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Abstract

:

Quinolizidine alkaloids (QAs) are synthesized by the genus Lupinus as a defense against herbivores. Synthesis of QAs in lupins is species- and organ-specific. Knowledge about their biosynthesis and their corresponding pathways are still fragmentary, in part because lupins of commercial importance were mainly investigated, representing a small sample of the chemodiversity of the genus. Here, we explore the use of three Mexican lupins: Lupinus aschenbornii, Lupinus montanus, and Lupinus bilineatus as a model to study the physiology of QA biosynthesis. The corresponding QA patterns cover widely and narrowly distributed tetracyclic QAs. Quinolizidine alkaloid patterns of seeds and plantlets at different developmental stages were determined by GLC–MS and compared to identify the onset of de novo QA synthesis and to gain insight into specific and common biosynthesis trends. Onset of de novo QA biosynthesis occurred after the metabolization of seed QA during germination and was species-specific, as expected. A common QA pattern, from which the diversity of QA observed in these species is generated, was not found; however, lupanine and 3β-lupanine were found in the three specieswhile sparteine was not found in Lupinus bilineatus, suggesting that this simplest tetracyclic QA is not the precursor of more complex QAs. Similar patterns of metabolization and biosynthesis of structurally related QAs were observed, suggesting a common regulation.
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1. Introduction


Lupinus L. (Fabaceae) is a genus from the Mediterranean region (16 ± 5 million years BP), distributed in Europe, North Africa, and America [1], known for producing quinolizidine alkaloids (QAs) as chemical defenses against herbivores. Each lupin species produces a characteristic pattern of QAs with few major compounds and several others as traces [2,3,4]. The chemical properties and insecticidal, antimicrobial, and medicinal activities of QAs are of interest in the chemical, biotechnological, and pharmaceutical industries [5,6,7,8,9,10,11,12,13,14,15].



Biosynthesis of QAs is developmentally regulated and under environmental control [16,17,18]. QAs are synthesized from L-lysine, mainly in the chloroplasts of leaves [19]; biosynthesis in hypocotyls, stems, and pods also occurs, albeit at a lower extent [18,20,21]. QAs are transported from their place of synthesis to the whole plant via the phloem and stored in epidermal tissues and seeds, the latter as both a defense mechanism and as a source of nitrogen for the growth of the nascent plant [22]. During seed germination, QAs are metabolized and mobilized from cotyledons to the roots [22,23]. De novo biosynthesis of QAs activates during the early development of plantlets in a species-specific manner [22]. The first step of QA biosynthesis involves the action of lysine decarboxylase (LDC), which decarboxylates lysine to the diamine cadaverine (Figure 1) [24]. Cadaverine is then converted to 5-aminopentanal, putatively, by copper amino oxidase enzyme (CAO) or amino transferase [20,25]. The consensus is that 5-aminopentanal cyclizes spontaneously to produce Δ1-piperideine, the intermediate from which bicyclic (lupinine) and tetracyclic QA (sparteine, lupanine, and multiflorine) are formed; these are then converted to a vast diversity of related QAs through tailoring reactions, including oxidation, dehydrogenation, hydroxylation, acylation, and methylation. Tigloyl-CoA:13α-hydroxymultiflorine/13α-hydroxylupanine O-tigloyltransferase, (HMT/HLT) catalyzes the acylation of 13α-hydroxymultiflorine and 13α-hydroxylupanine to form 13α-tigloyloxymultiflorine and 13α-tigloyloxylupanine using tigloyl-CoA as acyl donor [26].



The fact that little is known about the rest of the enzymatic machinery involved in the pathway and its genetic regulation might soon change, considering the significant progress on the identification of candidate biosynthetic and regulatory genes achieved using transcriptomics and genomics in the last 4 years [17,25,27]. This advancement of knowledge has been achieved through research of high and low QA producing varieties of Lupinus angustifolius due to the strong commercial interest on generating lupin varieties with stable low or null QA content in seeds, which could be safely used for food and feed purposes. However, L. angustifolius represents a small sample of the chemodiversity of the genus. Studies to unravel QA biosynthesis involving more than one Lupinus species are a steppingstone towards better understanding of the poorly known mechanisms involved in the generation of the diversity of QA patterns in nature, enabling us to answer questions, such as, is there a precursor QA pattern for the diversification of QAs? If so, which QAs composed this starting pool?



Mexico is one of the three centers of diversification of the genus Lupinus in the American continent; the Rocky Mountains and the Andes are the other two [1,28]. There are approximately 65 lupin species in Mexico [29], distributed across the country from Baja California and Tamaulipas to Chiapas, along Sierra Madre Occidental, Sierra Madre Oriental, and particularly the Trans-Mexican Volcanic Belt [30]. Mexican lupins constitute a vast genetic pool and source of QAs of commercial importance [31,32]. Moreover, from a biological point of view, they represent an unexplored species diversity to study the biosynthesis of QA and the possible genetic changes that may have played a role in the adaptation of lupin species to the American habitats.



Our research group has characterized the QA patterns of wild Mexican lupins for over 20 years [31,33,34]. Results from this work have led us to the conclusion that Lupinus aschenbornii S. Schauer, Lupinus bilineatus Benth, and Lupinus montanus Kunth (Figure 2) constitute interesting models for the study of QA biosynthesis and its genetic regulation, due to the similarities and differences in the QA patterns they produce. Quinolizidine alkaloids from these species span a broad range of related molecules, including the main QAs produced by most lupin plants (sparteine, lupanine, and multiflorine) and those with restricted distribution, such as aphylline and aphyllidine, found only in some American species [2].



Lupinus aschenbornii is a perennial species native to the Trans-Mexican Volcanic Belt; it is found in the high mountains of the states of Mexico, Michoacán, and Puebla, at altitudes ranging from 2800 to 4300 m above sea level (a.s.l.). This species produces the most diverse QA pattern among the Mexican species chemically characterized so far [30]. Up to 24 QAs have been identified in the leaves of L. aschenbornii, including sparteine, lupanine, 13α-hydroxylupanine, angustifoline, N-formylangustifoline, multiflorine, and 13α-tigloyloxylupanine, among other esters, which are the main QAs produced by this species [33,35]. Lupinus bilineatus is an annual, biennial, or short-lived perennial species that grows in the states of Aguascalientes, Morelos, Michoacán, and Mexico at 2780 to 2945 m a.s.l. [30]. It produces a different (and less diverse) QA pattern compared to L. aschenbornii. The main QAs synthesized by this species are aphylline, aphyllidine, lupanine, hydroxyaphylline, and hydroxyaphyllidine [Bermúdez-Torres, personal communication]. Lupinus montanus is a perennial polymorphic species [36]. It is the most widely distributed of the Mexican lupins as it grows in pine, oak, and alpine meadow forests at 2500 to 4100 m a.s.l. from Chihuahua to Guatemala [30]. Sparteine, lupanine, and aphylline are the main alkaloids produced by this species [31].



As we were aware of the potential of using L. aschenbornii, L. bilineatus, and L. montanus as a model to unravel QA biosynthesis, we embarked on the characterization of their QA patterns during germination and early plantlet development. Our aim was to identify the developmental stage at which de novo biosynthesis starts in each and the common pool of QA from which the diversity of QAs produced by these three species could be explained.




2. Materials and Methods


2.1. Seed Harvest


Seeds of L. aschenbornii, L. bilineatus, and L. montanus were collected from populations growing at Iztaccihuatl–Popocatepetl National Park between April and September 2009. Geographical coordinates are indicated in Table 1. Herbarium voucher material was collected from three flowering individuals per population and deposited at the MEXU herbarium. Seeds were stored in paper bags inside foil bags with silica gel to control humidity, at 4 °C, until use.




2.2. Disinfestation and Scarification of Seeds


Seeds were disinfested following protocol [37], with slight modifications. Seeds were washed in detergent solution (0.5% w/v) for 5 min, then transferred to 70% (v/v) ethanol for 5 min, immersed in 1.0% (v/v) sodium hypochlorite for 20 min, and finally placed in a solution of benzylpenicillin and nystatin (0.5% w/v, each) for 60 min. Seeds were dried on filter paper under sterile conditions. All disinfestation steps were carried out using continuous mechanical agitation; three washes with sterile distilled water were conducted in between each disinfestation step, except after the treatment with antibiotics. Disinfested seeds were mechanically scarified using a cylinder made of no. 60 wood sandpaper; seeds were placed inside the cylinder and shaken manually in a rotatory and longitudinal manner for 40 min [38]. Scarified seeds were immediately germinated.




2.3. Seed Germination and Plant Growth


Scarified seeds were placed onto wet germination strips (Sartorius grade 190) contained in aluminum trays closed with self-adhesive plastic. Seeds were germinated in a growth chamber at 20 °C, 60% relative humidity (RH), photoperiod of 16 h light/8 h darkness, and monitored daily. Germinated seeds with a radicle of at least 5 mm in length were transplanted to trays of 98 pots containing 20 mL of perlite in each pot and returned to the growth chamber for growth at 20 °C, 60% RH, and photoperiod of 16 h light/8 h darkness. Plantlets at different stages of development, i.e., germination (5 mm radicle); elongation of hypocotyl; emergence of first up to sixth leaf (in some cases), were harvested and dried at 30–34 °C for 24 h. Dry samples were reduced to powder using mortar and pestle and stored in a desiccator at room temperature until subjected to QA extraction.




2.4. Quinolizidine Alkaloids Extraction


QA extraction was performed according to [33]; 300 mg of dried and grinded plant material were resuspended in 20 mL of 1 M HCl and incubated at room temperature with continuous agitation for 24 h. Extraction mixture was centrifuged at 8500 rpm for 10 min and the supernatant recovered and alkalized (pH 12) with 3 M NH4OH. Supernatant was loaded to an Isolute® HM-N column (IST, Biotage, Uppsala, Sweden); alkaloids were eluted with 30 mL of CH2Cl2 (3×) and collected in a round flask. Eluate was concentrated to dryness in a rotary evaporator (40 °C, without vacuum). Alkaloids were resuspended in 1 mL of methanol and stored in an amber vial at 4 °C in darkness until gas liquid chromatography–mass spectrometry (GLC–MS, Agilent, Santa Clara, CA, US) analysis. All materials used for QA extraction were pre-washed with CH2Cl2.




2.5. Identification and Quantification of Quinolizidine Alkaloids by GLC–MS


Separation and identification of QA was performed by GLC–MS following the protocol reported by [33], with some modifications. A gas chromatograph (Agilent 7890A GC) with HP 5 MS column (30 m, 250 μm internal diameter, and 0.25 μm film thickness) (Agilent, Palo Alto, CA, US) coupled to a mass spectrometer (Agilent 5975C MSD, Santa Clara, CA, US) with electronic impact detector (EI) was used. The capillary column had a length of 30 m, an internal diameter of 0.25 mm, and a film thickness of 0.25 µm. Hydrogen was used as carrier gas at a flow rate of 1.5 mL/min (SPLIT mode) and an injector temperature of 280 °C was used. The initial temperature was maintained at 120 °C for 2 min in isothermal flow, followed by a rise in linear isothermal temperature to 300 °C, at a rate of 8 °C/min, and finally maintained for 10 min in isothermal mode at 300 °C. Samples (1 μL) were injected automatically. Each peak in the chromatogram was integrated and identified using the NIST (access on: 17 May 2018) spectrum library [39] and literature data [2]. Kovats retention index was calculated using the retention time of each QA compared to that of the respective alkane (obtained from 1 mg/mL of alkanes). Abundance of each QA was expressed in mg/mL, using the percentage of the area of 1 mg/mL of sparteine as reference. Content of the total and each QA present in the plant material was calculated and expressed in mg/g dried weight (DW). Three biological samples were evaluated for each point and a descriptive and inferential statistical analysis, and an analysis of variance (ANOVA) were carried out.





3. Results


3.1. QA Patterns of Lupinus aschenbornii Seeds and Plantlets


Seeds of L. aschenbornii had a total QA content of 68.7 mg/g DW; this content decreased to 11.7 mg/g DW during germination, as plantlet development progressed an increase in QA content was observed, reaching 16.9 mg/g DW at the hypocotyl elongation stage, suggesting de novo QA biosynthesis (Figure 3A). Total QA content then increased to 17.8 and decreased to 10.7 mg/g DW at the emergence of the first and second leaf, respectively (Figure 3A). The main QA present in L. aschenbornii seeds were 13α-tigloyloxylupanine (3.4%), lupanine (3.0%), sparteine (2.7%), angustifoline (1.7%), 13α-hydroxylupanine (1.1%), 13α-valeroyloxylupanine (0.8%), 3β-hydroxylupanine (0.3%), and two unidentified QA esters, n.i. IKunknown2 (31.6%) and n.i. IKunknown4 (53.4%) (Table 2). Tetrahydrorhombifoline, 11,12-seco-12,13-didehydromultiflorine, and multiflorine were found as traces in L. aschenbornii seeds; however, these QAs were not considered in further analyses since they were not synthesized by the plantlets. Nascent plantlets quickly metabolized all of the main QAs during germination, suggesting their use as a source of nitrogen (Figure 3B–D), and the synthesis of all of them, except 3β-hydroxylupanine, n.i. IKunknown2, and n.i. IKunknown4, was initiated after germination and before hypocotyl elongation (Figure 3B–D). Maximum content of sparteine was observed at the hypocotyl elongation stage, while that of angustifoline, lupanine (and derivatives), n.i. IKunknown2 and n.i. IKunknown4 at the emergence of the first leaf. Moreover, 13α-tigloyloxylupanine (4.6 mg/g DW at the first leaf emergence stage) was the main QA produced by L. aschenbornii plantlets (Figure 3B,D).




3.2. QA Patterns of Lupinus bilineatus Seeds and Plantlets


QA content characterization revealed cycles of metabolization and de novo synthesis during L. bilineatus germination and plantlet development (Figure 4A–C). Total content of QAs in L. bilineatus seeds was 37.3 mg/g DW, which slightly decreased to 34.6 mg/g DW during germination. QA content further decreased to 11.9 mg/g DW at the plantlet hypocotyl elongation stage indicating that plantlets were metabolizing these secondary metabolites, it then increased to 19.7 mg/g DW as the first leaf emerged suggesting de novo biosynthesis (Figure 4A). This biosynthesis was not sustained as revealed by the decrease in QA content as plantlet development continued, reaching a minimum of 6.2 mg/g DW at the emergence of third leaf. An increase in QA content was then observed as fourth and fifth leaves emerged, caused mainly by the increase in aphylline, QA content then dropped again to 5.5 mg/g DW in plantlets where the sixth leaf was emerging. The main QAs present in seeds of L. bilineatus were lupanine (16.5%), aphylline (14.5%), anagyrine (8.2%), aphyllidine (5.8%), 3β-hydroxylupanine (5.3%), sparteine (4.0%), and four unidentified QAs, n.i. KIunknown5 (31.3%). n.i. 2204 (5.9%), n.i. 2281 (4.2%), and n.i. 2441 (1.2%); however, only. n.i. 2204 was actively synthesized by the plantlets. Traces of other unidentified QAs (n.i. 1848 and n.i. 1863) were detected in the seeds. Lupanine, 3β-hydroxylupanine, and anagyrine showed similar patterns of metabolization and biosynthesis (Figure 3B), in contrast to aphylline and aphyllidine (Figure 4C).




3.3. QA Patterns of Lupinus montanus Seeds and Plantlets


Seeds of L. montanus contained 20.9 mg/g DW of QAs, a reduction of QA content was observed during germination (14.7 mg/g DW) and elongation of the hypocotyl (14.0 mg/g DW), a likely consequence of the use of QAs as a source of nitrogen (Figure 5A). The content of QAs in plantlets increased as their development progressed and was maintained until the emergence of the third leaf, where QAs reached a maximum of 23.6 mg/g DW (Figure 4A), suggesting de novo QA biosynthesis. A steep decrease in QA content (2.0 mg/g DW) was observed at the emergence of the fourth leaf and then a slight increase was detected again at the emergence of the sixth leaf (5.6 mg/g DW), suggesting again the biosynthesis of these compounds. QA content then decreased during the transition to the emergence of the seventh leaf (0.3 mg/g DW) (Figure 5A). Lupinus montanus seeds contained sparteine (70%) and lupanine (29.9%) as main alkaloids with traces of α-isosparteine, 17-oxosparteine, 5,6-dehydrolupanine, 3β-hydroxylupanine, multiflorine, and 17-oxolupanine. Lupanine, 3β-hydroxylupanine, 13α-hydroxylupanine, sparteine, aphyllidine, aphylline, and multiflorine were the main alkaloids produced by L. montanus plantlets (Figure 5B,C). Not all of these QAs followed a similar pattern of metabolization and synthesis. Sparteine was the main QA in seeds and was actively metabolized during germination and the elongation of hypocotyl showing a 91.5% of reduction in content (from 14.6 to 1.3 mg/g DW, Figure 5C). Sparteine and lupanine showed a similar trend of synthesis along the developmental stages characterized (Figure 5B,C). Moreover, 3β-hydroxylupanine, 13α-hydroxylupanine, and multiflorine displayed similar dynamics from germination to the emergence of the seventh leaf (Figure 5B,C). Lupanine (13.5 mg/g DW at the emergence of first leaf) and 3β-hydroxylupanine (12.2 mg/g DW at the emergence of third leaf) were the most abundant QAs in L. montanus plantlets (Figure 5B). De novo biosynthesis of the various QAs was initiated at different developmental stages (Figure 5B,C).





4. Discussion


QAs are mostly stored in seeds; they protect the seed from potential eaters and serve as source of nitrogen [2,5]. Lupinus aschenbornii, L. bilineatus, and L. montanus seeds contained 68.7, 37.5, and 20.9 mg/g DW of QA, respectively. The authors of [33] noted that seeds of L. aschenbornii contained 3.3 mg QA/g DW, which is about 20 times less than the content (68.7 mg/g DW) determined in this study; however, both reports are within the percentage of QA content (up to 8.0%) detected in lupin seeds [40]. Differences in seed QA content within the same lupin species have been commonly reported, which can be explained by the fact that QA biosynthesis is affected by environmental conditions [17]. Two unidentified QA esters were the main QAs in the L. aschenbornii seeds, IKunknown2 (31.6%) and n.i. IKunknown4 (53.4%). This is in line with previous studies indicating that seeds of L. aschenbornii are rich in QA esters [31,35]; however, it contrasts the reports of N-formylangustifoline or 13α-hydroxylupanine as the most abundant QAs [33,35]. These discrepancies in QA patterns were also observed for L. montanus. In this work, L. montanus seeds had sparteine (70.0%) and lupanine (29.9%) as the main alkaloids, whereas sparteine (89.0%), an unidentified QA n.i. 1940 (6.5%), aphylline (2.4%), and lupanine (1.3%) were the most abundant QAs reported by [31]. We hypothesize that the observed differences in the QA patterns of L. aschenbornii and L. montanus seeds may be due to (1) the result of the effect of environmental factors; (2) differing chemotypes; or (3) the recent origin of the Mexican species, which would imply that its chemical characters might still be established.



QA content decreased during germination of L. aschenbornii, L. montanus, and L. bilineatus seeds; for the latter, the decrease extended to the hypocotyl elongation stage. This phenomenon may be explained by the fact that QAs are used as sources of nitrogen by the nascent plant [22,23]. QAs are an example of the promiscuous use of secondary metabolites by plants for their survival, which maximize the gains from producing molecules of high energetic cost. Metabolization of QAs was faster in L. aschenbornii than in L. montanus and L. bilineatus since a reduction of 85.0% was observed during germination in the former compared to 29.5% and 7.6% in L. montanus and L. bilineatus, respectively. It is logical to think that, the more diverse enzyme machinery for QA catalysis is present in the seeds, the better it is to maximize the use of QAs during these early stages of development. This was clearly observed as L. aschenbornii degraded all of the main QAs present in its seeds, i.e., n.i. IKunknown4, n.i. IKunknown2, 13α-tigloyloxylupanine, lupanine, sparteine, angustifoline, and 13α-hydroxylupanine. Interestingly, a much higher degradation rate was observed for n.i. IKunknown4, the most abundant QA. A similar phenomenon was documented in L. montanus seeds, which degraded sparteine and lupanine during germination, with a higher degradation for sparteine, the most abundant QA, similar behavior was reported by [22] for L. polyphyllus. The behavior of the metabolization of QAs during germination of L. bilineatus was different to the observed in L. aschenbornii and L. montanus and similar to the metabolization of total QAs by L. albus and L. angustifolius reported by [22]. Unexpectedly, an increase of the main QAs identified in the seeds of this species (lupanine, aphylline, aphyllidine, 3β-hydroxylupanine, and sparteine) was observed during germination, even though a decrease in the total QA content was detected during this developmental stage due to the degradation of unidentified QAs. Were the main QAs the products of this degradation? Or were they newly synthesized? We hypothesized that they may be the products of the degradation of other QAs since QAs are synthesized in photosynthetic tissues, which are obviously absent at germinating seeds. On the other hand, active degradation of these main QAs was observed during the hypocotyl elongation stage, in which a steep decrease (68.2%) in QA content was determined and similarly to L. aschenbornii and L. montanus, the most abundant QA, lupanine in this case, was more rapidly degraded.



The developmental stage at which de novo biosynthesis of QAs occurred was species specific, as was reported for other Lupinus species [22]. Lupinus aschenbornii initiated de novo biosynthesis after germination and before hypocotyl elongation. As mentioned before, this species metabolized more rapidly the QAs present in its seeds compared to L. montanus and L. bilineatus, which interestingly started to biosynthesize QAs (mostly) after the elongation of hypocotyl. The onset of QA biosynthesis in the three species was triggered after the decrease of QA. The content of QA was on the range of 11 to 14 mg/g DW before biosynthesis started in all species, raising questions of whether QA concentration is a regulatory mechanism in their de novo biosynthesis.



Clear differences in the biosynthetic capacity of QAs in L. aschenbornii, L. bilineatus, and L. montanus were evident as revealed by their QA patterns. Lupinus bilineatus and L. montanus (mostly) synthesize QA molecules derived from the modification of the rings A and B of a tetracyclic precursor (Figure 1), being these modifications mainly hydroxylation, oxidation, and dehydrogenation. These species do not accumulate esters derived from 13α-hydroxylupanine in contrast to L. aschenbornii, which is rich in these compounds and whose most abundant QAs are the product of tailoring reactions on ring D (Figure 1), i.e., hydroxylation, esterification, and ring cleavage. Are these differences in QA patterns the result of the transcriptional turn on and turn off status of the genes coding for the enzymes that synthesize 13α-hydroxylupanine esters in each species? In this regard, it has been reported that in L. angustifolius the transcriptional regulation of HMT/HLT seems to be under a separate genetic control than the genes LDC and CAO [17]. Lupinus aschenbornii plantlets seemed to have similarities in their QA biosynthetic machinery, with the leaves of L. angustifolius [18].



Similar patterns of metabolization were observed for structurally related QA within each species, suggesting a common regulation in their synthesis. For instance, lupanine and its derivatives (except 3β-hydroxylupanine) and angustifoline showed identical trends from germination to the emergence of the second leaf in L. aschenbornii, whereas lupanine, 3β-hydroxylupanine, and anagyrine did in L. bilineatus from germination to the emergence of the sixth leaf. The dynamics of metabolization and synthesis of aphylline and aphyllidine in L. bilineatus were also alike; however, a clear increase in aphyllidine content was observed after the emergence of the fifth leaf in the plantlets, which coincides with a decrease in the content of aphylline. Interestingly, in L. montanus plantlets, lupanine, sparteine, and aphylline displayed similar trends along the developmental stages characterized, so did the hydroxylated forms of lupanine and multiflorine. Regarding similarities among the three species, an increased peak in the content of most QAs was observed at the emergence of the first leaf, suggesting a high biosynthetic activity with the development of the principal photosynthetic tissues.



Lupinus bilineatus did not accumulate sparteine, the simplest structure of tetracyclic QAs, at least during the developmental stages characterized, which suggests that sparteine is not the precursor of more complex QAs. This is in line with the consensus that tetracyclic QAs are most likely synthesized independently from a common precursor, the diiminium cation (Figure 1) [41]. Aphylline is a QA found in some American Lupinus species, and it is highly accumulated in L. bilineatus and present in L. montanus. When did this biosynthetic capacity first appear? Is it a novel enzyme activity or was it already present in a common ancestor of the lupin American species? The presence of aphylline in Sophora alopecuroides L. [42] suggests that the enzyme(s) involved in the synthesis of aphylline was already present in a common ancestor of the Lupinus and Sophora genus, implying a reversion of the turn off of the aphylline biosynthetic genes in some American lupins as postulated for other QAs [43].




5. Conclusions


The main results of the present research are: (1) QAs were metabolized during germination—the main QAs were the most rapidly catabolized; (2) de novo QA biosynthesis starts once QAs are metabolized, for each evaluated species at a different developmental stage, suggesting that it is regulated in a species-specific manner; (3) structurally related QAs showed similar patterns of metabolization and biosynthesis, suggesting a common regulation; (4) there is no common QA pattern from which the diversity of QAs produced in these species is generated. Lupanine and 3β-lupanine were found in the three species, while sparteine was not present in L. bilineatus, excluding it as the precursor of more complex QAs;. (5) Lupinus montanus showed the most diverse QA pattern since it synthesized four different QA types: sparteine skeleton, lupanine and derivatives, aphylline and derivatives and multiflorine skeleton while Lupinus aschenbornii showed the most complex pattern of lupanine derivatives, what these changes in QA biosynthetic specificities mean in an evolutionary scenario is intriguing.
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Figure 1. Biosynthetic pathway of quinolizidine alkaloids. QAs are synthesized from lysine, which is converted to cadaverine and then to 5-aminopentanal that spontaneously cyclize to form Δ1-piperideine; the latter intermediate is the precursor of the diiminium cation, from which it is thought tetracyclic QA are derived. The four heterocyclic rings of the diiminium cation are indicated for the letters A, B, C, and D. Enzymes molecularly characterized are indicated: LDC, lysine decarboxylase; CAO, copper amino oxidase; HMT/HLT, tigloyl-CoA:13α-hydroxymultiflorine/13α-hydroxylupanine O-tigloyltransferase. Solid lines represent the known steps and dotted lines those on construction. 
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Figure 2. Lupinus aschenbornii (A,B), Lupinus bilineatus (C,D), and Lupinus montanus (E,F); (A,B,E,F) growing at the Iztaccihuatl–Popocatepetl National Park and (C,D) growing at Chichinautzin Corridor. 
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Figure 3. QA content in L. aschenbornii seeds and plantlets. Total QA (A), lupanine and its derivatives (B), other tetracyclic QA (C), unidentified QA (D). S: seeds, G: germination, HE: hypocotyl elongation, L1: emergence of first leaf, L2: emergence of second leaf. 
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Figure 4. QA patterns of L. bilineatus seeds and plantlets. Total QA (A), lupanine and its derivatives (B), aphyllidine, and aphylline (C). S: seeds, G: germination, HE: hypocotyl elongation, L1: emergence of first leaf, L2: emergence of second leaf, L3: emergence of third leaf, L4: emergence of fourth leaf, L5: emergence of fifth leaf, L6: emergence of sixth leaf. 
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Figure 5. QA patterns of L. montanus seeds and plantlets. Total QAs (A), lupanine and its derivatives (B), other tetracyclic QA (C). S: seeds, G: germination, HE: hypocotyl elongation, L1: emergence of first leaf, L2: emergence of second leaf, L3: emergence of third leaf, L4: emergence of fourth leaf, L5: emergence of fifth leaf, L6: emergence of sixth leaf, L7: emergence of the seventh leaf. 
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Table 1. Populations for seed collection.
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	Species
	Population
	Altitude (m)
	Latitude (N)
	Longitude (W)
	Voucher Number





	L. aschenbornii
	LIP1asch
	3906
	98°39′02″
	19°39′18″
	1297311



	L. bilineatus
	LIP4camp
	2781
	98°42′59″
	19°04′41″
	1297301



	L. montanus
	LIP2mon
	3889
	98°38′54″
	19°08′27″
	1297279
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Table 2. Alkaloids identified in: Lupinus aschenbornii (A), Lupinus bilineatus (B), and Lupinus montanus (C).
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Alkaloid

	
KI

	
M+

	
Characteristic Ions (Abundance %)

	
A

	
B

	
C






	
n.i. 1439

	
1439

	
168

	
55(100)

	
83(73)

	
97(50)

	
111(25)

	
168(7)

	

	
x

	




	
Gramine

	
1635

	
174

	
130(100)

	
131(39)

	
174(16)

	
77(11)

	
103(8)

	

	
x

	




	
α-Isosparteine

	
1682

	
234

	
98(100)

	
137(55)

	
136(29)

	
234(28)

	
110(19)

	

	

	
x




	
Sparteine

	
1807

	
234

	
137(100)

	
98(92)

	
193(44)

	
110(26)

	
234(26)

	
x

	
x

	
x




	
n.i. 1880

	
1880

	
256

	
55(100)

	
129(61)

	
83(56)

	
213(45)

	
256(41)

	

	
x

	




	
Aphyllidine

	
2052

	
246

	
98(100)

	
246(80)

	
97(65)

	
134(22)

	
163(19)

	

	
x

	
x




	
17-Oxosparteine

	
2061

	
248

	
97(100)

	
98(83)

	
110(68)

	
136(42)

	
248(37)

	

	

	
x




	
Tetrahydrorhombifoline

	
2067

	
248

	
207(100)

	
58(39)

	
112(18)

	
108(10)

	
248(0.8)

	
x

	

	
x




	
Aphylline

	
2075

	
248

	
136(100)

	
97(37)

	
220(36)

	
248(29)

	
191(20)

	
x

	
x

	
x




	
n.i. 2086

	
2086

	
244

	
244(100)

	
96(71)

	
106(40)

	
207(23)

	
134(21)

	

	
x

	




	
5,6-Dehydrolupanine

	
2145

	
246

	
98(100)

	
97(38)

	
246(20)

	
134(11)

	
84(10)

	

	

	
x




	
Angustifoline

	
2278

	
234

	
193(100)

	
112(58)

	
150(16)

	
41(15)

	
55(14)

	
x

	

	




	
n.i. 2204

	
2204

	
246

	
246(100)

	
136(57)

	
96(31)

	
80(18)

	
55(17)

	

	
x

	
x




	
Anagyrine

	
2210

	
244

	
98(100)

	
244(54)

	
146(11)

	
128(12)

	
264(<1)

	

	
x

	
x




	
Hydroxytetrahydrorhombifoline

	
2210

	
264

	
223(100)

	
58(34)

	
108(31)

	
41(16)

	
96(14)

	

	

	
x




	
Lupanine

	
2229

	
248

	
136(100)

	
149(54)

	
248(42)

	
150(40)

	
55(32)

	
x

	
x

	
x




	
n.i. 2248

	
2248

	
262

	
244(100)

	
262(99)

	
114(82)

	
205(73)

	
55(61)

	

	
x

	




	
11,12-seco-12,13-Didehydromultiflorine

	
2263

	
246

	
205(100)

	
58(83)

	
94(34)

	
110(25)

	
2460(8)

	
x

	

	




	
n.i. 2263

	
2263

	
246

	
246(100)

	
136(61)

	
96(29)

	
55(27)

	
207(18)

	

	
x

	




	
3β-Hydroxylupanine

	
2277

	
264

	
264(100)

	
136(78)

	
134(54)

	
150(39)

	
263(36)

	
x

	
x

	
x




	
n.i. 2281

	
2281

	
262

	
262(100)

	
98(99)

	
136(32)

	
245(21)

	
122(18)

	

	
x

	




	
17-Oxolupanine

	
2352

	
262

	
150(100)

	
262(65)

	
112(55)

	
207(47)

	
94(45)

	

	

	
x




	
Multiflorine

	
2418

	
246

	
134(100)

	
246(70)

	
148(35)

	
110(26)

	
217(6)

	
x

	
x

	
x




	
n.i. 2441

	
2441

	
263

	
98(100)

	
246(73)

	
136(24)

	
189(10)

	
263(9)

	

	
x

	




	
13α-Hydroxylupanine

	
2469

	
264

	
152(100)

	
246(70)

	
264(51)

	
165(46)

	
134(39)

	
x

	
x

	
x




	
n.i. 2471

	
2471

	
279

	
149(100)

	
167(33)

	
279(10)

	
112(8)

	
207(1)

	

	
x

	
x




	
13α-Valeroyloxylupanine

	
2684

	
348

	
246(100)

	
134(30)

	
148(18)

	
112(12)

	
348(6)

	
x

	

	




	
13α-Tigloyloxylupanine

	
N.D.

	
346

	
246(100)

	
134(24)

	
148(13)

	
112(12)

	
346(<1)

	
x

	

	




	
n.i. IKunknown1

	
N.D.

	
-

	
207(100)

	
245(62)

	
281(45)

	
112(23)

	
355(14)

	

	
x

	




	
n.i. IKunknown2

	
N.D.

	
-

	
245(100)

	
263(78)

	
112(33)

	
55(19)

	
149(17)

	
x

	

	




	
n.i. IKunknown3

	
N.D.

	
-

	
262(100)

	
134(44)

	
207(40)

	
264(10)

	
393(8)

	

	

	
x




	
n.i. IKunknown4

	
N.D.

	
-

	
245(100)

	
55(23)

	
262(19)

	
207(17)

	
112(13)

	
x

	

	




	
n.i. IKunknown5

	
N.D.

	
-

	
207(100)

	
281(46)

	
355(15)

	
147(11)

	
429(5)

	

	
x
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