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Abstract. Alkaloid content was assessed in the seeds of 59 narrow-leafed lupine (Lupinus angustifolius L.) accessions
from the VIR collection in the environments of Leningrad Province. The selected set included accessions of different
statuses (wild forms, landraces, and advanced cultivars) and different years of introduction to the collection. Alkaloids
were analyzed using gas-liquid chromatography coupled with mass spectrometry. Concentrations of main alkaloids:
lupanine, 13-hydroxylupanine, sparteine, angustifoline and isolupanine, and their total content were measured. The
total alkaloid content variability identified in the seeds of the studied set of accessions was 0.0015 to 2.017 %. In most
cases, the value of the character corresponded to the accession’s status: modern improved cultivars, with the exception
of green manure ones, entered the group with the range of 0.0015-0.052 %, while landraces and wild forms showed
values from 0.057 to 2.17 %. It is meaningful that the second group mainly included accessions that came to the collec-
tion before the 1950s, i. e, before the times when low-alkaloid cultivars were intensively developed. Strong variability
of the character across the years was observed in the accessions grown under the same soil and climate conditions in
both years. In 2019, the average content of alkaloids in the sampled set was 1.9 times higher than in 2020. An analysis of
weather conditions suggested that the decrease in alkaloid content occurred due to a significant increase in total rain-
fall in 2020. Searching for links between the content of alkaloids and the type of pod (spontaneously non-dehiscent,
or cultivated, spontaneously dehiscent, or wild, and intermediate) showed a tendency towards higher (approximately
twofold in both years of research) total alkaloid content in the accessions with the wild pod type and the nearest inter-
mediate one compared to those with the pod non-dehiscent without threshing. The correlation between the average
total alkaloid content and seed color, reduced to three categories (dark, or wild, light, or cultivated, and intermediate),
was significantly stronger in the group with dark seeds (5.2 times in 2019, and 3.7 times in 2020). There were no signifi-
cant differences in the percentage of individual alkaloids within the total amount either between the years of research
or among the groups with different pod types or the groups with different seed coat colors.

Key words: narrow-leafed lupine; alkaloids; domestication traits; spontaneously dehiscent pods; nondehiscent pods;
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MN3MeHUIBOCTH COAepPrKaHVs a/IKaJIONI0B
B ceMeHaXx JIOMMHA V3KOJIMCTHOIO V 00pa31i0oB KoieKuu BU1P
B ycioBusaxX CeBepo-3araga Poccuiickoim demepalinum
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AHHOTauus. V3ydanu cofepaHue anKkanoungoB B CeMeHax IONUHA Y3KONCTHoro (Lupinus angustifolius L.) y 59 obpas-
LoB 13 Konnekuun BUP B ycnoBusix JleHMHrpagckoi o6nactu. B BbIGOpKy 6blin BKIIOUYEHbI 06pasLibl pa3HOro cTaTyca
(avkne Gopmbl, CTapOMECTHbIE COPTA, COPTA HAYYHOWN CENEKLMM) U Pa3fIMYHbIX JIET NOCTYNNEHWsA B KONNeKuumo. Anka-
noviabl onpesenany METOAOM ra30XKMAKOCTHOM XpoMaTorpadum, CONPsXKEHHON C Macc-cnekTpomeTpuen. Onpegene-
Hbl KOHLIEHTPALUM OCHOBHbIX anKanonaoB B CEMeHax: IIonaHuHa, 13-rmapoKcuionaHmHa, CnapTenHa, aHrycTudonmHa,
M30M0NaHnHa 1 NX CyMmapHoe coaepaHue. BoiaBneHHana n3MeHUBOCTb CyMMapHOro COAePXKaHNA ankanonaos B ce-
MeHax n3yyaemoli Bblbopku coctaBnana 0.0015-2.017 %. B 6onblumHCTBE C/lyyaeB 3HauyeHve Npu3Haka COOTBETCTBYET
cTaTycy obpasua: copTa COBPEMEHHOWN CeneKLun, 3a NCKIIOUYEHNEM CAEPAbHbIX, BXOAAT B rPYMMy C NoKasaTensamm
0.0015-0.052 %, B TO Bpemsi KaK CTapble, MECTHble copTa 1 AnKre GopMbl UMmetoT 3HaueHna 0.057-2.17 %. XapakTep-
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Alkaloid content variability
in the seeds of narrow-leafed lupine

HO, YTO KO BTOPOW rpynne OTHOCATCA NpeumMyLLecTBeHHO o6pasLibl, NOCTynaBLune B Konnekumo fo 1950-x rr., T.e. Ao
nepvofa akTMBHOW cenekumy H1M3KoankanonaHbix coptoB. OTMeYeHa CuibHasa MeXrofoBas M3MEHYMBOCTb MPM3HaKa
y 06pasLoB, BbIpalLMBaEMbIX B OAHMX W TeX »Ke MOYBEHHO-KNMMATUYECKUX YCIIOBUAX B TeyeHne AByx NieT. B 2019 r.
B CpefHeM No BblIbOpKe coflepKaHune ankanoraos 6b1o B 1.9 pasa Bbiwe, yem B 2020 r. AHanU3 NOrogHbIX YCNoBUiA
BereTalMn no3BosifaeT NPefnosioXnTb, YTO CHUXKEHNE CofilepKaHNA anKkalonaoB NPOK30LWO 3a CYET 3HaUYNTENbHOMO
yBenimyeHna cymMmmbl ocagkoB B 2020 r. [Npu nouncke cBA3en coaep*aHnA ankanonaos ¢ Tunom 606a (He BCKpbiBatOLWMA-
cs1 6e3 06MONIOTa — KyNbTYPHbIN, CMIOHTAHHO BCKPbIBAOLWMINCA — AUKWI 1 TPOMEXKYTOUHBIN) HabioAaeTcs TeHAEHUMA K
60ree BbICOKOMY (MpriMepHO B 2 pasa B 0ba roaa nccnefoBaHus) CyMMapHOMY COAEPKaHuIo ankanougos y o6pasuos
C AUKMM TUNOM 606a 1 NPUGAVMKEHHBIM K HEMY MPOMEXYTOUYHbIM MO CPaBHEHMIO C HE BCKpbIBawLWmmcsa 6e3 obmonoTa
6060M. CBA3b CPeHEro CYMMapPHOrO COAEpP»KaHMA ankanonaos C OKPACKON CeMEeH, CBEAEHHOMN K TPEM KaTeropuam
(TeMHan — fuKan, CBeTNan — KynbTypHasa 1 NPOMeXyTouHas), Oblna JOCTOBEPHO BbliLle Y FPYNibl C TEMHbIMY CEMEHaMM:
B 5.2 pa3aB2019r. 1B 3.7 pa3a B 2020 r. He 06HapyXeHO JOCTOBEPHbIX PA3NUNIA NPOLIEHTHOIO CofepXaHnA oTae N b-
HbIX a/IKaJIOVA0B B 06LLEel CyMMe anKanoufoB Kak Mexay rofammn NCCnejoBaHus, Tak v MexXay rpynnamMu ¢ passinyHbim
TNom 606a 1 € pa3HOI OKPACKOWN CEMEHM.

KnioueBble cflioBa: NIIOMUH Y3KONCTHBIN; ankanougbl; NpU3Haku AOMECTUKaLUMKW; CMOHTAHHO BCKpbIBalOWMNCA 606;

HeBCKpblBatoLWmincsa 606; OKpacka cemeHu.

Introduction

Narrow-leafed lupine (Lupinus angustifolius L., Fabaceae) is a
species that has been cultivated as a crop for feed and food for
less than 100 years. It was exploited for centuries as a green
manure crop. Feeding the seeds of this high-protein plant to
animals was possible only after soaking them in water with
repeated water changes to extract antinutritional compounds —
a complex of quinolizidine alkaloids. It was this feature that
limited the use of the plant in fodder production, since alka-
loids added bitterness to the feed and in high concentrations
were toxic to animals and humans.

The development of fodder cultivars was triggered by the
discovery of low-alkaloid mutants (Sengbusch, 1931, 1942)
and identification of the recessive mutations determining this
trait: iucundus, esculentus, and depressus (Hackbarth, Troll,
1956). This event genetically underpinned the development of
low-alkaloid forms and was regarded as the beginning of the
species’ domestication (Gladstones, 1970). Nowadays, many
fodder cultivars have been released for animal feed purposes
and the possibility to use narrow-leafed lupine seeds in food
production emerged (Vishnyakova et al., 2020).

The polymorphism of alkaloid content observed before
the discovery of said mutants among wild forms of narrow-
leafed lupine was 0.4-3.0 % dry weight (DW) for seeds and
0.3-0.5 % DW for herbage (Swiccicki W., Swigcicki W.K.,
1995; Brummund, Swiqcicki, 2011). After the release of nu-
merous cultivars based predominantly on one iuc mutation,
this polymorphism significantly increased. In a recent study
by Polish scientists, who analyzed 329 lupine accessions,
the character’s variability was recorded within the range
from 0.0005 to 2.8752 % (Kamel et al., 2016). Currently, the
threshold value for the content of alkaloids in seeds of food
or feed lupine cultivars in a number of European countries
and Australia is no more than 0.02 % DW (Frick, 2017).
In Russia, the permissible level of alkaloid content ranges
from 0.1 to 0.3 % DW for seeds of fodder lupine (State Stan-
dard R 54632-2011, 2013) and 0.04 % for food lupine seeds
(according to the existing technical specifications developed
by the Research Institute of Lupine (Specification No. 9716-
004-0068502-2008).

In routine practice, the content of alkaloids in seeds at the
level of 0.05 % is considered the boundary value to distin-
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guish between high-alkaloid (bitter) and low-alkaloid (sweet)
lupines (Lee et al., 2007).

The content of alkaloids is very responsive to the impact
of environmental factors, such as droughts, air temperature,
geographic location, insolation level, agricultural practices,
and the presence of pathogens (Christiansen et al., 1997,
Cowling, Tarr, 2004; Ageeva et al., 2020). Moreover, the
concentration of alkaloids in seeds of the same genotype
under different growing conditions can show at least twofold
variation, reaching even a tenfold increase, thus exceeding
the required alkaloid content threshold and turning lupine
genotypes traditionally classified as sweet into bitter ones
(Cowling, Tarr, 2004; Reinhard et al., 2006; Romanchuk,
Anokhina, 2018).

Along with a radical reduction of seed alkaloid content, the
crop’s breeding improvement includes elimination of sponta-
neous pod dehiscence (opening) determined by the /e (lentus)
and fa (tardus) alleles, introgression of the genes responsible
for early flowering and the absence of the need for vernaliza-
tion (Jul and Ku ) into the genotypes of cultivars as well as
the genes controlling seed coat permeability (moll — mollis),
and white color of flowers and seeds (leuc — leucospermus)
(Taylor et al., 2020).

The narrow-leafed lupine collection held by VIR includes
887 accessions from 26 countries. There are 261 cultivars
developed by scientific breeding, 370 genotypes representing
breeding material, 142 landraces and local varieties, 55 wild
forms, and 50 accessions with an unclear status (Vishnyako-
va et al., 2021). The diversity of breeding statuses and the
presence of wild relatives provide a rather motley picture of
the presence/absence of domestication traits in the collec-
tion’s accessions. Many accessions have pods spontaneously
dehiscent to various degrees, and all seed colors known for
this species are present. Such versatility makes it possible
to trace whether there are links among domestication traits
in the accessions. Therefore, the objective of this study was
to identify the degree of variability in the concentration of
alkaloids in narrow-leafed lupine seeds under the impact of
growing conditions during two years of research and analyze
correlations of this character with seed color and the degree
of spontaneous pod dehiscence in a set of accessions from
the VIR collection.
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Fig. 1. Weather conditions during the experiment: a - mean monthly air temperature; b - monthly precipitation amount.

Materials and methods

Material. A set of 59 narrow-leafed lupine accessions from
the VIR collection (Supplementary Material)!, grown in the
experimental fields of VIR (Pushkin, St. Petersburg) for two
field seasons (2019-2020), served as the material for this study.
The set consisted of accessions from 20 countries included in
the collection in different years and having different breed-
ing statuses: scientifically improved cultivars, local varieties,
breeding lines, and wild forms.

Weather conditions during the experiment. The sums of
active temperatures amounted to 1966 °C in 2019, and 2052 °C
in 2020. Precipitation amounts for the period with tempera-
tures above 10 °C were 175 mm in 2019, and 293 mm in 2020.
Mean values for the last 30 years (1992-2021) were 2209 °C
and 306 mm, respectively. Thus, the years of research were
cooler and drier than the long-term average. The precipitation
amount during the active growing season in 2019 was lower
by 118 mm, or 1.7 times, than in 2020, with a comparable
heat supply. Differences between the years in the precipitation
amounts were particularly significant during the pod ripen-
ing period: 58 mm vs. 91 mm in July, and 25 mm vs. 97 mm
in August, respectively. Air temperatures and precipitation
amounts by months are shown in Fig. 1.

Alkaloid content measurement in seeds. Each accession
selected for the study was represented by 8 plants. An average
sample (30 g) was taken from the mixture of seeds. The seeds
were ground to flour (50-100 um) in a Lab Mill 1 QC-114
(Hungary). The qualitative and quantitative compositions of
alkaloids in narrow-leafed lupine seeds were assessed ac-
cording to a previously published protocol (Kushnareva et
al., 2020).

Ethyl acetate (8 mL) and 15 % NaOH solution (2 mL) were
added to a 500 mg sample of flour and incubated at +6 °C for
18 hours. The resulting extract, containing alkaloids in the
form of bases, was separated from the precipitate by filtration
through a paper filter. A solution of caffeine in ethyl acetate
(1 mg/mL) was used as an internal standard. The composition
of alkaloids was analyzed using gas-liquid chromatography
coupled with mass spectrometry on an Agilent6850 A chro-

T Supplementary Matherial is available in the online version of the paper:
http://vavilov.elpub.ru/jour/manager/files/Suppl_Vishnyakova_Engl_27_2.pdf

matograph (Agilent Technologies, Santa-Clara, CA, USA).
The mixture was separated on an AgilentHP-5MS capillary
column (5 % phenyl, 95 % methylpolysiloxane; 25 um). Heat-
ing program: +170 °C to +320 °C, heating rate: 4 °C/min.
Temperature of the mass spectrometer detector: +250 °C, in-
jector temperature: +300 °C, injected sample volume: 1.2 pL,
carrier gas (helium) flow rate: 1.5 mL/min. Chromatogram
recording started after 4 min, which was necessary for the
solvent to exit, and continued for 38 min. The analysis was
performed in three analytical replicates.

Compounds were identified using the AMDIS program
(Automated Mass Spectral Deconvolution and Identifica-
tion System, National Institute of Standards and Technology,
USA, Version 2.69, http://www.amdis.net). The NIST 2010
library (National Institute of Standards and Technology, USA,
http://www.nist.gov) was employed for the analysis.

Alkaloid content was calculated according to the inter-
nal standard (caffeine, concentration: 1 pg/uL) using the
UniChrom 5.0.19 program. The results of alkaloid content
(absolute values) in narrow-leafed lupine seeds are given in
mg/100 g DW. The percentage (%) of alkaloids (relative va-
lues) was calculated taking into account the proportion of an
individual compound in the total alkaloid content, the latter
being the sum of alkaloid values in an accession (mg/100 g
DW). Mean values were calculated taking into account the
resulting data of analytical replicates for each accession (see
Supplementary Material).

The presence/absence of spontaneous pod dehiscence was
assessed. It is better to describe this character shortly after
harvesting, before the pods have reached the air-dry state,
which provokes dehiscence even in such pods that were closed
at the time of harvesting. Under our conditions, however, dry
pods were assessed. On the one hand, it helped to reliably
identify the type of pods nondehiscent without threshing; on
the other hand, it hampered unambiguous identification of the
pod opening time: whether the dehiscence of pods happened at
harvesting or after complete drying. Therefore, this character
was ranked according to the nature of the valves. The wild type
(spontaneously dehiscent pods) had twisted valves (type 1).
The cultivated type (nondehiscent pods) had flat valves, com-
pletely closed or slightly open (type 3). The remaining pods

FEHETUKA PACTEHUI / PLANT GENETICS 121


http://vavilov.elpub.ru/jour/manager/files/Suppl_Vishnyakova_Engl_27_2.pdf
http://vavilov.elpub.ru/jour/manager/files/Suppl_Vishnyakova_Engl_27_2.pdf

M.A. Vishnyakova, A.V. Salikova
T.V. Shelenga, G.P. Egorova, L.Yu. Novikova

were open-valve, but flat or with some tendency to curl: they
were classified into the intermediate type (type 2). A certain
conventionality of the latter type and its closeness to the spon-
taneously dehiscent pod type should be recognized.

The seed coat color was also divided into three categories:
dark (1), intermediate (2), and light (3).

Statistical processing. MS Excel programs and the Sta-
tistica 13.3 package (TIBCO Software Inc., USA) were used
for data visualization. Statistical analysis was made in the
Statistica 13.3 package.

Statistical significance of differences in alkaloid content in
2019 and 2020 was studied using Student’s ¢-test for dependent
(paired) samples (Dospekhov, 1973; Khalafyan, 2010). The
difference in the characteristics of an accession in two ver-
sions of the experiment was calculated (in our case, between
the years of research) and the significance of the mean dif-
ference of the accessions from zero was assessed using the
t-test. Such criterion is more precise than a comparison of the
differences between the means of independent samples, as it
does not depend on the nature of the indicator’s distribution
within the sample.

The average alkaloid contents in three groups of accessions
with different pod types were compared using the analysis of
variance; the same approach was applied for the groups with
different seed colors. Correlation coefficients were calculated
for alkaloid content separately in 2019 and 2020. The strength
of correlations was assessed according to B.A. Dospekhov
(1973): if the correlation coefficient is higher than 0.7 in its
absolute value, it is strong; from 0.3 to 0.7, it is medium; less
than 0.3, it is weak. The significance level of 5 % was adopted
for this study.

Results

Previously, the authors tested extraction techniques on al-
kaloids from leaves of the green manure cultivar Oligarkh
(k-3814) reproduced in 2018 (Pushkin) and clarified the

Alkaloid content variability
in the seeds of narrow-leafed lupine

qualitative composition of its alkaloid complex. The cultivar’s
leaves contained five alkaloids: lupanine (L), 13-hydroxylupa-
nine (H), angustifoline (A), sparteine (S), and isolupanine (I),
plus traces of their derivatives or unidentifiable alkaloids
numbering up to 120 in narrow-leafed lupine (Frick et al.,
2017). The qualitative composition of main (detectable) alka-
loids in seeds identified in the present study corresponded to
our previous findings for vegetative organs. Their content in
seeds varied as follows: 70.0-85.4 % for L, 6.4—17.2 % for H,
0.7-2.0 % for A, 4.0-12.6 % for S, and 0.5-1.4 % for 1. The
variability of the total alkaloid content was 0.0015-2.017 %
(Table 1, see Supplementary Material).

The mean alkaloid level in the accessions was 501.7 mg/100 g
DW in 2019, which was significantly (by 90.5 %) higher
than the same value for the seeds reproduced in 2020 —
263.6 mg/100 g DW (statistical significance of differences
according to Student’s #-test for dependent samples was
p =10.009). In 2020, a decrease in the mean alkaloid content
values was observed: L was 389.7 in 2019 vs. 203.4 in 2020
(p =0.008); H: 59.0 vs. 31.3 (p = 0.014); S: 41.9 vs. 23.0
(p=0.017); A: 6.8 vs.3.6 (p=0.014);1: 4.4 vs. 2.4 (p=0.023)
(see Table 1 and Supplementary Material).

However, the amount of alkaloids in eight accessions
(k-3172, 3457, 3947, 3607, 3526, 1546, 2856, and 3062)
increased in 2020 compared to 2019.

L content increased in 6 accessions, Hin 13, Sin 12, Ain9,
and I in 10. It should be mentioned that, according to the In-
ternational COMECON list of descriptors for the genus Lu-
pinus L. (Stepanova et al., 1985), five accessions from this
group were classified as having “very low” alkaloid content
(its amount in seeds was less than 25 mg/100 g), two as “me-
dium” (from 100 to 300 mg/100 g), and only one accession
(cv. Oligarch, k-3814) had “very high” content (more than
300 mg/100 g). Characteristically, the accessions with very
low or medium alkaloid content manifested insignificant
differences across the two years: for example, k-2856 had

Table 1. Mean alkaloid content in the set of 59 narrow-leafed lupine accessions for two years of research (Pushkin, 2019-2020)

Concentration of alkaloids in seeds 2019 2020
Mean ....................... Mm .................. Max ................. Mean ....................... Mm .................. Max ................

Tota|a|ka|o|ds ....................... mg“OOgDW ........ 5017i807 .............. 40 ................ 20174 .............. 2636i386 .............. 17 .................. 8988 ..............

Lupanme ............................... mg”oogDW ........ 38971625 .............. 3115730 .............. 2034i298 .............. 14 ................. 7290 ..............

% ............................... 781104 .............. 731854 ................ 778i05700 .................... 843 ..............

13_Hydroxy|upamne ............ mg“oogDW .......... 590i101 ............... 03 .................. 2732 ................ 313i48 ................ 0 1”55 ..............

%115104 ................ 64 ..................... 1 72117104 ................ 6 7172 ..............

Sparteme ............................... mg“oogDW .......... 419i69 ................ 021734 ................ 230i36 ................ 0 1 .................... 852 ..............

% ................................. 82i03 ................ 44 ..................... 1 20 .................. 83i0240126 ..............

Angustlfo“ne ........................ mg“oogDW ............ 68i12 ................ 01354 .................. 36i06 ................ 0 0150 ..............

%13+01 ................. 072013i01 ................. 0 7 ....................... 1 9 ..............

|So|upanme ........................... mg“OOgDW ............ 44i08 ................ 00238 .................. 24i04 ................ 0 093 ..............

% ................................. 09100 ................ 05 ....................... 14 .................. 09100 ................ 0 5 ....................... 1 3 ..............
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Fig. 2. Alkaloid content in seeds of 59 narrow-leafed lupine accessions in the two years of research.

279.1 and 280.9 mg/100 g DW (0.7 %); k-3607, 21.2 and
23.2mg/100 gDW (1.1 %); k-3172, 5.3 and 6.8 mg/100 g DW
(1.3 %), respectively (Fig. 2).

The character’s low variability in low-alkaloid lupine forms,
as observed above, was characteristic of all low-alkaloid ac-
cessions in the tested set, regardless of the increase or decrease
in alkaloid concentrations across the years of research (see
Fig. 2). Meanwhile, alkaloid content values remained within
the established range: none of the sweet accessions with al-
kaloid content below 50 mg/100 g exceeded those values and
did not shift into the bitter category. For example, the amount
of alkaloids in cv. Yan (k-3832) was 7 mg/100 g in 2020 and
4.7 times higher (34 mg/100 g) in 2019.

Cv. Gerkules (k-3923) had 20 mg/100 g in 2020, and a more
than twice higher amount in 2019 (47 mg/100 g), but in both
cases the cultivar remained in the sweet category.

On average for the studied set of accessions, the proportion
of individual alkaloids varied insignificantly over the years.
The relative content of L in 2019 and 2020 was 78.1 and
77.8%;H: 11.5and 11.7 %, and S: 8.2 and 8.3 %, respectively.
The shares of A (1.3 %) and I (0.9 %) in the composition of
alkaloids did not change during the period of research. Thus,
the relative content of individual alkaloids may be recognized
as a fairly constant indicator.

A strong correlation was observed between the absolute
content values (mg/100 g) of individual alkaloids: 0.89-0.96
in 2019 and 0.88-0.95 in 2020. The correlation between the
amounts of individual compounds and total alkaloids was
0.94-0.999. The strongest relationship was observed between
the total alkaloid content and L values: 0.999 in 2019 and
0.998 in 2020.

Pairwise correlations between the percentage (relative)
contents of the studied alkaloids were mostly insignificant;
no systematic shifts in the alkaloid composition structure
were observed over the years. A t-test for dependent samples
showed a significance level of differences in the percentage of
individual alkaloids: from p = 0.063 to p = 0.082. Variations

of alkaloid composition in individual accessions were in-
duced by changes in the representation of two main alkaloids,
L and G: an increase in the proportion of one led to a decrease
in the proportion of the other. Meanwhile, lupanine remained
dominant in the composition of alkaloids in narrow-leafed
lupine.

The types of pod dehiscence and seed coat color were ana-
lyzed for 45 accessions from the studied set. Twelve accessions
were classified according to their pod characteristics into
type 1 (wild, with twisted valves), 16 into type 2 (interme-
diate), and 17 into type 3 (nondehiscent without threshing)
(Fig. 3 and Supplementary Material). There were no signifi-
cant differences among the groups of accessions with diffe-
rent pod types in either the absolute or relative alkaloid con-
tent (Table 2, Fig. 4). With this in view, in both years of re-
search, the highest alkaloid content was recorded for type 1
(693.7 mg/100 g DW in 2019, and 345.3 mg/100 g DW in
2020), and the lowest, for type 3 (320.3 mg/100 gDW in 2019,
and 200.1 mg/100 DW in 2020). Medium values were shown
for type 2 (612.1 mg/100 g DW in 2019 and 300.7 mg/100 g
DW in 2020).

Consequently, higher total alkaloids were characteristic
of the accessions with the wild pod type. They exceeded the
accessions with the nondehiscent pod type 2.3 (2019) and
1.8 times (2020). However, taking into account the high
variability in the absolute and relative content of individual
alkaloids and their total amount, no significant differences
were observed among the groups (see Table 2, Fig. 4). The
contributions of individual alkaloids to the total content did
not depend on the pod type.

According to the color of the seed coat, 15 accessions were
characterized as dark-seeded, 19 were of the intermediate type
(between dark and light), and 11 were light-seeded.

Differences in the studied traits among the above-mentioned
groups were assessed as statistically significant ata 10 % sig-
nificance level. In 2019, all three groups significantly differed
from each other in the following parameters: L (p = 0.063),
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Fig. 3. The types of narrow-leafed lupine pods according to their ability to dehisce spontaneously.

Pod type designations: 7 — wild; 2 — intermediate; 3 - cultivated (nondehiscent without threshing).

Table 2. Total content of alkaloids in the groups of lupine accessions with different pod types

Number
of accessions

Pod type

2019 2020

2200

2000 + —
1800
1600 -
1400 - l
1200 -
1000 |

800 | u

Total alkaloid content

600

400 -

200 u

ik :

1 2 3 1 2 3
Pod type

Fig. 4. Total alkaloid content in lupine groups with different pod types
in 2019 and 2020.

Pod type designations: 7 - wild; 2 - intermediate; 3 - cultivated.
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H (p =0.0606), S (p = 0.070), I (p = 0.075), and total alka-
loids (p = 0.062) (Table 3, Fig. 5); in 2020, in L (p = 0.083),
H (p=0.055), S (p =0.060), and total alkaloids (p = 0.074).
For A and 1, significance levels of differences were 0.108
and 0.130, respectively. The highest values of the total
alkaloid content were recorded for the dark-seeded group
(660.4 mg/100 g DW in 2019 and 334.4 mg/100 g DW in
2020), while the lowest values were found in the light-seeded
group (125.9 mg/100 g DW in 2019 and 90.6 mg/100 g DW
in 2020) (see Table 3, Fig. 5).

Significant differences at a 5 % level were observed be-
tween the 1st and 3rd contrasting groups of accessions: in
2019 for all indicators (L, H, S, A, I, and total alkaloids),
and in 2020 for L, H, S, and total alkaloids. The dark-seeded
group exceeded the light-seeded one in the mean value of
total alkaloids 5.2 times in 2019 (p = 0.023) and 3.7 times
in 2020 (p = 0.030).

Differences among the three color groups in the percent
contribution of individual compounds to the total content
of alkaloids were statistically insignificant (p > 0.462). No
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Table 3. Total alkaloid content in the groups of lupine accessions with different seed colors

Seed color Number 2019 2020

OF ACCESSIONS e
Mean Min Max Mean Min Max

Dark 15 660.4+176.1 8.8 1976.8 334.4+78.2 5.2 658.2

Intermediate 19 646.0+161.5 6.0 2017.4 333.9+77.2 43 898.8

Light 11 1259+88.3 53 975.2 90.6+61.0 29 648.4
Total 45 523.6+96.9 53 2017.4 274.6+46.2 29 898.8
significant differences were recorded between the groups 2019 2020
contrasting in seed color (dark and light) during the period of 2200
research (p > 0.237). Thus, lupine accessions with different 2000

seed coat colors significantly differ from each other in the total 1800 |

content of alkaloids, while their alkaloid composition can be 1600 1
recognized as constant. S

£ 1400 |
. . S

Discussion T 1200¢

The analysis of alkaloid content in narrow-leafed lupine seeds s 1000 }

from the VIR collection disclosed high variability of this é 800 -

character. In the selected set of 59 accessions, there were ge- & -

notypes with minimum (0.0015 %) and maximum (2.017 %) 600 ¢

values of this indicator: Cv. Danko from Belarus (k-2949) and 400 . .

an Australian breeding line (k-3623), respectively. The acces- 200 -

sions were divided into two groups according to their alkaloid oL =]

1 2 3 1 2 3

content: low-alkaloid (alkaloid content in seeds was below
0.05 %), and high-alkaloid (alkaloid content was equal to or
above 0.051 %). The first group included 28 accessions, repre-
senting breeding lines and cultivars that entered the collection
after 1950, mainly from Russia, Belarus, and Australia. The
second group consisted of accessions received before 1950:
local varieties, improved cultivars and lines from Germany,
United Kingdom, Poland, and Latvia. In addition, it included
wild genotypes from Greece and Spain.

It should be mentioned that in the high-alkaloid group there
were several improved cultivars of contemporary breeding,
for example, cv. Oligarkh (k-3814, Leningrad Research Agri-
culture Institute) grown for green manure, and the Australian
breeding line (k-3623) also, apparently, developed for green
manure purposes. Cultivars intended to be used as green
manure have high vegetative weight and, as a rule, low seed
productivity. These features were observed in cv. Oligarkh,
characterized by rapid initial growth, early maturation, and
good leafiness, which ensures high yields of green biomass
and readiness for plowing 50-60 days after sowing (Lysen-
ko, 2020). Such cultivars are usually developed without any
regard to the content of alkaloids, and they may appear non-
uniform in this indicator. Sporadic low-alkaloid genotypes,
in their turn, occur among wild lupine forms, for example, in
accessions k-3607 (Spain) and k-3457 (Greece), the alkaloid
content of which did not exceed 0.021 %, thus classifying
them as sweet forms of narrow-leafed lupine.

Our data are quite in agreement with the results obtained by
Polish scientists who screened the collection of narrow-leafed
lupine maintained at the Polish genebank and found low-al-
kaloid genotypes in the group of wild accessions where the
range of this character was 0.0163-2.8752 % DW. Contrari-

Seed color

Fig. 5. Total alkaloid content in lupine groups with different seed colors
in 2019 and 2020.

Seed color group designations: 7 - dark-seeded; 2 - intermediate; 3 - light-
seeded.

wise, high-alkaloid accessions were identified among culti-
vars developed by scientific breeding, for example, cv. Karo
(1.165-1.3011 %). The character’s range in this group was
0.0022-2.1562 % DW (Kamel et al., 2016).

The variation of this character between the years of our
experiment manifested itself in the fact that in 2020 the ave-
rage alkaloid content in the studied set was 1.9 times lower
than in 2019.

The high susceptibility of alkaloid content levels in lupine
seeds to environmental factors has not yet been explained.
The mechanisms of their impact are even called unpredict-
able (Frick et al., 2017). As mentioned previously, alkaloid
content variability in the same genotype can be affected by a
variety of environmental factors: temperature, humidity, soil
characteristics and mineral composition, geographic location,
etc. The amplitude of the character’s variability also depends
on the genotype: some cultivars are more variable under
environmental impacts than others (Gremigni et al., 2001;
Cowling, Tarr, 2004; Jansen et al., 2009).

Plants in this experiment were grown for two years in the
same location, on a field relatively homogeneous in soil com-
position, and the same agricultural practices were used. There-
fore, we consider weather conditions to be the main factor
that could affect the content of alkaloids. The most significant
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meteorological differences across the two years of research
manifested themselves in an increase in the precipitation
amount in 2020 compared to 2019 (see Fig. 1). A particularly
noticeable rainfall deficit was observed in July and August of
2019 (58 mm and 25 mm, respectively). These are the months
when seeds are swelling and ripening and alkaloids from
vegetative organs accumulate in them (Vishnyakova, Krylova,
2022). Apparently, it was this factor that led to a decrease in
total alkaloids on average for the studied set of 59 accessions
from 501.7 mg/100 g DW in 2019 to 263.6 in 2020.

Droughts are believed to increase the content of alkaloids in
lupine, but it is important at what stage of plant development
the drought occurs (Christiansen et al., 1997). An increase in
the level of alkaloids under drought conditions was observed
in a number of plant species: Nicotiana, Papaver somniferum,
and Catharanthus roseus (Waller, Nowacki, 1978; Szabo et
al., 2003; Jaleel et al., 2007; Amirjani, 2013). Stresses are
presumed to increase the synthesis of secondary metabolites,
such as isoprenoids, phenols, and alkaloids (Selmar, Klein-
wichter, 2013). In view of this, temporary exposure to drought
is recommended to intensify the synthesis and increase the
yield of alkaloids in medicinal and spicy herbs (Kleinwachter
et al., 2015; Kleinwéchter, Selmar, 2015).

High air temperatures from the start of flowering to pod
maturation are also considered to be a factor raising alkaloid
concentration in narrow-leafed lupine (Jansen et al., 2009).
Under the conditions of our experiment, the year 2019, when
the accumulation of alkaloids was at its peak, was on the whole
much colder than either 2020 or the long-term mean value,
but the temperatures during the growing season in both years
were comparable. Therefore, we consider precipitation to be
the decisive factor in the variation of this character across the
two years of research.

No significant differences in the percentage of individual
alkaloids within their total amount were found between the
years of research. Their average contribution was as follows:
77.9 % of lupanine, 11.6 % of 13-hydroxylupanine, 8.3 % of
sparteine, 1.3 % of angustifoline, and 0.9 % of isolupanine.

The almost twofold increase in alkaloid concentration,
averaged for the studied set of accessions, was typical only
for high-alkaloid and medium-alkaloid genotypes. For acces-
sions with alkaloid content less than 0.05 %, this indicator
changed relatively little in both years. It is quite possible
that these accessions reached the lowest alkaloid accumu-
lation threshold for narrow-leafed lupine seeds. In any case,
these very low-alkaloid genotypes can be regarded as stable
in the manifestation of the trait.

Spontaneous pod dehiscence is one of the key features
differentiating wild species from cultivated ones in legumes.
During pod maturation and drying, the valves of wild geno-
types suddenly spontaneously open along the dorsal and
ventral sutures and rapidly twist along their axis spirally in
opposite directions, giving the opened pods a typical V-shaped
appearance (Maysuryan, Atabekova, 1974). Wild species use
this mechanism to disperse seeds, while in cultivated plants it
is a highly undesirable trait that leads to yield loss.

Contemporary breeders, along with the efforts to develop
alkaloid-free narrow-leafed lupine cultivars, make attempts to
introgress as many other domestication genes into their ge-
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nomes as possible, specifically those responsible for the
absence of spontaneous pod dehiscence. This trait is known
to be controlled by two recessive alleles: ta (tardus), which
determines the fusion of pod valves by forming a solid strand
of sclerenchyma cells along the pod’s perimeter (Hackbarth,
Troll, 1959), and le (lentus), which changes the orientation
of endocarp cells and reduces the thickness of the parchment
layer (Gladstones, 1970). Only the combination of both alleles
can ensure complete absence of spontaneous pod dehiscence
(Anokhina et al., 2012). It is quite possible that the accessions
classified by us into the intermediate pod type according to
their pod dehiscence nature possess only one of these two al-
leles. This study pinpointed a quite obvious tendency towards
higher alkaloid content in the accessions with wild-type pods
and intermediate ones that were close to the wild type, com-
pared to cultivated genotypes with nondehiscent pods. They
demonstrated an almost twofold difference in both years of
research.

A similar relationship was observed between the content of
alkaloids and the color of seeds (seed coat). There are up to
8 grades of seed coat color recognized in narrow-leafed lupi-
ne: (1) variegated, gray, with indistinct maculation; (2) almost
black, with small white speckles and spots; (3) gray with
white spots; (4) white with occasional brown and gray spots;
(5) beige (nut-brown), with brown spots; (6) white, dull at the
hilum, without a triangular spot or a stripe; (7) white, with
sporadic brown spots; and (8) pure white, glossy. (Kurlovich,
2002). Similarly to the pod dehiscence pattern, we reduced
these grades to three types: (1) dark, or wild type included
seeds of the Ist and 2nd seed color grades, (2) intermediate
type, with the 3rd and 5th seed color grades, and (3) light, or
cultivated type, incorporating the 4th, 6th, 7th and 8th color
grades.

It is known that wild forms of narrow-leafed lupine have
blue flowers and dark seeds. Breeders, in their efforts to im-
prove this crop, selected plants with the leucospermus locus,
responsible for the white color of flowers and light-colored
seeds (Nelson et al., 2006; Berger et al., 2012). The same
pattern was also observed in the domestication of other le-
gume species (Ku et al., 2020). In our study, the group with
dark seeds significantly exceeded the group with light seeds
in the average total content of alkaloids (5.2 times in 2019,
and 3.7 times in 2020). Meanwhile, no such differences were
found in the percentage content of individual alkaloids either
among the groups of accessions with different seed coat colors
or those with different pod types.

Thus, low alkaloid content in narrow-leafed lupine seeds,
acquired by a part of the crop’s gene pool as a result of do-
mestication and breeding improvement, is associated with the
absence of spontaneous pod dehiscence and the light color of
seeds. We regard this phenomenon as the evidence of the joint
introgression of domestication genes into modern narrow-
leafed lupine cultivars.

Conclusion

Development of low-alkaloid narrow-leafed lupine forms, i.e.,
reducing the concentration of alkaloids in lupine seeds to a
level below 0.05 %, has been a priority trend in the species’
improvement in the process of domestication and breeding.
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The VIR collection contains cultivars for feed and food uses
with the content of alkaloids no higher than 0.0015 % DW.
It is this minimum value that we found while screening the
set of 59 accessions. Susceptibility of this trait to the impact
of environmental conditions was seen in the fact that the
synthesis of alkaloids in 2019 was 1.9 times more intensive
than in 2020 on average for the studied set of accessions.
A significant precipitation deficit was recorded in July and
August of 2019, with all other growing conditions being
comparable. This stressor, apparently, was the decisive factor
that provoked an abrupt increase in the synthesis of alkaloids
compared to 2020.

A distinctive feature of alkaloid content variability in nar-
row-leafed lupine seeds under the impact of environmental
conditions is relatively low variation of this character in low-
alkaloid genotypes.

The observed tendency towards higher (almost twofold)
alkaloid content in the accessions with spontaneously de-
hiscent pods than in those with pods nondehiscent without
threshing in both years of research and significantly higher
content of alkaloids in seeds with dark seed coat color (wild)
attest to the joint introgression of these domestication traits
into modern cultivars.
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