.889 0.944 0.144 -0.187 -
Angustifoline A 0.000 0.000 0.000 1.000 0936  0.962 0.090 -0.193 -0.208
Isolupanine I 0.000 0.000 0.000 0.000 1.000 0.935 0.135 -0.179 -0.220
Total alkaloids TA 0.000 0.000 0.000 0.000 0.000 1.000 0.107 -0.215 -
Protein 0430 0599 0290 0510 0323 0433 1.000 -0.080 -0.189
Oil 0.090 0.292 0.168 0.154 0.187  0.112 0.559 | 1.000 @ 0.057
Moisture - 0.063 - 0.125  0.104 - 0.162  0.677 | 1.000

Significant positive relationship

Close to significant negative relationship

_ Significant negative relationship

Diagonal element

Note. From the top of the diagonal line is the value of the correlation coefficient r, the confidence level p is below.

in NLL seeds (Fig. 2). The alkaloid indicators (lupanine,
13-hydroxylupanine, sparteine, isolupanine, angustiofoline
and their total content) are grouped in the right part of the
graph. Most likely, this type of grouping is influenced by the
fact that these compounds are linked by a single network of
metabolic transformations. The indicators of protein, oil and
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moisture content in NLL seeds, concentrated in the left part
of the figure, show a fairly large spread, which indicates the
absence of a close relationship between them.

The eigenvalues of the factors calculated during the analysis
for each NLL accession were used to describe the overall pat-
tern of trait variability over the study period (Fig. 3). The dis-
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Fig. 2. Factor structure of variability of average values of biochemical
indicators determining the seed quality of narrowleaf lupine accessions
in 2019, 2020, 2022.

P - protein, O - oil, M — moisture, | - isolupanine, H - 13-hydroxylupanine,
S - sparteine, L - lupanine, A - angustifoline.
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Fig. 3. Position of narrowleaf lupine accessions in the space of selected
factors (2019, 2020, 2022).

tribution of accessions was influenced by the above-described
factors. In 2019, a higher degree of dispersion was observed
for both the first (Factor 1) and the second (Factor 2) factors.
In 2020 and 2022, the spread of samples in the factor space
decreased, they grouped mainly in its upper left, middle and
partially in the lower left part, which is explained by a decrease
in the alkaloid content, a smaller range of their variability
and an increase in protein and oil content compared to 2019.

Since obtaining low-alkaloid forms has long been a priority
direction of breeding, we paid special attention to the sources
of this trait in the studied sample. These included 24 acces-
sions with an alkaloid concentration in seeds of no more
than 20-40 mg/100 g D.M. and 7 accessions with that of no

Interrelations between the main seed quality characteristics
of narrowleaf lupine from the VIR collection

more than 40 mg/100 g D.M. Of these accessions, 16 were
characterized by a high protein content (above 30 %), 11 by
a high oil content (above 5 %) (Table S1). The combination
of a low alkaloid concentration and a high protein and oil
content in one genotype characterizes them as sources of
high-quality seeds for breeding NLL cultivars in the region
for both fodder and food purposes. The group we have
identified includes domestic and foreign NLL cultivars and
lines: k-3172 (‘GL-396’, Belarus), k-3329 (“Line 7°, Russia),
k-3502 (‘L-155’, Poland), k-3503 (‘Mutant 2’, Russia), k-3563
(‘Rommel’, South Africa), k-3627 (‘Dikaf-1’, Russia), k-3816
(‘Ladny 77, Russia), as well as one wild-growing NLL acces-
sion k-3457 (‘GRC-5008 A", Greece).

The NLL accessions with the total alkaloid content of over
1,000 mg/100 g D.M. in seeds can be recommended as source
material for creating green manure cultivars (Table S1). This
group is mainly composed of foreign NLL cultivars and
lines: k-96 (local, Ukraine), k-1526 (local, Ukraine), k-2183
(IGRIS, Poland), k-3562 (‘Slapska’, Czechoslovakia), k-3623
(18 86A250-2-4 EX LR2, Australia), and k-3814 (‘Oligarkh’,
Russia).

The high-alkaloid cultivar ‘Oligarkh’ (k-3814) created at the
Leningrad Research Institute for Agriculture “Belogorka” can
be used both as raw material for the production of medicines
and for creating new pharmacologically significant NLL cul-
tivars. In our study, it demonstrated the following maximum
values of individual alkaloid content (mg/100 g D.M.): 1487.3
for lupanine, 338.7 for 13-hydroxylupanine, 142.8 for sparte-
ine, 38.6 for angustifoline, and 21.0 for isolupanine (Table S1).
As is known, NLL can be a producer of alkaloids for the use
in pharmacology and medicine (Vishnyakova et al., 2020).

Discussion
The three-year data on the main biochemical characteristics
that determine the quality of seeds in NLL accessions from
the VIR collection grown in conditions of the Northwest of
the Russian Federation (Leningrad Province) revealed sig-
nificant variability in the alkaloid content. The data analysis
shows that this is due to both genotypic determination and
the influence of environmental conditions. The dependency
of alkaloid content on weather factors during cultivation in
these conditions was shown earlier (Vishnyakovaetal., 2023).
In our research, the protein content is characterized by low
and oil content by medium variability. Seed moisture was the
most stable characteristic. Seed moisture reaches about 15 %
during harvesting, while before storing, its value should not
exceed 10 % according to (State Standard R 52325-2005).
The statistical processing data confirmed that the alkaloid
status (low and high alkaloid forms) was maintained by the
NLL accessions reproduced in different years, i. e. the values
of the individual alkaloids content, their total and ratio are
determined by the genotype, while their variability is deter-
mined by the weather conditions of the year of reproduction.
The previously established fact of an increase in the amount
of alkaloids in seeds under dry conditions (Vishnyakova et
al., 2023) was confirmed. A reliable negative correlation
between the alkaloid content and the amount of precipitation
was established.
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The influence of weather conditions on the alkaloid content
in lupine seeds has been shown in different regions. In the
Russian Federation, this was noted in the conditions of the
Yaroslavl Province (Taran, Tsvik, 2017) and the Southwest
zone of the Central Region (Ageeva, Pochutina, 2018). In
Denmark, when three NLL cultivars were exposed to drought,
the amount of alkaloids in the green matter at the stage of plant
vegetation (before flowering) clearly increased, and then the
genotypes responded differently to drought (Christiansen et
al., 1997) by both increasing and decreasing the amount of
alkaloids. Our opinion is that a comparison of these results
can only be correct if the same plant organs (vegetative matter
or seeds), the content of alkaloids in which is different, are
assessed, and if the ontogenetic stages at which the study is
conducted are the same.

Itis generally accepted that QA is synthesized in NLL in the
chloroplasts of young leaves (Wink, 1991; 1993; Wink et al.,
1995). The most intensive accumulation begins at the budding
stage (Maknickiené, Asakaviciité, 2008). It has been shown
that the expression of the identified to date seven candidate
genes involved in the QA synthesis, and the alkaloids them-
selves, are detected in all plant tissues at the budding stage
(Czepiel et al., 2021). However, the presence of alkaloids in
plant tissues is detected as early as in young seedlings, into
which the alkaloids pass from the germinating seeds (De Cor-
tes Sanchez et al., 2021). That is, there is no unambiguous
answer yet about the place and time of the onset of alkaloid
synthesis in NLL. It is only obvious that the overwhelming
fraction of QA is formed in green, above-ground tissues (Frick
et al., 2017) with a small contribution from roots (Lee et al.,
2007). By the time of beans formation, alkaloids enter the
reproductive organs via the phloem (see a review by Vish-
nyakova, Krylova, 2022). It follows from this that the onset
of the multi-stage synthesis of QAs in lupine and the time of
their accumulation in seeds are separated in space and time.
Numerous enzymes, transporters, and regulators are involved
in this process. However, the expression of genes involved in
the synthesis of alkaloids is no longer observed in mature seeds
containing alkaloids (Czepiel et al., 2021). That is, only the
accumulation process occurs in them. Therefore, it is obvious
that the most vulnerable periods for the impact of stressors
on the content of alkaloids are the synthesis and transport of
the latter. The effect of early drought on a sharp increase in
alkaloids in NLL has already been well proven (Frick et al.,
2018). In the present research, the driest conditions in 2019
occurred in June, the time of budding (synthesis), and August
(alkaloids delivery to the forming seeds). In general, the en-
tire period of research has demonstrated a reliable negative
relationship between the amount of precipitation during the
entire vegetative period and the content of the main alkaloid
lupanine, as well as the total alkaloids in NLL seeds (-0.996,
—0.997, respectively).

An increase in alkaloid concentration under the influence of
drought is used for their industrial production from producer
plants, i.e. representatives of the genus Nicotiana, Papaver
somniferum and Catharanthus roseus (Waller, Nowacki, 1978;
Szabd et al., 2003; Jaleel et al., 2007; Amirjani, 2013). They

2025
291

B3anmMocBA31 OCHOBHbIX NPU3HAKOB KayecTBa
CeMSAH NoNNHA Y3KONMCTHOTO 13 Konnekuun BUP

are purposefully exposed to drought stress to increase the yield
of alkaloids (Kleinwéchter, Selmar, 2015).

It should be noted that the almost 2-fold average increase
in alkaloid concentration recorded for the sample in 2019
compared to 2020 is characteristic only of high- and moder-
ately alkaloid accessions. The accessions with the alkaloid
content of less than 0.05 % showed a relatively little change
in this indicator in all three years of study. The low-alkaloid
accessions were stable in the manifestation of the trait and
did not transform into high-alkaloid ones under the influence
of weather conditions.

The temperature factor did not affect the alkaloid content
in NLL seeds in our research; at the same time, it was men-
tioned above that the elevated air temperature contributed to
the accumulation of oil, and precipitation contributed to the
accumulation of protein.

The studied sample demonstrated a reliable negative cor-
relation between the protein and oil content (-0.34) only in
2019. A strong negative relationship (r = -0.96, p < 0.01)
between the content of these metabolites in seeds was shown
in the work of Australian scientists who studied six NLL
cultivars in 55 locations in Western Australia (Cowling, Tarr,
2004). However, a study of other lupine species from the VIR
collection reproduced in the Northwest of the Russian Federa-
tion demonstrated a positive relationship between the protein
and oil content (Egorova et al., 2019). It can be assumed that
these relationships manifest themselves differently in different
weather conditions.

No significant correlations were found between the protein
and alkaloid content in the sample studied in the present
research. Meanwhile, among 126 samples of white lupine
(L. albus L.) accessions from the collection at Pullman (Wa-
shington, USA), ranked into six classes by the degree of
alkaloidity, a higher protein content was found in seeds from
the group of high-alkaloid accessions (Staples et al., 2017).
Reliable negative relationships between the oil and alkaloid
content were found only in 2019 and 2020 (-0.38 and -0.27,
respectively). In 2022, no relationships were found. We believe
that the search for regularities in these relationships requires
long-term research with weather conditions duly accounted
for. The most stable indicator in our research, independent of
environmental conditions, was seed moisture.

Conclusion

The relationships between the main NLL seed quality indica-
tors (content of alkaloids, protein, oil, and moisture) and the
influence of weather conditions on them were studied for the
first time in the conditions of the Northwest of the Russian
Federation in the Leningrad Province. The limits of variability
of these traits are shown. The absence of significant correla-
tions between the content of protein and oil, and protein and
alkaloids was noted. Reliable negative relationships were
found between the content of oil and alkaloids only in 2019
and 2020. It is obvious that identifying the regularities in
these relationships requires long-term research with weather
conditions duly accounted for. The influence of weather on the
concentration of alkaloids in seeds has been proven, namely, its
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significant increase in dry conditions. The temperature regime
during the present research did not affect this indicator. An
increased air temperature contributed to the accumulation of
oil, whereas precipitation contributed to the accumulation of
protein. The studied sample was found to contain accessions
that combine the necessary indicators of the main (protein and
oil) and secondary metabolites (alkaloids) that determine the
NLL seed quality for the use as source material when creat-
ing new regionally adapted cultivars for food, fodder, green
manure and pharmaceutical purposes.
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