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ABSTRACT: The seedling phase represents an initial and critical stage for the establishment of individuals in the
ecosystem. During this stage, specialized metabolites contribute to survival; however, studies analyzing the presence
of these molecules and the reasons for their production and accumulation are still scarce. Annonaceae is a botanical
family recognized for the chemodiversity of its secondary metabolites; nearly 1000 alkaloids have been reported in
approximately 150 adult specimens. The aim of this study was to determine whether alkaloid biosynthesis in Annonaceae
is expressed from early stages. For this purpose, Annona macroprophyllata, Annona muricata, Annona purpurea, and
Annona reticulata seedlings, tropical Annonaceae with a history of alkaloids in adult stages, were studied. Alkaloids were
extracted using the selective acid-base method from roots, stems, and leaves of seedlings with one to two pairs of leaves.
The chemical composition analysis was performed using gas chromatography coupled to a mass spectrum. The identity
of molecules was confirmed with standards and bibliographical references. Alkaloids were detected in the tissues of
all species, and 28 of these metabolites were identified, 92% with a benzylisoquinoline structure. Many of them have
reports of various biological activities. These alkaloids are not derived from the mother plant, as no alkaloids were found
in the seeds. Nine, nine, eight, and twenty alkaloids were detected in seedlings of A. macroprophyllata, A. muricata,
A. reticulata, and A. purpurea, respectively. The roots of all species are the organs with the most alkaloids (both in
abundance and chemical richness). In conclusion, alkaloid metabolism is expressed during the early development stages
in Annonaceae and could be associated with the chemical defense theory. These findings enhance our understanding of
how seedlings use chemical strategies to adapt to their environment. They also demonstrate that seedlings can produce
active compounds, even when grown under controlled conditions.
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1 Introduction

The seedling stage is one of the most critical phases in thelife cycle of a plant. Seedling survival is relevant
to the size and genetic variability of populations and to the species composition of plant communities [1].
Seedling development has been widely studied regarding its genetic, physiological, metabolic, and ecological
aspects [1-3]. However, one of the metabolic processes that has received less attention is the presence of
molecules associated with secondary metabolism.

Secondary metabolites during early seedling development could come from seeds or be the product of
de novo biosynthesis [4]. In both cases, the biosynthesis and accumulation of these specialized molecules
provide better survival attributes since their biological activities and ecological functions would be crucial
for the successful establishment of seedlings in the environment in which they will grow [4,5].
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The secondary metabolism of the Annonaceae family gives origin to about 2600 molecules [6-9].
Alkaloids with almost 1000 molecules are the most numerous class in these plants and, of them, those
with benzylisioquinoline structure are the predominant ones, although azafluorenones, azanthranquinones,
benzoquinazolines, caulindoles, indole-sesquiterpene, and pyrrolidines have also been reported [6,10-12].

Annona is one of the three genera of Annonaceae with the most reported alkaloids [6]. For example,
about 22 alkaloids are reported in Annona muricata [13-18]; in Annona purpurea, almost 50 of these
nitrogenous metabolites [19-21], and in Annona reticulata, at least 15 are reported [22-24]. This alkaloidal
metabolism diversity has been reported almost exclusively in adult individuals [6,25], with few organ-specific
studies carried out by our working group in young plants such as Annona emarginata [26], A. muricata [27],
A. purpurea [28], and A. reticulata [23], and during germination and early seedling growth phases of Annona
cacans [29], Annona macroprophyllata [30], and A. muricata [27].

In particular, the presence of alkaloids during germination, the seedling stage, and juvenile stages of
some Annonaceae has been documented. For example, in the monitoring of the alkaloid liriodenine during
seedling germination and establishment [31], the relevance of this alkaloid as part of the response to water
stress is known, to such an extent that it is postulated as an osmolyte in A. reticulata [23,32]. Likewise, its
participation as a possible defense molecules against phytopathogens has also been pointed out [27,28,30,33].
Therefore, the early development is a study model that makes it possible to provide data on the “reason to
be” of these molecules, by analyzing their presence, chemical diversity, location, and biosynthesis.

In the search to characterize this metabolic event and to point out the importance of secondary
metabolism in early plant development, the presence, diversity, and location of alkaloids during the seedling
phase of some species of the genus Annona, with the presence of alkaloids in the adult, stage were investigated.
This study shows the diversity of alkaloids in leaves, stems, and roots of Annona macroprophyllata, Annona
purpurea, Annona muricata, and Annona reticulata seedlings.

This research will deepen our understanding of how seedlings allocate energy resources to produce
defense molecules. Initially, seedlings rely on energy reserves from the seed itself, and later they use energy
gathered through photosynthesis. This ability could enable the production of active compounds without
needing to harvest mature plants. As a result, we could accelerate the production process and improve yields
by cultivating seedlings under optimal, controlled conditions.

2 Material and Methods

For the study, the seedling phase was considered as the one that had developed between one and two
pairs of leaves with the presence of cotyledons (Fig. 1).

2.1 Seedlings

Approximately 1000 A. macroprophyllata, A. muricata, A. purpurea, and A. reticulata seeds were
collected in the municipality of San Lucas, Chiapas, Mexico, during the years 2023-2024. After three to six
months of storage, seeds were sterilized by soaking in a commercial sodium hypochlorite solution (3.5%)
for two minutes, followed by three rinses with sterile distilled water; and germinated on moist paper rolls
in a germination chamber under controlled conditions of 25°C + 1°C, 65%-75% relative humidity, and
photoperiod of 12 h light (at intensity of 500 uM m™* s7!) and 12 h darkness. Each germinated seed was
transplanted into 1-L containers with substrate consisting of soil from the region with agrolite (8:2) and placed
in a bioclimatic chamber under the same conditions as the seeds during germination. Seedlings were watered
with 50 mL of distilled water every 72 h until they reached the development of two to four leaves, which was
achieved in a period of 1 to 2 months from the beginning of germination.



Phyton-Int ] Exp Bot. 2025;94(11) 3511

Annona reticulata

Figure 1: Seedling phase with one and two pairs of leaves with the presence of cotyledons

2.2 Alkaloids Extraction Preparation

The chemical profile of alkaloids was determined in seeds, root barks, stem barks, and leaves using five
to ten grams of plant material, which in some cases involved the use of up to 10 seedlings per experimental
unit, with n = 10 per tissue per species.

Alkaloid extracts were obtained using the acid-base technique [31]. Plant tissues were dehydrated at
room temperature and reduced to a fine powder. This plant powder was degreased with hexane at a ratio of 1
to 10 in a water bath at 55°C for eight hours, three times. The resulting botanical material was moistened at a
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ratio of 1:5 with aqueous Na, CO; solution and dried at room temperature for 48 to 72 h. Samples were then
extracted with CHCl; for 2 h and filtered by gravity. The chloroform extract was submitted to liquid-liquid
extraction with aqueous 1IN HCl solution. The acid phase was alkalinized to pH 9 with Na, COs, and alkaloids
were obtained from this aqueous phase with CHCl;. Possible water residues were removed with anhydrous
Na2 804

The total alkaloid content was determined by spectrophotometry at 254 nm, using alkaloid liriodenine,
to elaborate the standard curve (y = 0.0881x — 0.0112, R* = 0.9949), since it is a major alkaloid in Annonaceae.
The concentration of alkaloidal extracts of each tissue was analyzed by gas chromatography coupled to a
mass spectrometer (GC/MS).

2.3 Chemical Composition Analysis by Gas Chromatography Coupled to Mass Spectrometry (GC/MS)

The alkaloidal extracts of roots, stems, and leaves (n = 10) were analyzed in a Claurus 600 chromatograph
coupled to SQ 8T mass spectrum (Perkin Elmer®), under conditions established by De-la-Cruz et al. [25].
The analysis was performed with 1 uL extract aliquots dissolved in methanol at 5 mg-mL™". Perkin Elmer®
Elite-1 capillary column (32 m x 0.32 mm and 0.25 mm film thickness) was used as the stationary phase
and helium as carrier gas at a flow rate of 1.2 mL min™'. The temperature program used started at 150°C for
1 min, with an increase of 10°C min™! up to 280°C, being maintained for 16 min. Mass acquisition in the
spectrometer was performed at 70 eV with 2.89 scans and detection of fragments from 50 to 500 Da, and the
ion source temperature was maintained at 250°C. The quadrupole temperature was 250°C.

The identity of compounds was realized by the concordance of the mass spectra with those in the
NIST/EPA/NIH database version 2.2 [34] and, whenever possible, values were compared with authentic
standards (annomontine, liriodenine and oxopurpureine) available in the authors’ laboratory [21,25,31] or
were donated by Professor Dr. Diego Cortes of the University of Valencia, Spain (asimilobine and isoboldine).
In addition, the mass spectra correspondence (M/Z) reported in other articles and in the Pubchem database
of the National Center for Biotechnology Information (NCBI), a component of the National Library of
Medicine of the United States National Institutes of Health (NIH), was used. Chromatograms were processed
using the Turbo-Mass software (PerkinElmer®, version 6.1.0).

2.4 Statistical Analyses

The presence of total alkaloids was included in the statistical analyses only if they were detected in at least
ten replicates. Total alkaloid content (ug g™' dry weight) was calculated for roots, stems, and leaves of each
species. Prior to parametric tests, data were checked for normality (Shapiro-Wilk test) and homogeneity of
variances (Leveness test). A Kruskal-Wallis (K-W) test was performed to compare the total alkaloid content
among species for each organ independently (roots, stems, and leaves). In addition, within each species, the
K-W test was used to compare total alkaloid content between roots, stems, and leaves, followed by Mann-
Whitney post hoc tests to identify significant pairwise differences (p < 0.05).

To explore patterns in the quantitative alkaloid data, a Principal Component Analysis (PCA) was
conducted using standardized concentrations for all detected compounds across the three plant organs in all
species. Component loadings were examined to identify the alkaloids that contributed most to the separation
among species and organs in the ordination space, and a PERMANOVA test was conducted to identify
significant differences (p < 0.05).

For qualitative analysis of alkaloid profiles, a presence/absence and frequency data matrix was compiled
for each compound detected in roots, stems, and leaves of all species by seedling. Similarity among profiles
was evaluated using the Jaccard index, which considers the number of shared presences over the total number
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of presences in both samples. A similarity value of 1.0 indicates identical profiles, whereas 0 indicates no
compounds in common. The frequency dataset was transformed prior to analysis to improve normality and
homoscedasticity, and subsequently subjected to Linear Discriminant Analysis (LDA) to assess and visualize
chemical affinities among species and organs.

All statistical analyses were performed using PAST software version 5.2.2 [35].

3 Results
3.1 Total Alkaloids Content in the Seedlings of Annona

Both similar trends and significant differences in alkaloid yields were observed among species and
tissues. In A. macroprophyllata, the roots accumulated up to eleven times more alkaloids than the stems and
leaves. In contrast, A. muricata exhibited a slightly lower accumulation, with roots having seven times more
alkaloids than both tissues. For A. purpurea and A. reticulata, the roots contained nine and seven times more
alkaloids than the stems, respectively, and three times more than the leaves.

Differences between the leaves and stems varied among species. Annona reticulata and A. purpurea
stored more alkaloids in their leaves than in the stems, while in A. macroprophyllata, this pattern was reversed.
In A. muricata, the levels in both tissues were similar (Table 1).

Table 1: Content of total alkaloids (pg g-1 dry mass) in Annona seedlings

Annona Annona Annona Annona Test Kruskal-Wallis
macroprophyllata muricata purpurea reticulata
Roots 423.8 +135.3aA 331.6 £ 1475aA 3723 +142.2aA 505.8 +127.8 aA H (chi?): 20.94;
p: 2.832E-05

Stem bark 70.8 + 177bA 448 £191bBC  54.52 + 2L1cAB 54.6 + 231cAB  H (ch?): 7973;
£:0.0465

Leaves 36.7 +11.4. cC 447 +17.6 bC 112.5 +471 bA 188.1 + 80.4 bA H (Chiz): 17.94;
£:0.0005

Test H (chi®): 2413;  H(chi®):21.01; H (chi?):24.21; H (chi®): 20.94;
Kruskal-Wallis ~ p: 5.74E—06 p: 2.724E—05 p: 5.51E-06 p: 2.832E-05

Note: Results are presented as means value + standard deviation. The values were statistically tested using Test Kruskal-
Wallis. Means followed by the same letter, lowercase in the column and uppercase in the row, do not differ by
Mann-Whitney test at p <0.05.

No significant differences in alkaloid content were found among the species in the stems; however, the
leaves showed noteworthy variations. Annona reticulata and A. purpurea accumulated nearly three times as
many alkaloids (188 and 113 pug g™!, respectively) compared to A. macroprophyllata and A. muricata, which
had lower levels (37 and 45 pg g, respectively).

In summary, roots showed the highest abundance of alkaloids among seedlings, ranging from three to
eleven times higher than in other tissues, a trend that was supported by the principal component analysis
(PCA, Fig. 2), which explained 87% of the variance (Permanova p = 0.001). Although A. muricata had an
average of 331.6 ug of alkaloids per gram of roots, and A. reticulata had 505.8 pg ¢!, no significant differences
were detected between the four species.
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Figure 2: Principal component analysis (PCA) of alkaloids total content of seedlings Annona. Component 1 and 2
accounts for 87% of the variance. PERMANOVA indicates statistical significance (F: 41.28; p: 0.0001)

3.2 Alkaloids Identified in the Seedlings of Annona

Twenty-eight alkaloids were identified, 26 benzylisoquinoline alkaloids (BIA), one isoquinoline alka-
loid, and one with a pyrimidine-[-carboline structure (Table 2).

Table 2: Alkaloids in Annona species identified by GC MS

Alkaloids GC MS fragmentation spectrum in this study (m/z)

References

Structural type

Annomontine 261 (M*, 100) 260 (35), 245 (18)
Anonaine 265 (M"), 264 (100), 178 (70), 102 (69), 206 (49), 176 (46)

Asimilobine 267 (M*, 40), 266 (100), 252 (23), 250 (19), 236 (22)

Coreximine 327 (29), 207 (27), 178 (100), 176 (33), 151 (24), 150 (71)
Corydine 341 (M*, 100), 310 (67), 326 (45), 324 (15)

Glaucine 355 (M*, 76), 354 (100), 281 (88), 340 (64), 324 (42.3)
Isoboldine 326 (100), 327 (M* 83), 312 (52), 296 (32), 140 (30)
Isocorydine 341 (M™, 56), 326 (100), 324 (65), 310 (57)
Laudanosine 357 (M*) 206 (100), 207 (47), 281 (13), 190 (17), 191 (12), 73 (12),
57 (15)

Lirinidine 280 (100), 281 (69), 266 (55), 250 (40)

Liriodenine 275 ( M*, 100), 188 (28), 246 (20), 247 (17)
Magnoflorine 342 (M*, 1), 58 (100), 207 (98), 73 (49), 281 (42), 341 (7)
Nornuciferine 280 (100), 281 (61), 266 (20), 250 (20)

Norstephalagine 295 (M™, 67), 294 (100), 280 (63), 264 (47), 221 (40.13)
N-methylcoclaurine 299 (M*) 192 (100), 177 (35), 193 (18)

[21,36], Pubchem 5257090

[14,36,37], Pubchem
160597
[14,34,36,38], NIST,
Pubchem 160875
[14,34], NIST
[14,34,36], NIST,
Pubchem 10153
[14,34,36], NIST,
Pubchem 16754
[34,36], NIST, Pubchem
133323
[14,34,36,38], NIST,
Pubchem 10143
[34,36], NIST, Pubchem
15548
[14,34,36,38], NIST,
Pubchem 31069
[14,31,34,36], NIST
Pubchem 10144
[3,4,14,36,38], Pubchem
73337
[14,34], NIST
[36], Pubchem 133381
[14,36], Pubchem 440595

B-carboline
BIA aporphine SS

BIA aporphine SS

BIA protoberberine
BIA aporphine SS

BIA aporphine SS
BIA aporphine SS
BIA aporphine SS
BIA simple
BIA aporphine
BIA oxoaporphine
BIA aporphine SS
BIA aporphine SS

BIA aporphine SS
BIA simple

(Continued)
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Table 2 (continued)

Alkaloids GC MS fragmentation spectrum in this study (m/z) References Structural type
N-methyllaurotetanine 341 (M*,29), 340 (100), 326 (21), 310 (15), 253 (10), [14,34,36], NIST, BIA aporphine SS
Pubchem 16573
Oxopurpureine 381 (M*, 51), 366 (100), 308 (35), 191 (34), 367 (22) [36,39], Pubchem 284998 BIA oxoaporphine
Papaverine 338 (100), 339 (86), 324 (50), 308 (48) [14,34,36], NIST, BIA simple
Pubchem 4680
Pronuciferine 311 (M*,100), 282 (92), 310 (68), 268 (65) [14,36], Pubchem 200480 BIA proaporphine
Reticuline 329 (M), 193 (15), 192 (100), 177 (25), 149 (24) [14,34,36] NIST, Pubchem BIA simple
439653
Roemerine 279 (M*, 48), 278 (100), 236 (42), 178 (34), 125 (17) [14,34,36] NIST, [3], BIA aporphine SS
Pubchem 119204
Stepharine 297 (M?*, 88), 268 (100), 254 (68), 296 (62) [14,34,36] NIST, [3], BIA proaporphine
Pubchem 193686
Thalicsimidine 385 (M*, 97), 384 (100), 354 (68), 370 (66), 342 (20) [14] BIA aporphine SS
Thalbaicalidine 371 (M™, 99), 370 (100), 356 (68), 340 (35), 354 (31) [14,40] BIA aporphine SS
Thalifoline 207 (M*, 25), 196 (76), 164 (24), 136 (100) [34,36,41] NIST, Pubchem Isoquinoline
89048
Xylopine 294 (100), 295 (M™* 38), 261 (64), 165 (18), 73 (17) [36,42], Pubchem 160503 BIA aporphine SS
7-hydroxy-dehydroglaucine 354 (M*, 24), 353 (100), 338 (99), 280 (58), [19,36], Pubchem 10317002 BIA dehidroaporphine
339 (22), 281 (21)
7-hydroxy-dehydrothalicsimidine 399 (M™, 1), 383 (100), 368 (77), 192 (48), [11,43] BIA dehidroaporphine

384 (22), 369 (19)

Note: BIA: Benzylisoquinole alkaloid, SS: Sensu stricto. NIST: National Institute of Standards and Technology (mass
spectral libraries version 2.2) [34]. CID Pubchem: chemical database of the National Center for Biotechnology
Information of the National Library of Medicine, of U.S. National Institutes of Health [36].

BIA includes a structural diversity of six types: four simple benzylisoquinolines (among them, reticu-
line); two aproaporphines (pronuciferine and stepharine), fifteen sensu stricto aporphines (such as anonaine),
two oxoaporphines (such as oxopurpureine); two dehydroaporphines such as, dehydrothalicmisidine, and
one tetrahydroprotoberberine (coreximine) (Fig. 3).

There are 11 alkaloids common to Annona species; reticuline is the only one present in all species; five
alkaloids were detected in three species, and another five in two species. However, 17 alkaloids are exclu-
sive to one species, including annomontine, N-methylcoclaurine, laudanosine, coreximine, magnoflorine,
stheparine, oxopurpureine, and 7-hydroxydehydroglaucine.

Under the extraction and analysis conditions of this study, no alkaloids were detected in the seeds of
any of the species. In addition, to facilitate comparison, the alkaloids present in adult plants of each species
are included. This demonstrates that, regardless of the stage of development, phenological phase, or growth
conditions, the biosynthetic pathways responsible for producing these nitrogenous metabolites remain active
at both stages.
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Figure 3: Alkaloid diversity of Annona seedlings. Are: A. reticulata; Ama: A. macroprophyllata; Amu: A. muricata; Apu:
A. purpurea
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3.3 Chemiodiversity of Alkaloids in Annona seedlings

Annona reticulata seedlings are capable of producing at least eight alkaloids, the highest number being
detected in roots: including annomontine, whose accumulation was exclusive to this tissue and to this species.
In stems, aporphine corydine was identified, which was only found in the tissue of this species. Asimilobine
was common to the three tissues (Table 3). The eight alkaloids have already been reported in adult plants.

Table 3: Alkaloids detected in Annona reticulata seedlings

Alkaloids in seedlings Alkaloids in plant adult
Root bark
Annomontine**, anonaine, Annomontine, anonaine, asimilobine, discretamine,
asimilobine, liriodenine, reticuline 3-hydroxynornuciferine, liriodenine, methoxyannomontine,

michelalbine, liriodenine, reticuline [6,24]

Stem bark
Asimilobine, liriodenine, corydine** Liriodenine [23,44]
Leaves
Asimilobine, glaucine, xylopine Asimilobine, corydine, glaucine, liriodenine, norcorydine,

oxonantenine, oxoxylopine or lanuginosine, xylopine [6,24].

Note: **Species- and tissue-exclusive.

In A. macroprophyllata seedlings, nine alkaloids were identified in roots, anonaine, asimilobine, and
reticuline in stems and leaves; liriodenine is common in stems and roots, and nornuciferine in roots and
leaves. Only N-methylcoclaurine is exclusive to the roots of this species. To date, only liriodenine has been
reported in adult individuals (Table 4).

Table 4: Alkaloids detected in Annona macroprophyllata seedlings

Alkaloids in seedlings Alkaloids in
plant adult
Root bark
Anonaine, asimilobine, nornuciferine, liriodenine, lirinidine, reticuline, Liriodenine [31]

N-methylcoclaurine**, roemerine, papaverine

Stem bark

Anonaine, asimilobine, liriodenine, reticuline

Leaves

Anonaine, asimilobine, nornuciferine, reticuline

Note: **Species- and tissue-exclusive.

Nine alkaloids were detected in A. muricata seedlings, six in each tissue, four common to all tissues
(anonaine, asimilobine, coreximine, and reticuline), nornuciferine in stems and roots, xylopine was only
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found in stems, and roemerine only in leaves. Laudanosine is exclusive to the roots of this species,

and isoboldine to leaves. Six of these nine alkaloids have already been reported in adult plants, but not

asimilobine, nornuciferine, and laudanosine (Table 5).

Table 5: Alkaloids detected in Annona muricata seedlings

Alkaloids in seedlings

Alkaloids in plant adult

Root bark

Anonaine, asimilobine, coreximine*,
laudanosine**, nornuciferine, reticuline

Argentinine, atherosperminine, coclaurine,
reticuline, xylopine [16,24,27]

Stem bark

Anonaine, asimilobine, coreximine*,
nornuciferine, reticuline, xylopine

Anomurine, anomuricine, atherosperminine,
coclaurine, coreximine, reticuline,
stepharine [24,27]

Leaves

Anonaine, asimilobine, coreximine*,
isoboldine**, reticuline, roemerine,

Anonaine, anonazepine, annonamine, coclaurine,

coreximine, isolaureline, isoboldine,
lanuginosine, laurotetanine, liriodenine,
norcorydine, norglaucine, N-methylcoclaurine,
reticuline, roemerine, O,0-dimethylcoclaurine,
4/0-methylcoclaurine, xylopine [6,13-15,17,24]

Note: *Species-exclusive. **Species- and tissue-exclusive.

In A. purpurea seedlings, 20 alkaloids were detected, of which 15 were in roots, 13 in stems and 11
in leaves. Of these, eight are common to all tissues (glaucine, magnoflorine, oxopurpureine, stheparine,

thalicisimidine); lirinidine is found in stems, and roots, and pronuciferine in stems and leaves. Seven

alkaloids were only detected in this species, including oxopurpureine. Thalifoline and n-methyllaurotetanine

are exclusive to the roots of this species. Of these 20 alkaloids, nine have been reported in adults, but not

n-stheporalagine and roemerine (Table 6).

Table 6: Alkaloids detected in Annona purpurea seedlings

Alkaloids in seedlings

Alkaloids in plant adult

Root bark

Glaucine, lirinidine, magnoflorine*,
N-methyllaurotetanine**, papaverine,
oxopurpureine*, reticuline, roemerine,

stepharine*, thalicsimidine*, thalbaicalidine*,
thalifoline**, nor-stephalagine,
7-hydroxy-dehydroglaucine*,
7-hydroxy-dehydrothalicsimidine*

Annomontine, anonaine, isocorydine, lirinidine,
liriodenine, N-metillaurotetanine, nuciferine,
papaverine, puterine, reticuline, thalifoline,

thalimicrinone, xilopine [6,21,24,25].

(Continued)
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Table 6 (continued)

Alkaloids in seedlings

Alkaloids in plant adult

Stem bark

Glaucine, isocorydine*, lirinidine,
magnoflorine*, oxopurpureine, reticuline,
roemerine, stepharine*, thalicsimidine*,
thalbaicalidine, 7-hydroxy-dehydroglaucine*,
7-hydroxy-dehydrothalicsimidine*,
pronuciferine*

Annomontine, anonaine,
hydroxy-dehydroglaucine, isocorydine,
liriodenine, magnoflorine, oxopurpureine,
papaverine, promucosine, romucosine-F,
romucosine-G, thalicsimidine, thalifoline,
7-hydroxy-dehydrothalicsimidine [6,20,24,25].

Leaves

Glaucine, isocorydine*, magnoflorine,
pronuciferine* oxopurpureine*, reticuline,
stepharine*, thalicsimidine*, thalbaicalidine*,
7-hydroxy-dehydroglaucine*,
7-hydroxy-dehydrothalicsimidine*

Dehydrolirinidine, N-formil-purpureine,
glaucine, glaziovine, lirinidine, magnoflorine,
norpurpureine, oxopurpureine, oxonuciferine,

oxoglaucine, predicentrine, purpureine,
thalbaicalidine, thalicsimidine, thalicpureine,
thalicsimidine, N-methyllaurotetanine,
N-methylasimilobine,
7-hydroxy-dehydroglaucine,
7-hydroxy-dehydrothalicsimidine,
7-formil-dehydrothalicsimidine [6,24,25,43,45].

Note: *Species-exclusive. **Species- and tissue-exclusive.

In the roots of A. macroprophyllata, A. purpurea, and A. reticulata, a higher alkaloid richness was
observed (9, 5, and 13 alkaloids, respectively). In comparison, the leaves (4, 3, and 13) and the stems (4, 3,
and 11, respectively) had fewer alkaloids. In contrast, A. muricata exhibited a nearly equivalent number of
alkaloids across all tissues, with 6 in the roots, 6 in the stems, and 5 in the leaves.

There are no similar profiles that clearly group the species or tissues of the studied seedlings; each
tissue has a distinctive chemodiversity (Fig. 4). For instance, while roots had a higher richness of alkaloids,
their composition did not show similarity, as indicated by the linear discriminant analysis (LDA) results.
The only notable grouping was found in the stems of A. muricata and A. macroprophyllata, which shared
three common alkaloids—anonaine, asimilobine, and reticuline—accounting for at least 50% of their

alkaloid profile.
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Figure 4: Linear discriminant analysis (LDA) of alkaloids identified in roots, stems and leaves of Annona seedlings

4 Discussion

The seedling stage is critical for plant survival, due to environmental fluctuations in the habitat in
which it attempts to establish itself, competition for resources such as light and nutrients with other plants,
and the common presence of natural enemies [I]. When the seedling emerges from the soil, it begins
photomorphogenesis, a sequence of light-induced growth and development events that lead to the formation
of functional leaves [46]. Such development is supported by the energy reserves of seeds until reaching
photosynthetic capacity.

To understand the presence of secondary metabolites (SM) in seedlings, one might first consider the
conceptual frameworks on chemical defense, which are summarized under the assumption that plants have
the dilemma of allocating resources to grow and/or defend themselves [47-51].

In this conceptual framework, several types of secondary metabolites are considered part of the defense
strategy, and their production implies that seedlings invest costly resources in chemical defense along
with their growth and development processes. For example, the growth-differentiation balance hypothesis
assumes that SM are produced within physiological restrictions, so that seedlings would prioritize cell and
tissue growth and differentiation processes over the production of secondary metabolites [49,52]. While the
hypothesis of optimal defense suggests that young tissues are vulnerable and better chemically protected
than old or senescent tissues [48], SM production should be preferentially assigned to tissues of interest to
consumers and therefore at risk of attack by natural enemies [51,53,54].

The allocation of resources of Annonaceae seedlings for the production of alkaloids, documented here,
assumes that these molecules must play an important role in their development or survival, since, along
with the energy reserves for biomass production, resources are allocated for the biosynthesis of secondary
molecules. Since alkaloids are nitrogenous molecules, Annonaceae seedlings must “carefully manage” the
carbon (C) and nitrogen (N) availability to optimize their growth and metabolism, because the relative C/N
proportion is critical for both growth and chemical defense, and that under C/N proportion certains, it seems
that the synthesis of nitrogenous compounds such as alkaloids is favored [51,55,56].
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The knowledge of these hypotheses may facilitate the understanding of the reason for the presence of
SM in early stages of the plant, stages that have not yet been incorporated into the conceptual framework of
the defense theory [4,51,57].

The alkaloid diversity of Annona seedlings documented here, is an early expression character that is
conserved throughout the life cycle of the species, since at least 70% of documented alkaloids have been
reported in juveniles or adults of the four species [6,23-25,27], which maybe show that these species use
these defensive molecules in different phenophases of their life cycle.

There are some alkaloids, such as asimilobine, laudanosine, and nornuciferine, that have not been
reported so far in adult A. muricata individuals [6,16,24]; there are metabolites found in adults that are
not found in seedlings, for example, 3-hydroxynornuciferine, methoxyannomontine, and michelalbine in A.
reticulata leaves, which raises the possibility of a phenophase-specific biosynthesis. In A. macroprophyllata,
only liriodenine has been reported [31]; however, preliminary data of this species have shown that the early
alkaloid profile is included in the profile of adult stages.

The presence of secondary metabolites from other species in early phenophases of plant development
has been poorly documented [4]; in particular, the biosynthesis of benzylisoquinoline alkaloids has been
studied in eight-day-old Papaver seedlings [58]. In Annonaceae, it has been observed that alkaloid biosyn-
thesis occurs in the first days of germination of A. cacans, A. macroprophyllata, and A muricata [27,29,31].

In general, it has been observed that the structural diversity of alkaloids found in the adult phase is
represented in seedlings, that is, the biosynthesis pathways of isoquinoline, indole and benzylisoquinoline
alkaloids from amino acids phenylalanine, tyrosine and tryptophan are active at these state of development;
in particular, the diversification pathways of benzylisoquinoline alkaloids (BIA), which is characteristic in
Annonaceae [6,10,11].

The similarities in alkaloid diversity of species under study indicate that there are common alkaloid
biosynthetic pathways among them, for example, reticuline, asimilobine, anonaine, and liriodenine have
been reported in about 40, 50, 60, and 100 species, respectively, and are perhaps the most widely distributed
secondary metabolites in the family [6,10]. While the 15 alkaloids exclusive to seedlings of this study,
such as laudanosine, coreximine, magnoflorine, thalicsiminidine, and thalifoline, are alkaloids of limited
distribution; in particular, annomontine, a p-carboline pyrimidine, has only been reported in four species
of the genus Annona [6,21] and for the first time in seedlings. This does not mean that they are exclusive
to the species, some have been reported in adults of other species, for example, corydine is produced by
Annona squamosa and Annona atemoya [6,24,59], and even by other genera such as Guatteria, Uvaria, and
Popovia [6].

Alkaloids are distributed in all seedling organs, although with a higher proportion in roots, tissues
frequently reported in the isolation of these molecules in adult individuals [6]. It may be the site of
biosynthesis or accumulation as a form of protection against soil pathogens. Within the species, the alkaloid
profiles are similar, which means that the biosynthetic routes can occur in several tissues or that molecules
are produced in one site and then shared with the other organs. The biosynthetic pathways of only a few
alkaloids in the Annonaceae family are known, although they have been studied in other plant families,
indicating an area for further research, for example, in Berberidaceae and Papaveraceae. The biosynthesis of
BIAs, including magnoflorine and papaverine, has been studied [60,61], which are detected in A. purpurea
and A. macroprophyllata seedlings.

Several alkaloids found in seedlings have biological activities that suggest their role in chemical defense
mechanisms. For example, liriodenine is an oxoaporphine capable of inhibiting about 25 phytopathogenic
microorganisms [25,30]. This alkaloid is produced in early stages in amounts similar to those of adult
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specimens [31] and in proportions in which they can inhibit the infestation of phytopathogenic fungi [30].
Anonaine, isoboldine, magnoflorine, papaverine, reticuline, and roemerine are also alkaloids present in
seedlings with strong antibacterial and antifungal activity [6,24,62]. Some other alkaloids have been reported
with antiparasitic (liriodenine, nornuciferine, xylopine), cytotoxic (roemerine), and central nervous system
(annomontine, papaverine) activities [6,21,24]. This suggests that the investment of resources for the
production of these molecules would have a relevance in the survival of the species.

The presence of these alkaloids is constitutive, that is, it is inherent to the species. However, it has
been documented that seedlings or young Annonaceae plants increase the proportion of alkaloids when
attacked by phytopathogenic fungi [28,33], water stress [23,32], or the exogenous application of phytoregu-
lators [26,29]. In other words, it is also a sensitive metabolism that responds to several external factors.

The presence of alkaloids in the tissues of seedlings raises two possibilities; the first of which is that
they could be contributions from the mother plant, for which secondary molecules should be located in the
tissues of seeds. In Annonaceae, seeds contain a tiny embryo of a few millimeters wrapped in an endosperm
that occupies more than 95% of the seminal volume. However, although phytochemical studies have been
carried out on seeds, alkaloids have only been reported in Annona cherimola [63], A. atemoya [59], and
Annona senegalensis [64,65], in contrast to the omnipresence of acetogenins. This inference indicates that
most alkaloids is biosynthesized de novo, so that biosynthesis is supported by the reserves deposited in the
endosperm, which remains in the seedling stage, or by the photosynthesis of the first leaves. In this study, no
alkaloids were detected in the seeds, indicating that they are biosynthesized de novo.

Alkaloids come mainly from amino acids, in particular, 26 of the 28 alkaloids identified are BIA, each
molecule of which must be biosynthesized from two tyrosine molecules [65]. In turn, annomontine and
thalifoline, according to their structure, should come from the amino acids tryptophan and phenylalanine.
The origin of such precursors could be the reserve proteins of seeds. Subsequently, the photosynthetic activity
must provide amino acids from the primary metabolism.

This panorama indicates that Annonaceae seedlings are devoting carbon skeletons both for the
development of new tissues and for nitrogenous molecules that will allow them to establish themselves in
the environment.

5 Conclusion

In conclusion, secondary metabolism enables the presence of molecules with biological activities in early
plant development. Alkaloid biosynthesis is expressed from the first stages of life of A. macroprophyllata, A.
muricata, A. purpurea, and A. reticulata. This expression is conserved until the adult stage of the species, being
the same metabolic pathways that promote high diversity of alkaloids. The presence of these nitrogenous
molecules with various biological activities of ecological relevance is an advantage for the establishment of
seedlings in the ecosystem; therefore, they are part of the chemical defense strategy, and can be associated
with the defense theory. Further studies could clarify the reason for the organ-specific distribution of these
alkaloids, and in particular their abundance and richness in the roots.
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