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Abstract

The Genisteae tribe belongs to the Fabaceae family. The wide occurrence of secondary metabolites, explicitly high-
lighting the quinolizidine alkaloids (QAs), characterizes this tribe. In the present study, twenty QAs (1-20), including
lupanine (1-7), sparteine (8-10), lupanine (11), cytisine and tetrahydrocytisine (12-17), and matrine (18-20)-type
QAs were extracted and isolated from leaves of three species (i.e., Lupinus polyphyllus (rusellhybrid), Lupinus muta-
bilis, and Genista monspessulana) belonging to the Genisteae tribe. These plant sources were propagated under
greenhouse conditions. The isolated compounds were elucidated by analyzing their spectroscopical data (MS, NMR).
The antifungal effect on the mycelial growth of Fusarium oxysporum (Fox) of each isolated QA was then evaluated
through the amended medium assay. The best antifungal activity was found to be for compounds 8 (ICs;=16.5 uM),
9 (IC5u=7.2 uM), 12 (IC5;=11.3 uM), and 18 (IC;, = 12.3 uM). The inhibitory data suggest that some QAs could effi-
ciently inhibit Fox mycelium growth depending on particular structural requirements deduced from structure-activ-
ity relationship scrutinies. The identified quinolizidine-related moieties can be involved in lead structures to develop

further antifungal bioactives against Fox.
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1 Introduction

Quinolizidine alkaloids (QAs) are specialized (also called
secondary) metabolites biosynthesized from the L-lysine
amino acid pathway. They are primarily distributed in
the Fabaceae family, one of the largest groups of flower-
ing plants (angiosperms) globally [1]. This family has a
cosmopolitan distribution and is well represented in the
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Colombian flora, being the third largest family among
the angiosperms, exceeded by the Asteraceae and Orchi-
daceae families [2]. QAs are mostly found in some tribes
of Fabaceae, such as Genisteae, Sophoreae, Dalbergieae,
Euchresteae, Thermopsidae, Bossiaeae, Brongniartieae,
Podalyrieae, Liparieae, and Crotalarieae [3]. In addition,
QAs have also been identified in numerous series of pet-
rosins, xestospongins, and araguspongins from marine
sponges belonging to the genera Petrosia, Xestospongia,
and Oceanapia [4], as well as in frogskins, specifically in
the Dendrobatidae and Mantellidae families, highlighting
some species such as Phyllobates aurotaenia, Melano-
phryniscus moreirae, Melanophryniscus toads [5), Epipe-
dobates tricolor [6], Mantella baroni [7] and Mantella
basileo [8]. In the case of plant species, the QAs mainly
occur in seeds, pods, leaves, flowers, aerial parts, and
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roots of the Lupinus genus. The Lupinus-derived QAs
can cause toxicity due to lupanine, lupinine, and hydrox-
ylupanine since they have an excitatory effect on the CNS
and a depressant effect on the respiratory and vasomotor
centers, including acute anticholinergic toxicity. Conse-
quently, the lupanine derivative-rich seeds must be debit-
tered before human and animal consumption for QAs’
removal.

QA-rich extracts have been reported in the literature
for their antimicrobial properties against pathogens
such as Fusarium solani [9], Alternaria solani [10], and
Rhizoctonia solani [11]. In fact, QAs are considered a
plant chemical defense against biotic pressures [12—14].
However, despite the promising antifungal effects of QA-
containing extracts, the number of records on the anti-
fungal activity of isolated QAs against phytopathogens is
limited, especially on Fusarium oxysporum (Fox), a local
fungus responsible for significant losses in the agricul-
tural and productive sectors [15]. Fox is responsible for
losing more than 50% of economically important crops
worldwide, such as tomatoes, carnations, cape gooseber-
ries, and bananas [16, 17]. The first-line strategy against
Fox is chemical control, using commercial fungicides that
cause resistance, residuality, and soil alterations [18, 19].
In this context, examining natural sources to find anti-
fungals is highly required to be employed for phytopath-
ogen control involving the lowest adverse effects on the
environment. Therefore, based on these facts, the present
study aimed to isolate QAs from three plants (i.e., Lupi-
nus polyphyllus ('rusell’ hybrid), L. mutabilis, and Geni-
sta monspessulana) belonging to the Genisteae tribe,
and propagated under semi-controlled conditions, and
evaluate their in vitro antifungal activity against the phy-
topathogen Fox. Finally, some structure—activity relation-
ship considerations were disclosed and discussed for this
mid-size set of isolated QAs.

2 Results and discussion
2.1 Isolation and characterization of isolated
quinolizidines 1-20

After a phytochemical investigation of the selected
plant sources, twenty QAs (1-20) were extracted under
an acid-based procedure and isolated using sequential
separation and purification steps through column chro-
matography. Compounds 1-20 were isolated from three
genistoid species, specifically from two Lupinus plants
(i-e., L. polyphyllus (rusell’ hybrid) and L. mutabilis) and
one Genista plant (i.e., G. monspessulana), which were
propagated under greenhouse conditions (see experi-
mental section). Once the QAs were isolated, their struc-
tures were determined by the comprehensive analysis of
NMR, GC-EI-MS, and HRESIMS data. Hence, the iso-
lated QAs were found to be known compounds, reported
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in previous phytochemical studies on Fabaceae species,
whose data related to GC-based purity, EIMS, HRESIMS,
NMR, and optical rotation of 1-20 are included in the
supplementary material (Figs. S2-S21). By comparing
the spectroscopical data with those reported in the lit-
erature, they were elucidated as (—)-lupanine (1) [20],
(4+)-11,12-dehydrolupanine (2) [21], (+)-5,6-dehy-
drolupanine (3) [22], (-)-4a-hydroxylupanine (4) [23],
(-)-13a-hydroxylupanine (5) [23], (-)-17-oxolupanine
(6) [24], (-)-a-isolupanine (7) [25, 26], (—)-sparteine (8)
[20], (+)-aphylline (9) [25, 26], (-)-multiflorine (10) [27,
28], (-)-lupinine (11) [20, 29, 30], (-)-cytisine (12) [31],
(=)-N-methylcytisine (13) [31, 32], (-)-N-formylcyti-
sine (14) [31, 33], (-)-anagyrine (15) [34], (-)-tetrahy-
drorhombifoline (16) [35], (—)-angustifoline (17) [35, 36],
(-)-matrine (18) [37, 38], (+)-lehmanine (12,13-dehy-
dromatrine) (19) [39] and (-)-oxymatrine (20) [38]. This
study led to obtaining six QA types such as lupanine (1-
7), sparteine (8—10), lupinine (11), cytisine (11-15), tet-
rahydrocytisine (16- 17), and matrine (18—20)-type QAs.
The structures of isolated compounds are also presented
in the supplementary material (Fig. S1). Despite the iso-
lated compounds being known, the present study reports
their isolation from greenhouse-propagated Lupinus and
Genista species for the first time, and most of them were
first evaluated against Fox.

2.2 Antifungal activity of isolated quinolizidines
Compounds 1-20 were evaluated against Fox through an
amended medium assay to observe their effects on fun-
gal mycelial growth as antifungal action. This effect was
assessed using concentrations between 1000 and 0.1 pg/
mL. The results were expressed as half-maximal inhibi-
tory concentration (ICy, in pM), as shown in Fig. 1.
Antifungal results were classified as most active when
ICs, was closer to that of the positive controls and least
active when the IC;, was far from those of the posi-
tive controls. In this way, the following classification
was then proposed: group I: IC;,<15 uM (most active),
group II: 16 pM<ICy)<50 uM (active), group III:
51 pM<ICy,<100 uM (moderately active), and group
IV: IC5,>100 pM (least active). According to the above
results, compounds 8, 9, 12, and 18 comprise group I
(most active), while compounds structurally related to
1 and 16 were mainly distributed in groups II-IV (less
active). Furthermore, compounds were also classified as
fungistatic (FS) or fungicidal (FC) through an additional
experiment after the QA-amended media assay, using
the treated mycelium, and transferred to a non-amended
fresh medium to observe further growth. FS and FC
were defined for every test QA if additional growth or
no growth, respectively, was observed. This additional
QA classification is advantageous for different purposes
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Fig. 1 Half-maximal inhibitory concentration (ICg, in uM) of test
QAs 1-20 and positive controls M (mancozeb, IC5y =245 uM) and |
(iprodione, IC5,=2.88 uM). Data are expressed as means = standard
deviation (SD) from triplicates. Uppercase colored letters over

bars are related to the final effect according to the abbreviations:

FS Fungistatic and FC Fungicide. Different lowercase letters over bars
represent the statistically significant differences according to the
posthoc Tukey test's multiple comparisons (p < 0.05)

since the FC-featured compounds have a role as fungal
killers (i.e., fungicides) by stopping the fungal growth
completely, even after removing the chemical agent pres-
ence, so the regrowth by transferring to non-amended
fresh medium is not achievable. In contrast, FS-classified
QAs can block the fungal growth during a time-limited
exposure to the chemical agent, and consequently, if the
chemical pressure is removed (i.e., non-amended fresh
medium), the fungus can reactivate its growth [40]. In
this regard, the FC effect can be considered more attrac-
tive since the fungal presence can be totally suppressed,
but the fungicidal/fungistatic effect translation to clinical
and field practices can depend on several factors, such as
aim/purpose, inoculum, titer, exposure time, administra-
tion way, and employed dose [40, 41].

Those alkaloids structurally related to compound 1 (i.e.,
lupanine-type QAs, compounds 1-7) exhibited different
IC;, values within the 28-418 puM range. Compound 3
was the most active lupanine-type QA (IC;;,=28.5 uM),
while compound 7 was the least active (IC5,=417.5 pM).
The base core compound 1 (lupanine) was previously
evaluated against Fox at 5 pg/pL but did not inhibit the
fungal mycelial growth (inhibition=0%) [42]. This previ-
ously-reported outcome coincides with the low activity
found in our study, although it did show significant inhi-
bition of mycelial growth on Sclerotium rolfsii (89.5%)
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[42]. The other lupanine-type alkaloids 2-7 have not
been evaluated previously against Fox. However, some of
these QAs, such as 7, were part of a Lupinus exaltatus
alkaloidal extract, which was also evaluated at the same
concentration of compound 1 (i.e., 5 pg/pL) against S.
rolfsii, A. solani, R. solani, and Fox [42]. Their inhibition
percentages were>91% for the phytopathogens evalu-
ated, except for Fox, which was not inhibited [42]. The
antimicrobial properties of Genista vuralii extract con-
taining some lupanine-type QAs (e.g., 1, 3, and 6, among
other QAs) were reported against Staphylococcus aureus,
Bacillus subtilis, Escherichia coli, Klebsiella pneumo-
niae, Pseudomonas aeruginosa, Candida albicans, and
Candida krusei, with MIC values within 60-500 pg/mL
range, and the most susceptible microorganism was C.
krusei with a MIC=62.5 pg/mL [43, 44]. On the other
hand, the Retama monosperma alkaloidal extract (con-
taining QAs 2, 3, and 7, among other QAs) had already
been reported as not very active in previous antifun-
gal studies against C. albicans, Candida tropicalis, and
Aspergillus niger (IC;;<100 pM) [45]. However, a Lupi-
nus albus genotype (‘Multitalia 4), containing high con-
tents of 5 (730.9+10.7 mg/kg), exhibited good activity
against K. pneumoniae (MIC=16 pg/mL) [14]. Indeed,
compound 5 exhibited good activity against A. niger by
the TLC-bioautography method, inhibiting the fungal
growth within four days of the assay [43, 44]. A recent
study reported that QA 5 was statistically recognized as a
relevant phytocomponent contributing to the antifungal
action against Fox of an optimized alkaloidal extract from
L. mutabilis leaves [46].

In the case of compounds 8—10 (sparteine-type QAs),
their IC;, values fell into group I, especially 8 and 9,
which had IC;,<16 pM, involving a fungicidal effect.
Compound 10 had activity corresponding to group II
and showed a fungistatic effect. Compounds 9 and 10
were herein tested individually against Fox for the first
time. Only a previous study reported the activity of spar-
teine (8) against a Fox strain, but there was no inhibitory
activity on fungal growth between 1 and 50 mM [47].
Additionally, 8 and 9 had already shown antimicrobial
properties against S. aureus ATCC 25,923, B. subtilis
ATCC 6633, E. coli ATCC 25,922, P. aeruginosa ATCC
27,853, C. albicans ATCC 10,231, and C. krusei ATCC
14,243, with a MIC range between 31.25 to 62.5 pg/mL
[48]. Compound 11 (IC5,=95.53 uM, fungistatic effect)
was the only bicyclic QA obtained in our study. Antifun-
gal activity fell into group III and is not comparable with
compounds 8 and 9 (<20 uM). However, compound 11
had antecedents of bactericidal and antifungal capac-
ity when found in high amounts with other QAs such as
sparteine, cytisine, ammodendrine, lupanine, and/or fer-
uloylupinine [14, 49].
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The highest activity for those QAs structurally related
to cytisine was found for 12 (IC;,=11.3 uM, group I),
involving a fungicidal effect, whereas compounds 13—
15 showed a fungistatic effect. QA 14 was highlighted
because the inhibition values correspond to the group I
(IC50< 15 uM), while 13 and 15 were classified into group
II. No antifungal antecedents were found against Fox (or
other Fusarium variants) of compounds 13-15. How-
ever, a crude alkaloidal extract containing compounds 12
and 13, obtained from Calia secundiflora [syn. Sophora
secundiflora], and the isolated QA cytisine (12), showed
antimicrobial properties at concentrations between 1
and 6 pg/pL against A. solani, Monilia fructicola, Fox,
Xanthomonas campestris, Pseudomonas sp., and Erwinia
carotovora, involving significant mycelial growth inhi-
bition diameters (>5 mm at 6 mg/mL) [49]. Moreover,
compounds 12, 13, and 15 have also been reported in an
alkaloidal extract from G. vuralii and evaluated against
E. coli, P. aeruginosa, B. subtilis, S. aureus, C. albicans,
and C. krusei, with MIC values within 62.5-500 pg/mL
range [43]. Compound 15 has no antifungal records as
a pure substance; however, extracts of Retama raetam
containing compound 9 (43.6%) and 15 (28.5%) mostly
showed antimicrobial activity at 75 pg/mL against S.
aureus (MIC=125 pg/mL) [50]. Similarly, extracts con-
taining compounds 16 and 17 (tetrahydrocytisine-type
QAs) had also shown antimicrobial effects against E. coli,
B. subtilis, S. aureus, C. albicans, C. krusei, involving a
MIC=128 mg/mL for P. aeruginosa and a MIC=16 pg/
mL for K. pneumoniae [14, 51]. Additionally, the anti-
bacterial and antifungal activity of the alkaloid extract
of L. angustifolius containing compounds 16 and 17
were tested against strains of the following bacteria: E.
coli (MIC=500 pg/mL), P aeruginosa (MIC=62.5 ug/
mL), B. subtilis (MIC=62.5 pg/mL), and S. aureus
(MIC=62.5 pg/mL) as well as the fungi C. albicans
(MIC=500 pg/mL) and C. krusei (MIC=500 pg/mL)
[51].

Finally, QAs structurally related to 18 (matrine-type)
showed a high inhibition against the phytopathogen
Fox. Compound 18 showed group-I-related antifun-
gal activity (IC;,<15 pM), including a fungicidal action.
Similarly, compounds 19 and 20 also exhibited inhibi-
tion results corresponding to group I, but both pro-
moted a fungistatic effect. Matrine-type QAs have been
widely referred to in the literature for their antimicro-
bial properties against phytopathogens. For instance,
QAs 18 and 20 showed conidia germination inhibition
against Fox (EC;,=133 and 26 pg/mL, respectively),
Cladosporium oxysporum (ECg,=272 and 573 pg/mlL,
respectively), and Marssonina brunnea (ECz,=123 and
601 pg/mL, respectively) [52], being compound 20 more
active than 18. However, in our case, compound 18
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showed the best inhibitory action on Fox mycelial growth
(IC50=10.28 pM, FC), and this information agrees with
the reported antifungal activity against C. albicans
[53], Microsporum lanosum [54], Fox, Valsa pini, Cla-
dosporium oxysporum, and Marssonina brunnea [52].
Compound 20 did not agree with the literature since it
has been reported as an antifungal against Fox, involv-
ing better ECj, values, i.e., 26 pg/mL, compared to 18
(123 pg/mL) [52]. However, this apparent inconsistency
can be rationalized since the previous study evaluated the
antifungal activity through conidia germination inhibi-
tion, and our study was oriented to the inhibitory action
on mycelial growth as the antifungal effect.

2.3 Structure-activity relationships

The QA’s structural and bioactivity variations of each
compound against Fox caught our attention. Hence, the
relationships between structure and antifungal activity
were examined within alkaloid types using the outcome
of this mid-size set of isolated QAs. In this regard, for
instance, the lupanine-type diazatetracyclic QAs exhib-
ited an antifungal effect at different levels. Such an activ-
ity appeared to be influenced by particular structural
variations based on substituents and double bonds in
different positions, as shown in Fig. 2. The best antifun-
gal activity within the lupanine-type group was found
for compound 3 (IC;, 28,5 uM, group II) and com-
pared to the basic structure related to compound 1 (ICg,
110.5 uM, group IV). This observation suggests that
unsaturations in the A-ring of the QA and the opposite
C7-C8-C9 bridge orientation might be critical to obtain-
ing a better antifungal effect against Fox. However, a dou-
ble bond in the D-ring did not show any relevant effect
since compound 2’s IC;, (ca. 100 uM) was higher than
that of 3. These facts showed the particular influence of
the relative bridge orientation and the unsaturation loca-
tion in the QA structure, i.e., neutral and positive influ-
ence if a double bond occurs in the D-ring or the A-ring,
respectively. Similarly, compound 15 (an anagyrine-
type QA) had a conjugated system in the A-ring (ie., an
a-pyridone moiety) and even exhibited an IC;,<28 uM
(group II). In addition, compounds 4 and 5 are structur-
ally related to compound 1 but differ by hydroxyl groups
at C4 and C13, respectively. In this way, compound 4 had
antifungal activity corresponding to group II, being more
active than compound 5, which was moderately active
(type III). Therefore, unsaturations or hydroxyl sub-
stituents on the A-ring of lupanine-type QAs were rel-
evant structural factors for better Fox growth inhibition.
Additionally, a keto group at Cring at C17 (e.g., 6) and
the a-orientation of the H-11 (e.g., 7) seemed to influ-
ence the activity of QAs against Fox negatively, being 6
and 7 the least active QAs in this small test compound
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Fig. 2 Structure-activity relationships of lupanine- and
sparteine-related diazatetracyclic QAs. Blue and red moieties
were deduced to have a neutral/negative or positive influence on
antifungal activity against . oxysporum compared to QA 1

set (IC5,>300 uM). In contrast, a carbonyl group at C10
(B-ring) instead of C2 (A-ring), and even the opposite
orientation for H-6 and H-11 compared to 1, exhibited a
15-fold improved activity, constituting QA 9 as the most
active compound (IC;;=7.2 uM). Finally, the opposite
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Fig. 3 Comparison of £. oxysporym mycelial growth inhibition of
cytisine-type diazatricyclic QAs. Purple and green moieties were
deduced to have a neutral/negative or negative influence on
antifungal activity against . oxysporum compared to QA 12

orientation of C7-C8-C9 bridge and the absence of the
carbonyl group at C2 for the sparteine-type QAs revealed
a ca. seven-fold better activity (e.g., 8, IC;;=16.5 uM).
However, a carbonyl group at C4 and a A%® unsaturation
exhibited a neutral influence on the antifungal activity
of 10 (IC5,=95.5 uM) compared to 1 but a lesser effect
than 8.

On the other hand, compounds structurally related to
12 (IC;,=11.3 puM, FC) showed mycelial growth inhi-
bition changes depending on the substitutions at N12
(Fig. 3). For instance, QA 13 had an electron-donat-
ing group (EDG, i.e., methyl) at N12, but the activity
decreased and was situated into group II. In contrast,
compound 14 had an electron-withdrawing group
(EWG, i.e., formyl) at N12, showing an IC, value cor-
responding to the group I. This fact suggested that the
substitution nature on the N12 of cytisine-type QAs is
a critical feature for the Fox mycelial growth inhibition.
Although few molecules related to 12 were isolated in
the present study, it was possible to conclude that EWG
at N12 can be responsible for group-I-related inhibi-
tory effects (most active). In contrast, EDG at N12 can
be considered responsible for decreasing the antifungal



Cely-Veloza et al. Natural Products and Bioprospecting (2023) 13:9

PDA 0.5% (18) 0.1 pg/uL
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Fig. 4 Matrine-type diazatetracyclic QAs and their relationship with £,
oxysporym mycelial growth inhibition

activity until lower mycelial growth inhibition (II, III,
and IV groups).

Furthermore, tetrahydrocytisine-type QAs (i.e.,
16 and 17) also showed an interesting relationship
between antifungal activity and the presence of an alk-
enyl substituent (but-3-enyl or allyl) at N12 or Cl11,
respectively, as shown in Fig. 3. In this regard, com-
pounds 16 and 17 belong to group II, but 16 exhibited
better activity than 17, indicating a better influence on
the antifungal activity if alkenyl group is positioned at
N12 but lower than QA 12. To expand this observation,
a comparison between 13 and 16, differing by a 2-pyri-
done moiety and the N12 substituents, can rationalize
the structural effect on the antifungal activity of these
tricyclic QAs. Compound 13 has a methyl group, while
compound 16 has the but-3-enyl moiety. Thus, it was
observed that the but-3-enyl substitution increased the
inhibition, which suggests that bulkier substitutions at
N12 have a positive influence. In contrast, compound
17 contained an allyl substitution at C11, which did
not influence the antifungal activity since the IC;, was
reduced by more than 50% compared to compound 16.
Thus, according to these observations, a short alkenyl
chain at C11 does not contribute to the better anti-
fungal activity. Contrarily, a positive impact can be
deduced if a but-3-enyl substitution is attached at N12.

Finally, a comparison of the structure and antifungal
activity between 18 (group I) and 19 and 20 highlighted
some structural differences (i.e., different relative con-
figuration, an unsaturation, and a N— O group) to
be considered relevant for antifungal activity (Fig. 4).
Homologs of 18, such as 19 (ie., A1) (4)-18)
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(IC5,=13.2 uM, ES), did not have the same fungicidal
effects as 18, inferring that unsaturations and/or con-
figuration variations at these positions cause a slight
decrease in IC;, values and were also responsible for
the fungistatic and non-fungicidal activity of 19. In the
case of compound 20, there was a decrease of more
than 50% inhibition compared to compound 18. How-
ever, the IC;, value was located in group II despite
being fungistatic.

3 Conclusions

The present study obtained several QAs (n=20) involv-
ing structural differences according to six alkaloid types
(i-e., lupanine, sparteine, lupinine, cytisine, tetrahydro-
cytisine, and matrine-type). In addition, structural varia-
bility, substitution patterns, and double bonds were found
to be relevant in understanding the outcome changes on
Fox mycelial growth inhibition. QA 12 showed the best
antifungal activity (IC;,<12 pM), and although 13-15
were structurally related to 12 but differed by certain
substitutions (methyl, formyl), the IC;, values were lower
(>15 uM), suggesting an important influence on the anti-
fungal activity depending on the substitution patterns
at N12 (e.g., EDG at N12 may be responsible for better
inhibition against Fox, while EWG leads to lower inhibi-
tion). In the case of bridged tetracycles, substitutions or
unsaturations on the A-ring positively influenced the QA
bioactivity, while substitutions or double bonds on the
D-ring caused a decrease in the phytopathogen inhibi-
tion. Finally, the small set of structural variants of fused
tetracyclic QAs did not exhibit substantial activity varia-
tions compared to 18, which showed the best antifungal
activity for this QA type. All compounds reported in this
study (1-20) were isolated from the species under study,
tested against a Fox strain, and explored their struc-
ture—activity relationships for the first time. Our findings
might be considered relevant baseline information to
develop QA-based fungicides in further studies oriented
to Fox’s management and control.

4 Experimental

4.1 Plant material

Fresh leaves of Genista monspessulana, L. polyphyl-
lus ’rusell’, and L. mutabilis were used to isolated QAs.
Lupinus and Genista plants were propagated from seeds
under greenhouse conditions (vide infra). Seeds from
Lupinus plants were commercially purchased from Sow
Right Seeds [55]. Healthy seeds from G. monspessulana
(voucher specimen No COL: 576,283 kept at Colombian
National Herbarium) were collected from wild plants at
Choconta municipality, Cundinamarca, Colombia (Tem-
perature=15=+3 °C, 2660 masl, 5°04/30 ” N 73°43'05 "
W). As described below, leaves were collected to proceed
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with the alkaloid extraction from the collected plant
material.

4.2 Propagation of Lupinus plants under greenhouse
conditions

The seeds of the above-mentioned fabaceous plants were
planted in 72-cell seedbeds containing a combined sub-
strate of loamy-silty soil (LSS) with rice husk (RiH) at a
3:1 ratio. These plants were maintained under greenhouse
conditions (temperature=21+4 °C; relative humidity
(RH)=65+15%, altitude=2562 masl, total light trans-
mission=85+5%, total light diffusion=55+5%, and
UV transmission between 290 and 340 nm=5%) for
30 days. After 10-15 days, the seeds started the germi-
nation process. After 20-30 days of seed planting, the
first and second pairs of leaves emerged, at which time
the seedlings were transplanted into bags of 2 L capac-
ity on a substrate containing a mixture of LSS/RiH 1:3
and were maintained under the same greenhouse condi-
tions. After transplanting, the pot-planted seedlings were
irrigated with water (500 mL) every 2 days, and once the
elongation of the central axis began to be observed, com-
mercial triple-15 fertilizer at a concentration of 5% was
applied. After 70£19 days of development under these
conditions, plants reach the flowering stage. At this
moment, fresh leaves were collected for QA extraction,
as described below.

4.3 Acid-based extraction of alkaloids

Fresh leaves (500 g) of each plant mentioned above were
extracted using 0.5 M HCI (20 mL) under stirring at
130 rpm in an orbital shaker for 24 h. Subsequently, the
acidic solution was filtered and brought to pH 10 with a
15% aqueous NH; solution Subsequently, liquid-liquid
extraction was performed using chloroform to obtain an
alkaloid-rich organic phase. Finally, the solvent excess
was removed by distillation under reduced pressure at
375 mbar for 5 min, and the respective Lupinus- and
Genista-derived quinolizidine-rich extracts (QREs) were
obtained to be separated further by chromatographic
procedures (vide infra).

4.4 Thin-layer chromatography (TLC) and column
chromatography (CC)

Thin-layer chromatography (TLC) was performed using
Silica gel 60 F,s,. Different solvent mixtures by combin-
ing n-hexane (Hex), chloroform (CHCI;), dichlorometh-
ane (DCM), toluene (Tol), methanol (MeOH), even
ammonia (NH;) and/or formic acid (HCOOH) reagents,
were used as mobile phases. Dragendorff’s reagent,
iodine vapors, and UV at 254 and 366 nm were used as
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revealers to visualize analytes. Column chromatography
(CC) involved gradient elution for separating and purify-
ing target compounds. The stationary phase was silica for
column chromatography (0.063-0.200 mm) (Merck), and
different mixtures of the solvents mentioned above in dif-
ferent ratios were used as the mobile phases. TLC moni-
tored CC separations.

4.5 Isolation of quinolizidine alkaloids

Alkaloids 1-20 were isolated from L. mutabilis, L. poly-
Pphyllus ’rusell, G. monspessulana following the proce-
dures described below.

4.5.1 Isolation of alkaloids 1, 3, and 8

Fresh L. mutabilis leaves (200 g) were collected, ground,
and extracted using the above-mentioned acid—base
procedure (vide supra) to obtain the respective QRE
(1.3234 g), monitored by TLC (DCM/MeOH/NH,
8.5:1:0.5) and separated by CC (DCM/MeOH/NH,
8.5:1:0.5). Fourteen fractions (Frs.) were gathered after
TLC analysis (Frs. Lm1 to Lm14) and analyzed by GC-
MS. Chromatographic analysis showed that Frs. Lml
to Lm4 corresponded to pure 1 (217.2 mg), Frs. Lm5 to
Lm7 were a 1, 3 mixture, Frs. Lm8 to Lm11 involved a
1-2 mixture, and, finally, Frs. Lm12 ro Lm14 afforded
the pure 8 (103.7 mg). Consecutively, the Frs. Lm5-to-
Lm7 were separated by CC using gradient elution start-
ing from the DCM/MeOH/HCOOH 9:1:1 mixture. This
separation afforded five gathered fractions (Frs. Lm5-7a
to Lm5-7e). In this sense, the Frs. Lm5-7a and Lm5-7b
were the pure 1, the Fr. Lm5-7c was a 1, 3 mixture, and
Frs. Lm5-7d and Fr. Lm5-7e were the pure 3 (13.5 mg).

4.5.2 Isolation of alkaloids 2, 5,7, 11, 16-18, and 20

Fresh L. polyphyllus ‘rusell’ leaves (300 g) were collected,
ground, and extracted by the acid-base procedure to
obtain the respective QRE (756.4 mg). A portion of this
QRE (500 mg) was employed and separated by CC, using
gradient elution from a DCM/MeOH/NHj 8:1:1 mixture.
The chromatographic separation afforded eight gathered
fractions (Lpl to Lp8). The depuration and purification
by CC of fractions Lp2 and Lp4 yielded compounds 2
(9.8 mg) and 7 (15.6 mg), respectively. A new portion of
fresh leaves was subsequently obtained after a sixth prun-
ing event of the propagated L. polyphyllus ‘rusell’. These
leaves (330 g) were subjected to an acid—base extraction
process to obtain another QRE (1254.4 mg). A portion of
this QRE (500 mg) was separated by CC using gradient
elution from a DCM/MeOH/NH; 8:1:1. Eighteen gath-
ered fractions were obtained (Frs. Lp6-1 to Lp6-18). Frs.
Lp6-1-to-Lp6-3 were a 1, 11 mixture, Fr. Lp6-4 was the
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pure 11 (10.1 mg), Frs. Lp6-5-to-Lp6-7 were the pure 17
(32.5 mg), Frs. Lp6-8-to-Lp6-10 were a 5, 16 mixture,
Frs. Lp6-11-to-Lp6-14 were a 5, 16, 18, 19 mixture, and
finally, Frs. Lr6-15-to-Lp6-18, were a 5, 18, 19 mixture.
A further separation by CC for Frs. Lp6-8-to-Lp6-10
was carried out with isocratic elution (DCM/MeOH/
HCOOH 8:1:1) and afforded six gathered fractions (Frs.
Lp6-8-10a to Lp6-8-10f). Fr. Lp6-8-10a was the pure 16
(55.8 mg), Frs. Lp6-8-10b-to-Lp6-8-10e were a 5, 16 mix-
ture, and Fr. Lp6-8-10f was the pure 5 (23.6 mg). Simi-
larly, a further CC separation of the Fr. Lp6-15-to-Lp6-18
was performed using a gradient elution starting from a
DCM/MeOH/HCOOH 7:2:1 mixture. This separation
afforded five gathered fractions (Lp6-15-18a to Lp6-
15-18e). Fr. Lp6-15-18a was the pure 18 (15.6 mg), Frs.
Lpr6-15-18(b-c) were an 18, 19 mixture, and Frs. Lpr6-
15-18d-e were the pure 19 (16.3 mg).

4.5.3 Isolation of alkaloids 9, 10, 12-15, and 19

Fresh leaves (500 g) of G. monspessulana were used to
obtain the respective QRE (10.2132 g). A CC separa-
tion was performed using gradient elution starting from
a DCM/MeOH/NH; 8:1:1 mixture and affording ten
gathered fractions (Frs. Gml to Gm10). The resulting
fractions were additionally purified by successive CC
(gradient elution) to obtain the compounds 9 (1407.4 mg,
Fr. Gm2), 10 (29.3 mg, Fr. Gm4), 12 (264.2 mg, Fr. Gm7),
13 (23 mg, Fr. Gm3), 14 (14.2 mg, Fr. Gm3), 15 (32.1 mg,
Fr. Gmé6), and 19 (16.3 mg, Fr. Gm6), using DCM/MeOH/
NH, mixtures (7.0:2.5:0.5, 8.0:1.5:0.5, and 9.0:0.5:0.5).

4.6 Gas chromatography coupled with mass spectrometry
(GC-MS)
The GC-MS analyses were obtained with a Thermo Trace
1300 coupled to an ISQ LT mass spectrometer with a sin-
gle quadrupole analyzer. For the analysis, a Rxi® 5Sil MS
column with 60 m, 0.25 mm ID, and 0.25 pm (5% diphe-
nyl/95% dimethylpolysiloxane) was used. A temperature
program was implemented. The starting temperature was
120 °C, which was maintained for 2 min, and then a 6 °C/
min ramp was applied until 300 °C was reached, which
was maintained for 10 min. The injection volume was 1
pL in split mode, with a flow of 1 mL/min and a split ratio
of 30. The transfer line temperature was 250 °C, and the
carrier gas was grade-5 helium. The ionization mode was
electron impact (EI) at 70 eV. The analyzed extracts were
prepared at 1 pg/uL in CH,Cl, (GC-MS-SupraSolv®
grade). Retention indices were calculated using a series
of C,,-C,, n-alkanes from identical GC-MS analysis [56].
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4.7 High-performance liquid chromatography coupled
with mass spectrometry analysis

High-resolution mass spectrometry analyses with elec-
trospray ionization (ESI) were performed using a Bruker
micrOTOF-QII mass spectrometer coupled to a Shi-
madzu Prominence liquid chromatography system, con-
sisting of two analytical pumps model LC-20AD, with
SIL-20AHT automatic injector, SPD-20A UV/Vis detec-
tor, CTO-20A column oven, CBM-20A controller. Each
compound analyzed by this technique was prepared at
1 mg/mL using LCMS-grade methanol. The column used
was a Phenomenex Luna C18 (5 pm, 150 x 2 mm). The
flow was 0.2 mL/min, and the mobile phase was a mixture
of solvents A (0.1% HCOOH in H,0) and B (0.1% formic
acid in MeOH). The gradient started at 5% B (0 min) and
was maintained for 2 min. Then, B was incremented to
100% from 5 to 30 min and maintained for 5 min. The
oven temperature was 40 °C, and the wavelength was 254
and 280 nm. The ESI interface was operated in positive
ion mode with 4.5 kV in the capillary and 0.5 kV in the
endplate offset. The pressure of the nebulization gas was
0.4 Bar; the drying gas was maintained at a flow rate of 8
L/min at 200 °C. The collision and the quadrupole energy
were set to 12 and 6 eV, respectively. RF1 and RF2 funnels
were programmed to 150 and 200 Vpp, respectively. The
mass spectra were calibrated using sodium formate.

4.8 Nuclear magnetic resonance analysis

The 'H NMR and 3C NMR spectra (500 and 125 MHz,
respectively) were recorded on a DRX 500 spectrom-
eter (Bruker) using CDCl; or CD;0D as a solvent with
tetramethylsilane (TMS, 0.05% v/v) as an internal stand-
ard at room temperature. Chemical shifts are indicated
in § (ppm) regarding TMS, and coupling constants are
expressed in Hertz (Hz). Each spectrum resulted from
128 scans with pulse widths (PW) of 8.0 ps (30 °C) and
relaxation delays (RD) of 6.0 s.

4.9 Specific rotation

The specific rotation data of the QAs 1-20 were recorded
by using Jasco P-2000 polarimeter. Spectrophotomet-
ric grade methanol was used as a solvent, and the values
were reported in terms of specific rotation ([ot]%o .

4.10 Antifungal activity against Fox of QAs 1-20

The studied phytopathogen was a virulent isolate (Fox
LQB-03) obtained from wilting Physalis peruviana
plants [57]. This isolate was reactivated in potato dex-
trose agar (PDA) to be used in the antifungal assays.
The in vitro antifungal activity evaluation of QAs was
performed by measuring the mycelial radial growth
of the phytopathogen Fox in the presence of the test
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compounds at different concentrations compared
to that of a blank (PDA 0.5%), using a 12-well plate
amended semi-solid medium assay [58]. The culture
medium containing 2.4% PDB and 1.5% bacteriological
agar in 100 mL of distilled water was initially prepared.
The medium was homogenized for 2 min in a micro-
wave oven and then sterilized in an autoclave for 1 h
at 120 °C. Medium (20 mL) was placed in a previously
sterilized Petri dish, and once it cooled and solidified, a
2-mm plug from a previously prepared monosporic cul-
ture was placed in the central part of the Petri dish and
left to grow at 28 °C for 8 days to propagate the fungus.

Several concentrations of each test compound (0.1-
1000 pg/mL) were prepared using serial dilutions by
dispersing them in 0.5% PDA medium for the antifungal
assays. Subsequently, each concentration of every QA
was considered a treatment, and they were randomly
placed in a 12-well glass plate (size 79 x 63 x 4 mm).
Finally, a 1-mm plug from an 8-day fungal monosporic
culture, having a diameter proportional to a borosili-
cate capillary tube of 32 mm, was taken and placed in
the central part of each well containing a treatment.
This plate was placed in a humid chamber for 72 h at
25 °C. After incubation, a photograph of the 12-well
glass plate was recorded and analyzed in Image] soft-
ware. The growth area was measured, and the inhibition
percentage was then calculated. The IC;, was obtained
from dose—response curves (i.e., inhibition percentages
versus the decadic logarithm of the concentration) by
nonlinear regression in GraphPad Prism 5.0 software.
The evaluation of each concentration of each treatment
was performed in triplicate.

4.11 Fungicidal (FC) and fungistatic (FS) activity

For the FC or FS activity classification procedure, the
plug of the phytopathogen used in the prior treat-
ments was taken at 1 ug/pL and was placed on a fresh,
unsupplemented PDA medium for 72 h. After this time,
mycelial growth was also observed. In the case of fur-
ther mycelial growth, the QA was classified as fungi-
static (FS), and in the case of no mycelial growth, the
QA was classified as fungicidal (FC) [59].

4.12 Data analysis

A Shapiro-Wilks normality test was initially carried
out to examine the normal distribution of the data
(»p>0.05). Once the normal data distribution was veri-
fied, an analysis of variance (ANOVA) was then accom-
plished, followed by a posthoc Tukey test to establish
significant differences between treatments (p<0.05).
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These analyses were performed in Infostat statistical
software [60].

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1007/513659-023-00373-4.

Additional file 1: Figure S1. Chemical structures of isolated QAs 1-20,
grouped according to QA types. Figure S2. a). GC-MS of 1; b). EIMS of 1;
). HRESIMS of 1. Figure S3. a). GC-MS of 2; b). EIMS of 2; ). HRESIMS of
2. Figure S4. a). GC-MS of 3; b). EIMS of 3; ¢). HRESIMS of 3. Figure S5.

a). GC-MS of 4; b). EIMS of 4; ¢). HRESIMS of 4. Figure S6. a). GC-MS of 5;
b). EIMS of 5; ). HRESIMS of 5. Figure S7. a). GC-MS of 6; b). EIMS of 6; ¢).
HRESIMS of 6. Figure S8. a). GC-MS of 7; b). EIMS of 7; ¢). HRESIMS of 7.
Figure S9. a). GC-MS of 8; b). EIMS of 8; ¢). HRESIMS of 8. Figure S10. a).
GC-MS of 9; b). EIMS of 9; ¢). HRESIMS of 9. Figure S11. a). GC-MS of 10;
b). EIMS of 10; ). HRESIMS of 10. Figure $12. a). GC-MS of 11; b). EIMS

of 11; ). HRESIMS of 11. Figure S13. a). GC-MS of 12; b). EIMS of 12; ).
HRESIMS of 12. Figure S14. a). GC-MS of 13; b). EIMS of 13; ). HRESIMS of
13. Figure S15. a). GC-MS of 14; b). EIMS of 14; ¢). HRESIMS of 14. Figure
$16. a). GC-MS of 15; b). EIMS of 15; ). HRESIMS of 15. Figure $17. a).
GC-MS of 16; b). EIMS of 16; ¢). HRESIMS of 16. Figure S18. a). GC-MS of
17; b). EIMS of 17; ¢). HRESIMS of 17. Figure S19. a). GC-MS of 18; b). EIMS
of 18; ). HRESIMS of 18. Figure S20. a). GC-MS of 19; b). EIMS of 19; ¢).
HRESIMS of 19. Figure S21. a). GC-MS of 20; b). EIMS of 20; ). HRESIMS
of 20.

Acknowledgements
The authors thank UMNG for the financial support.

Author contributions

WC-V: Methodology, Visualization, Investigation, Formal analysis, Data curation,
Writing—Original Draft. LY: Methodology, Data curation, Investigation. DQ and
MKJ: Resources, Validation, Supervision. EC-B: Conceptualization, Investigation,
Supervision, Project administration, Funding acquisition. All authors read and
approved the final manuscript.

Funding

The research was funded by the Vicerrectoria de Investigaciones at the Uni-
versidad Militar Nueva Granada (UMNG) through the project IMP-CIAS-2924,
validity 2020.

Availability of data and materials
All data generated and analyzed during this study are included in this pub-
lished article and its supplementary information file.

Declarations

Conflict of interest
The authors declare no conflict of interest.

Received: 8 February 2023 Accepted: 9 March 2023
Published online: 20 March 2023

References

1. Wink M. Biochemistry of plant secondary metabolism. 2nd ed. Oxford,
UK: Wiley-Blackwell; 2010.

2. Forero E, Romero C. Studies of legumes in Colombia. J Colomb Acad
Exact, Phys Nat Sci. 2005;25:12-5.

3. Wink M. Evolution of secondary metabolites in legumes (Fabaceae). S
Afr J Bot. 2013;89:164-75.
Dung DT, Hang DTT, Yen PH, Quang TH, Nhiem NX, Tai BH, et al. Macro-
cyclic bis-quinolizidine alkaloids from Xestospongia muta. Nat Prod Res.
2019;33:400-6.


https://doi.org/10.1007/s13659-023-00373-4
https://doi.org/10.1007/s13659-023-00373-4

Cely-Veloza et al. Natural Products and Bioprospecting

22.

23.

24.

25.

26.

27.

28.

(2023) 13:9

Daly JW, Garraffo HM, Spande TF, Yeh HJC, Peltzer PM, Cacivio PM, et al.
Indolizidine 239Q and quinolizidine 2751. Major alkaloids in two Argen-
tinian bufonid toads (Melanophryniscus). Toxicon. 2008;52:858-70.
Fitch RW, Garraffo HM, Spande TF, Yeh HJC, Daly JW. Bioassay-guided
isolation of epiquinamide, a novel quinolizidine alkaloid and nicotinic
agonist from an Ecuadoran poison frog, Epipedobates tricolor. J Nat
Prod. 2003;66:1345-50.

Jain P, Garraffo HM, Yeh HJC, Spande TF, Daly JW, Andriamaharavo NR,
etal. A 1,4-disubstituted quinolizidine from a Madagascan mantelline
frog (Mantella). J Nat Prod. 1996;59:1174-8.

Lourenco AM, Maximo P, Ferreira LM, Pereira MMA. Indolizidine and
quinolizidine alkaloids structure and bioactivity. In: Atta-ur-Rahman,
editor. Studies in natural products chemistry. Amsterdam: Elsevier;
2002, pp 233-98.

Ruiz Lopez M, Garcia Lopez P, Rodriguez Macias R, Zamora Natera

J, Isaac Virgen M, Mlzquiz M. Mexican wild lupines as a source

of quinolizidine alkaloids of economic potential. Polibotanica.
2010;29:159-64.

. Bernal-Alcocer A, Zamora-Natera JF, Virgen-calleros G, Nufio-romero R.

In vitro biological activity of Lupinus spp. on phytopathogenic fungi.
Rev Mex Fitopatol. 2005;23:140-6.

. Zamora-Natera F, Garcia-Lopez P, Ruiz-Lopez M, Salcedo-Pérez E.

Alkaloid composition in seeds of Lupinus mexicanus (Fabaceae) and
antifungal and allelopathic evaluation of the alkaloid extract. Agrocien-
cia. 2008;42:185-92.

. Wink M. Chemical defense of lupins. Mollusc-repellent properties of

quinolizidine alkaloids. Zeitschrift fur Naturforsch C. 1984,39:553-8.

. Wink M. Plant secondary metabolites modulate insect behavior-steps

toward addiction? Front Physiol. 2018;9 APR:1-9.

. Romeo F, Fabroni S, Ballistreri G, Muccilli S, Spina A, Rapisarda P. Charac-

terization and antimicrobial activity of alkaloid extracts from seeds of
different genotypes of Lupinus spp. Sustainability. 2018;10:788.

. Ploetz RC. Fusarium wilt of banana is caused by several pathogens

referred to as Fusarium oxysporum f. sp. cubense. Phytopathology.
2006;96:653-6.

. Ma L-J, Geiser DM, Proctor RH, Rooney AP, O'Donnell K, Trail F, et al.

Fusarium pathogenomics. Annu Rev Microbiol. 2013;67:399-416.

. Gordon TR. Fusarium oxysporum and the Fusarium Wilt Syndrome.

Annu Rev Phytopathol. 2017;55:23-39.

. Zubrod JP, Bundschuh M, Arts G, Brihl CA, Imfeld G, Knédbel A, et al.

Fungicides: an overlooked pesticide class? Environ Sci Technol.
2019;53:3347-65.

. Zhao B, He D, Wang L. Advances in Fusarium drug resistance research. J

Glob Antimicrob Resist. 2021;24:215-9.

. Przybyt AK, Kubicki M. Simple and highly efficient preparation and

characterization of (-)-lupanine and (+)-sparteine. Tetrahedron.
2011,67:7787-93.

. Cho YD, Martin RO. 5,6-dehydrolupanine, a new alkaloid, and

lupanine from Thermopsis rhombifolia (Nutt) Richards. Can J Chem.
1971,49:265-70.

Al-Azizi MM, Al-Said MS, EI-Olemy MM, Sattar EA, Khalifa AS. Rhombifo-
line and 5,6-dehydrolupanine from Anagyrus foetida L. Arch Pharm Res.
1994;17:393-7.

Borowiak T, Wolska I, Wysocka W, Brukwicki T. On the structure and
spectroscopic properties of two 13-hydroxylupanine epimers. J Mol
Struct. 2005;753:27-34.

Gotelebiewski WM. Application of two-dimensional NMR spectros-
copy to the analysis of the proton NMR spectrum of sparteine and its
lactams. Magn Reson Chem. 1986;24:105-12.

Golebiewskl WM, Spenser ID. Lactams of sparteine. Can J Chem.
1985,63:716-9.

Kolano$ R, Wysocka W, Brukwicki T. A comparative study of NMR
chemical shifts of sparteine thiolactams and lactams. Tetrahedron.
2003;59:5531-7.

Brukwicki T, Wysocka W, Nowak-Wydra B. Lupin alkaloids 6. Stereochem-
istry of bis-quinolizidine alkaloids with y-oxo-a, 3-enamine system. Can J
Chem. 1994,72:193-9.

Borowiak T, Kubicki M, Wysocka W, Przybyt A. Regio-selective bromination
of multiflorine and structures of 3-bromomultiflorine and its molecular
complex with succinimide. J Mol Struct. 1998;442:103-13.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

Page 10 of 11

Rycroft DS, Robins DJ, Sadler IH. Revised assignment of the 'H NMR
spectrum of the quinolizidine alkaloid lupinine. Magn Reson Chem.
1992;30:515-7.

Gueyrard D, Tlegenov RT, Steinbruckner S, Perly B, Rollin P. Synthesis of
new derivatives of 11-thiolupinine. J Sulfur Chem. 2010;31:493-8.

Sagen A-L, Gertsch J, Becker R, Heilmann J, Sticher O. Quinolizidine alka-
loids from the curare adjuvant Clathrotropis glaucophylla. Phytochemistry.
2002;61:975-8.

Przybyt AK, Kubicki M. A comparative study of dynamic NMR spectros-
copy in analysis of selected N-alkyl-, N-acyl-, and halogenated cytisine
derivatives. J Mol Struct. 2011;985:157-66.

Turdybekov KM, Kulakov IV, Turdybekov DM, Mahmutova AS. Conforma-
tional states and crystal structure of N-formylcytisine. Russ J Gen Chem.
2017,87:2493-6.

Rycroft DS, Robins DJ, Sadler IH. Assignment of the 'H and '*C NMR
spectra of the quinolizidine alkaloid anagyrine and determination of its
conformation. Magn Reson Chem. 1991;29:936-40.

Brukwicki T, Przybyl A, Wysocka W, Sosnicki J. The first quantitative
determination of conformational equilibrium in quinolizidine-piperidine
alkaloids. Tetrahedron. 1999;55:14501-12.

Wysocka W, Przybyt A, Brukwicki T. The structure of angustifoline,

an alkaloid of Lupinus angustifolius, in solution. Monatsh Chem.
1994,125:1267-72.

Wang R, Deng X, Gao Q, Wu X, Han L, Gao X, et al. Sophora alopecuroides
L. an ethnopharmacological, phytochemical, and pharmacological
review. J Ethnopharmacol. 2020,248 November 2018: 112172.

Bai GY, Wang DQ, Ye CH, Liu ML. "H and *C chemical shift assignments
and stereochemistry of matrine and oxymatrine. Appl Magn Reson.
2002;23:113-21.

Azimova SS, Yunusov MS. Natural compounds: alkaloids. New York, NY:
Springer; 2013.

Lewis JS, Graybill JR. Fungicidal versus Fungistatic: what's in a word?
Expert Opin Pharmacother. 2008;9:927-35.

Graybill JR, Burgess DS, Hardin TC. Key issues concerning fungistatic
versus fungicidal drugs. Eur J Clin Microbiol Infect Dis. 1997;16:42-50.
Zamora-Natera JF, Bernal-Alcocer A, Ruiz-Lépez M, Soto-Hernandez

M, Escalante-Estrada A. Vibrans-Lindemann H. Seed alkaloid profile of
Lupinus exaltatus Zucc. (Fabaceae) and the antifungal evaluation of the
alkaloid extract and lupanine against phytopathogens. Rev Mex Fitopatol.
2005;23:124-9.

Erdemoglu N, Ozkan S, Duran A, Tosun F. GC-MS analysis and anti-
microbial activity of alkaloid extract from Genista vuralii. Pharm Biol.
2009:47:81-5.

Kwasniewska PW, Cofta G, Mazela B, Gobakken LR, Przybyt AK. Fungistatic
activity of quinolizidine and bisquinolizidine alkaloids against A. niger.

In: IRG, editor. Proceedings IRG Annual Meeting: The 47th IRG Annual
Meeting. Stockholm Sweden: The International Research Group on Wood
Protection (IRG/WP); 2016. p. 1-9.

El Hamdani N, Filali-Ansari N, Fdil R, El Abbouyi A, El Khyari S. Antifungal
activity of the alkaloids extracts from aerial parts of Retama monosperma.
Res J Pharm Biol Chem Sci. 2016;7:965-71.

Bernal FA, Coy-Barrera E. Composition and antifungal activity of the
alkaloidal fraction of Lupinus mirabilis L.: a biochemometrics-based explo-
ration. Molecules. 2022;27:2832.

Wink M. Chemical defense of leguminosae are quinolizidine alkaloids
part of the antimicrobial defense system of lupins? Zeitschrift fur Natur-
forsch C. 1984,39:548-52.

Kiictikboyaci N, Ozkan S, Tosun F. Gas chromatographic determination of
quinolizidine alkaloids in Genista sandrasica and their antimicrobial activ-
ity. Rec Nat Prod. 2012;6:71-4.

Pérez-Lainez D, Garcia-Mateos R, San Miguel-Chavez R, Soto-Herndndez
M, Rodriguez-Pérez E, Kite G. Bactericidal and fungicidal activities of Calia
secundiflora (Ort.) Yakovlev. Zeitschrift fur Naturforsch C. 2008,63:653-7.
Hammouche-Mokrane N, Ledn-Gonzalez AJ, Navarro |, Boulila F, Benalla-
oua S, Martin-Cordero C. Phytochemical profile and antibacterial activity
of Retama raetam and R. sphaerocarpa cladodes from Algeria. Nat Prod
Commun. 2017;12:1857-60.

Erdemoglu N, Ozkan S, Tosun F. Alkaloid profile and antimicrobial
activity of Lupinus angustifolius L. alkaloid extract. Phytochem Rev.
2007;6:197-201.



Cely-Veloza et al. Natural Products and Bioprospecting (2023) 13:9 Page 11 of 11

52. Yang X, Zhao B. Antifungal activities of matrine and oxymatrine and their
synergetic effects with chlorthalonil. J For Res. 2006;17:323-5.

53. Wu L, Zhou ZT, Zhou YM, Wang HY, Shi LJ. In vitro activity of matrine
against Candida albicans biofilms. Shanghai J Stomatol. 2009;18:415-8.

54. Matsuda A, Hachiya N, Kawamura Y. Studies on antifungal activity of vari-
otin. J Antibiot (Tokyo). 1959;12:203-9.

55. Cely-Veloza W, Quiroga D, Coy-Barrera E. Quinolizidine-based variations
and antifungal activity of eight Lupinus species grown under greenhouse
conditions. Molecules. 2022;27:305.

56. Babushok VI. Chromatographic retention indices in identification of
chemical compounds. Trends Anal Chem. 2015;69:98-104.

57. Cardenas-Laverde D, Barbosa-Cornelio R, Coy-Barrera E. Antifungal activ-
ity against Fusarium oxysporum of botanical end-products: an integration
of chemical composition and antifungal activity datasets to identify
antifungal bioactives. Plants. 2021;10:2563.

58. Marentes-Culma R, Orduz-Diaz LL, Coy-Barrera E. Targeted metabolite
profiling-based identification of antifungal 5-n-alkylresorcinols occurring
in different cereals against Fusarium oxysporum. Molecules. 2019;24:770.

59. Cole MD. Key antifungal, antibacterial and anti-insect assays-a critical
review. Biochem Syst Ecol. 1994;22:837-56.

60. DiRienzo JA, Casanoves F, Balzarini MG, Gonzalez L, Tablada M, Robledo
CW. InfoStat. http://www.infostat.com.ar/ (accessed on 12 January 2023).
version 24. Cordoba, Argentina: Universidad Nacional de Cérdoba; 2011.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



http://www.infostat.com.ar/

	Antifungal activity against Fusarium oxysporum of quinolizidines isolated from three controlled-growth Genisteae plants: structure–activity relationship implications
	Abstract 
	1 Introduction
	2 Results and discussion
	2.1 Isolation and characterization of isolated quinolizidines 1–20
	2.2 Antifungal activity of isolated quinolizidines
	2.3 Structure-activity relationships

	3 Conclusions
	4 Experimental
	4.1 Plant material
	4.2 Propagation of Lupinus plants under greenhouse conditions
	4.3 Acid-based extraction of alkaloids
	4.4 Thin-layer chromatography (TLC) and column chromatography (CC)
	4.5 Isolation of quinolizidine alkaloids
	4.5.1 Isolation of alkaloids 1, 3, and 8
	4.5.2 Isolation of alkaloids 2, 5, 7, 11, 16–18, and 20
	4.5.3 Isolation of alkaloids 9, 10, 12–15, and 19

	4.6 Gas chromatography coupled with mass spectrometry (GC-MS)
	4.7 High-performance liquid chromatography coupled with mass spectrometry analysis
	4.8 Nuclear magnetic resonance analysis
	4.9 Specific rotation
	4.10 Antifungal activity against Fox of QAs 1-20
	4.11 Fungicidal (FC) and fungistatic (FS) activity
	4.12 Data analysis

	Anchor 25
	Acknowledgements
	References


