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Abstract

Identifying the main species of plants from where Ecuadorian stingless bees collect
pollen is one of the key objectives of management and conservation improvement for
these insects. This study aims to determine the botanical origin of pot-pollen using
two barcodes, comparing two methodologies (DNA barcoding versus electron micros-
copy and morphometric tools) and determine the genus and species of pollen source
plants of the main honey-producing stingless bees in Ecuador. As main results,
Prockia crucis, Coffea canephora, Miconia nervosa, Miconia notabilis, Laurus nobilis,
Cecropia ficifolia, Theobroma sp., Artocarpus sp., Croton sp., Euphorbia sp., Mikania
sp., and Ophryosporus sp., were the genera and species with the highest presence
in the nests (n=35) of three genera of stingless bees of two provinces located in
different climatic regions inside the continental Ecuador. Plant species richness in
both areas was statistically similar (p-value=0.21). We concluded that floral sources’
molecular identification with the ITS2 region had a higher number of genera and
species detected, than the rbcL gene and microscopy tools, for the Ecuadorian land-
scapes. We confirmed that the foraging behavior of Melipona sp., Scaptotrigona sp.,
and Tetragonisca sp., could include non-native flora (27%, 12/44 identifications) that
provide a rich source of pollen. Stingless beekeepers could use this information to
create flower calendars and establish a schedule for better management of stingless
bees in secondary and modified environments.
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Introduction

Pollination services are closely linked to ecosystem stability and biodiversity conser-
vation [1]. Pollinators play a pivotal role in the successful reproduction of flowering
plants, thereby promoting genetic diversity and resilience within plant populations
[2,3]. Moreover, they ensure the production of seeds and fruits that are vital for
human nutrition and food security [4]. The pollination of angiosperms has been found
to be beneficial to the health of wildlife, thereby supporting entire food chains (con-
sisting of herbivores, predators, and decomposers) while providing shelter [5]. The
fertilisation of plant life by pollinators has been demonstrated to enhance the resil-
ience of these organisms, a factor which is crucial in the context of adapting to envi-
ronmental changes. Plant diversity helps to sequester carbon, reducing atmospheric
CO, (carbon dioxide) and aiding in climate change mitigation [6]. The diversity of
plant life is also known to stabilise soil, prevent erosion, and regulate water cycles [7].

Since the late 20th century, there has been an ongoing decline in pollinators, a
phenomenon that has serious consequences for biodiversity, food security and eco-
system stability [8]. The percentage of pollinating insects, including bees and butter-
flies, at risk of extinction approached 40% [9]. The decline of bees was attributed to
a combination of factors, including habitat destruction, climate change, pesticides,
and disease [10—-12]. This loss has been recognised as a global crisis by scientists,
governments and international organisations. In light of the critical status of insect
pollinators, several initiatives have been established on a global scale to ensure
their conservation. These initiatives include the International Pollinator Initiative (IP1),
the Global Action on Pollination Services for Sustainable Agriculture (FAO), and the
Coalition of the Willing on Pollinators. The primary objective of these initiatives is
to protect pollinator populations by promoting conservation strategies that integrate
agricultural policies and best practices, while also enhancing public awareness
[13,14]. The ongoing decline in plant-pollinator interactions is a consequence of
the ongoing decline in species of pollinators [15]. The study of these interactions is
crucial for preventing the loss of biodiversity in plant communities, as many species
are dependent on specific pollinators. A drop in pollination network vitality could limit
food sources for other wildlife, affecting their well-being and potentially impacting
human food security. A comprehensive understanding of these interactions can help
reduce economic losses from pollination services and industries that depend on
effective pollination [2,16].

The floral richness of the tropics is particularly affected by the decline of pollinator
populations, as the maintenance of their biodiversity is highly dependent on native polli-
nators, and these are the invertebrates least able to adapt rapidly to changing climates
and thus most vulnerable to extinction [17,18]. The Amazon rainforest is characterized
by its biodiversity and ecological significance. It plays a crucial role in regulating the
climate, storing carbon, and providing essential ecosystem goods and services. These
include oxygen, fresh water, medicinal and economic benefits for indigenous commu-
nities, to the existence of human life, and future generations [19]. Animals pollinate
around 94% of native tropical plants [20], and in the Amazon rainforest, 54% of these
animal pollinators are bees [21].

PLOS One | https://doi.org/10.137 1/journal.pone.0323306 May 14, 2025 2/19




PLO\Sﬁ\\.- One

Stingless bees are the main pollinators inside tropical ecosystems, moving from flower to flower until they find the most
suitable food [22—24]. Daily-ranging patterns of stingless bees depend on each species’ foraging behaviour, which may
differ in space use, detection, and foraging distance. For example, the Asian stingless bee (Tetragonula biroi) has a short
flight range, 250-500 meters (m), as do Australian stingless bees (T. carbonaria) have (333—712 m) [25], while American
stingless bee genera (Melipona sp. and Trigona sp.) have longer flight ranges of 1.5 and 2.1 km respectively [26]. The role
of native fauna in stabilizing ecosystem services is to buffer the effects of climate change [27]. However, there is evidence
of high thermal thresholds that may mark weak selection processes or strong evolutionary constraints [28]. An abnormal
accumulation of polyols (mannitol and sorbitol), which act as preventive molecules against protein denaturation or cell
inactivation, has been found in insects [29,30]. To mitigate the effect of all these changes it is necessary to understand the
basic natural functioning of bees and their relationship, especially with floral sources, directly concerned with the upkeep
of crops for human consumption [31].

Foraging of floral sources by stingless bees does not follow a described pattern. In general, it has been concluded that
foraging occurs according to the need of the nest and the availability of sources [32], i.e., temporal specialization intervals
[33,34].

To obtain a better understanding of the pollen sources of bees, different techniques have been developed, such as light
microscopy and pattern recognition carried out by a visual expert [35], phase contrast and dark field microscopy [36], and
vibrational spectroscopy [37,38]. Moreover, even software and artificial intelligence development now allow for automated
pollen recognition [39]. Due to continuous scientific improvements, molecular biology techniques have been included in
pollen research [40,41]. Indeed, barcoding is a technique that allows species recognition through the characterization of
standard genes [42]. In the case of land plant barcoding, selected DNA regions must satisfy the following criteria: (i) be
routinely amplifiable; (ii) to have a sufficient variation to differentiate closely related species and yet also show sulfficient
sequence consistency to ensure that intraspecific variation does not confound species assignation; (iii) to have specific
amplification unsusceptible to the amplification of other DNA regions [43]. An effective DNA barcode region possesses
conserved flanking sites for developing universal PCR primers for wide taxonomic applications. Nuclear regions, such as
the Internal transcribed spacer 2 (ITS2) provide more information than barcoding based on the organellar gene [44,45].
Nuclear DNA (nDNA) exhibits faster rates of evolution in comparison to chloroplast DNA (cpDNA), resulting in the accu-
mulation of a greater number of mutations over time. The genetic variation that results from this process facilitates the
distinction between closely related species [46,47]. Multiple gene copies from nuclear genome increase the species reso-
lution. The biparental inheritance in angiosperms capture the recombination and hybridization, thereby contributing to the
augmentation of diversity identification [48—50].

The ribulose 1,5-biphosphate carboxylase oxygenase (rbcL) gene is a constituent of chloroplast DNA and represents a
valuable marker due to its documented ease of amplification when using primers that apply to all land plants. Additionally,
it has been demonstrated that this gene is capable of identifying taxa at the genus and family levels, and has also been
shown to be an effective species-level identifier in comparative data mining tests. Furthermore, it is the most extensively
characterized plastid coding region in GenBank [51,52]. The low mutation rate of this gene, when used in conjunction with
other markers, enhances analysis at both ecological and evolutionary levels [53]. Some organellar genomes, like those
in organelles like mitochondria and chloroplasts, change very slowly. This can make closely related but distinct species
appear genetically identical. This can mask true species diversity and lead to an underestimation of richness [54,55]. Con-
versely, an overestimation may occur due to species interbreeding. In such instances, organellar DNA from one species
may be retained in the hybrid, while nuclear DNA remains distinct. This phenomenon can result in the erroneous classifi-
cation of hybrids as new species. Nevertheless, a combination of nuclear and chloroplast markers is frequently employed
for the purpose of robust species identification [56,57]. The ITS2 region and the rbcL gene were selected as markers
due to their high universality, sequence variability, and ease of amplification. The combination of these markers is further
enhanced by the following factors, the ITS2 region has been shown to provide high resolution at the species level, but can
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be difficult to amplify in some plant groups. In contrast, the rbcL gene is easy to sequence and works in all land plants, but
has lower species discrimination power. The utilization of these two markers serves to mitigate the occurrence of errone-
ous identifications and taxonomic misclassifications [58—60].

South America has a low level of scientific data production with metagenomics tools and microbiome studies [61].
Ecuador is not an active player in biodata generation often due to the technology gap, but its unique biodiversity has great
potential to contribute to global projects related to this field [62], especially for the knowledge of Ecuadorian biodiversity.
To contribute to the knowledge of biodiversity through the identification of plants using pollen collected by stingless bees
in two provinces of Ecuador, this study aims to (i) determine the taxonomy of plants using pot-pollen from stingless bee
nests, using two the ITS2 region and rbcL gene for barcoding, to (ii) make a comparison between the scope of taxonomic
identification obtained by microscopy and by DNA, and to (iii) evidence the difference of the main pollen sources for sting-
less bee genera in two environmentally different areas of Ecuador (Fig 1).

Materials and methods
Ethical aspects

The applicable legislation was applied during the manipulation of specimens and habitat involved in this study. Habitat
was not disturbed or altered in any significant way, and no animals were harmed in the process of obtaining the samples.
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Fig 1. Graphical abstract of the study.

https://doi.org/10.1371/journal.pone.0323306.9001
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Pollen as a product of a stingless bee nest is classified as a food supplement and/or natural medicinal product. The
objective of the collection was explained to each owner, and field site access was obtained by each meliponicultor (from
Orellana and Loja province) under the terms of informed consent as part of the Synergy Project, which was approved
under the number CVGP-0025-2017 by the Universidad de las Fuerzas Armadas ESPE, Ecuador. Meliponicultors signed
a consent for the collection of pollen samples from their stingless bees’ nests in August-September, December 2018, and
March 2019.

Study areas

The sampling areas were the Amazon rainforest (Orellana province) and the southern highland region with dry tropical
forests (Loja province) (Table 1). In Ecuador, the summer lasts from September to February. For Orellana province, the
average temperatures and precipitations are 25 °C and 127 mm, respectively. The average temperature and precipitation
in Loja province are 21 °C and 36 mm.

Pollen sampling

This cross-sectional survey randomly selected 35 pot-pollen samples from technical stingless bee nests (S1 Table)
belonging to 4 meliponaries in Orellana and 11 meliponaries in Loja, with several samples from the same nest set (n=21
and n=14, respectively).

We collected pollen samples only from sealed pots of nests that were sampled once during the four months.

Pollen wall lysis and DNA isolation

Fifty milligrams of pollen were weighed into a 2mL Eppendorf tube. 500 uL of buffer lysis of Macherey-Nagel NucleoSpin
Food kit (Macherey-Nagel, Diren, North Rhine-Westphalia, Germany) and 500 uL of ceramic beads (1mm) were added.
We vortexing samples to achieve a homogeneous mixture. Each tube was placed into a Tissuelyser Il instrument (QIA-
GEN®) for 3min, 30 Hz. The tubes were centrifuged for 2min at 5000g. 10 uL of proteinase K (20 mg/mL) was added and
incubated for 30 min, 65 °C.

Total genomic DNA was extracted using the Macherey-Nagel NucleoSpin® Food kit (Macherey-Nagel, Bethlehem,
Pennsylvania, USA), following the “Isolation of genomic DNA from honey or pollen” supplementary protocol. Negative con-
trol was included in the experiment, consisting of sterilized water instead of pollen. Finally, the DNA purity of each sample
was measured using NanoDrop © Spectrophotometer ND-1000, ISOGEN Life Science.

Real-time PCR

Temperature and time conditions [hold stage 95 °C 180sec (95 °C 30sec, 60 °C 30sec, 72 °C 45sec) x 40 cycles, melt-
ing stage 95 °C 15 sec] were established for the amplification of both regions (Table 2). The amplification of each region
was carried out separately and in duplicate per sample (Table 3) using Luna® Universal Probe One-Step RT-qPCR Kit.

Table 1. Geographical localization of sampling zones.

Province Locality Geographical localization

Orellana Dayuma 0°40’16"S, 76°52'54"W

Loja Celica 0°40°10”S, 80°04'90"W
Pindal 0°30°57"S, 79°59'04"W
Puyango 0°30°57"S, 79°58'27"W

S: south. W: west

https://doi.org/10.1371/journal.pone.0323306.t001
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Commercial pollen from Belgium was used as a positive control and sterile water as a negative control. The PCR assem-
bly was conducted in two chambers: one for the preparation of the master mix and one for the addition of the DNA. We
used this endpoint PCR modality to assess the quality of pollen DNA through C_ (cycle threshold) values.

lllumina sequencing

Amplicon libraries were prepared according to the lllumina 16s metagenomic workflow protocol [66], with adaptations.
PCR1 was done for both amplicons separately (ITS/rbcL) and then mixed before cleaning up with Ampure beads (cf
16s-metagenomic-library-prep-guide-15044223-b, page 8). For this PCR1, we used 40 cycles instead of 25, and Q5°
High-Fidelity DNA Polymerase (M0491), but PCR2 was processed with Kapa HiFi polymerase like in the 16s Illlumina
protocol. PCR2 was done with 5 pl of purified PCR1 product. At the end of PCR2, all libraries were dually indexed. Differ-
ent combinations of indexes (Nextera Index Kit - Index 1 (i7) Adapters, from N708 to N712 and Index 2 (i5) Adapters, from
N501 to N508. Oligonucleotide sequences © 2015 lllumina, Inc. All rights reserved) were used for each sample.

PCR2 products were then purified with AMpure beads (cf 16s-metagenomic-library-prep-guide-15044223-b, page 13),
and amplicon QC was done on QIAxel (size profile) (QIAGEN®, Germany).

PCR2 products were quantified and normalized at 7 ng/pl using Quant-iT™ PicoGreen™ dsDNA Assay Kit (Ther-
moFisher Scientific). We generated an equimolar pool at 5ng/ul. Before proceeding to lllumina MiSeq paired-end 300 bp,
the final pool was quantified by gPCR using KAPA SYBR® FAST gqPCR Kits (Sopachem) with Library Quantification DNA
Standards lllumina from Roche. 8.5 PM of the denatured final pool was loaded on a Miseq 600 cy v3 kit. As a control step,
we added 10%pf Phix (PhiX Control v3), a ready-to-use control library for lllumina sequencing runs.

Bioinformatic analysis

The process started with 2 213,285 forward sequences and the same number of reverse sequences for ITS2 and rbcL.
We adapted steps 1-3 of Quantitative Insights Into Microbial Ecology (QIIME 2) workflow for metabarcoding analysis

Table 2. Primers sequence information.

Gen Sequence (5’ ¢ 3’) Reference
rbcLaF (forward) ATGTCACCACAAACAGAGACTAAAGC [63]
rbclr506 (reverse) AGGGGACGACCATACTTGTTCA [64]
ITS-3p62plF1 (forward) ACBTRGTGTGAATTGCAGRATC [65]

ITS-4unR1 (reverse) TCCTCCGCTTATTKATATGC

Note: for ITS2 uncommon letter the interpretationis: Bis C, Tor G, RisAor G, KisGor T.

https://doi.org/10.1371/journal.pone.0323306.t002

Table 3. PCR preparation by microtube.

Product Quantity
Luna © Universal Probe gPCR Master Mix 10pL
Nuclease-free water 6L
Primer forward (ITS2 or rbcL) 2uL
Primer reverse (ITS2 or rbcL) 2uL
Sample DNA 5uL
Total volume 25uL

pL: microlitres

https://doi.org/10.1371/journal.pone.0323306.t003
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(18S/16S rRNA) with already-demultiplexed fastq files (https://github.com/BikLab/BITMaB2-Tutorials/blob/master/
QIIME2-metabarcoding-tutorial-already-demultiplexed-fastgs.md), to specific information of ITS2 and rbcL reads. To
illustrate, we avoided the demultiplexed command in step 1 “Importing data, summarize the results, and examining quality
of the reads”. The values for truncated bases of sequences in step 2 “Quality controlling sequences and building Feature
Table and Feature Data” were modified. The DADA2 plugin in Qiime 2 employs a default filtering process that excludes
any PhiX reads from the sequencing data and filters out chimeric sequences. A quality plot was consulted to eliminate
noise and establish the requisite parameters. It was noted that the mean quality score was 34, along the initial bases,
which led to the decision to set --p-trim-left=0 for both, forward and reverse reads. The quality plot, in turn, informed the
decision to set the parameter --p-trunc-len=250 for forward reads and --p-trunc-len =200 for reverse reads, sites after
which the quality drops significantly. After the last step, four samples were removed. This decision was made due to the
limited number of sequences available for each sample, and the substandard quality of the sequences. Due to the sam-
pling site’s biodiversity, we dereplicate the sequences in Amplicon Sequence Variants (ASVs). Following the filtration and
denoising processes, 541,174 paired-end reads were obtained for ITS2, and 301,612 were received for rbcL.

The DUBOIS curated NCBI_ITS2_Viridiplantae and NCBI_rbcL_Viridiplantae [67] database (both dereplicated-restricted)
was employed to assign the taxonomy of ITS2 and rbcL unknown sequences in step 3 “Assigning Taxonomy”. The percent-
age of the similarity threshold for assignment to the species level was 95%. The training classifier was configured using the
classify-consensus-blast algorithm, with a max accept value of 1. The final assigned reads were 1,007. However, the reverse
rbcl reads demonstrated a consistent lack of quality (step 2), which complicated the pairing and analysis of pairs of reads.
For the taxonomic assignment, the focus was exclusively on the rbcL forward reads. However, the classifiers (Blast and
vSearch) were unable to identify reliable assignments. Manual mapping against specific reference databases found in NCBI
was then performed for rbcL barcode, although this process was more laborious and time-consuming.

Finally, step 4 “Summarizing Feature Table and Feature Data” of the workflow for metabarcoding analysis was followed
similarly.

Scanning electron microscopy (SEM) and morphometry method

We used the method developed in our previous work [33], in which high-quality 2D SEM images and morphological ana-
tomical points were used to identify plant families and genera, to compare the results obtained in the present study.

Statistical analysis

Alpha diversity was used to compare samples from the two provinces. To measure the branching length between the tax-
onomic assignments of the ASVs, Faith’s Phylogenetic Diversity (PD) was used. The Alpha diversity calculation used the
total number of samples (n=35).

The significance of the difference between biodiversity values was measured using the pairwise Kruskal-Wallis Test.

Results

A total of 35 samples were obtained for inclusion in the study. The ratio absorbance 260/280 of DNA extracted from the
samples was 1.64-2.21ng/uL. The C_ for ITS2 region was 13.696-34.794 (22.24 +0.27) while the C_ for rbcL gene was
15.901-39.336 (25.78+0.33).

Following the quality control step in the bioinformatics analysis, samples 9, 10, 27, and 35 were excluded due to the
poor quality of the reads generated after sequencing. The total number of taxonomic assignments made for the ITS2
sequences at the family level was 26, at the genus level was 51, and at the species level was 204. In the case of the rbcL
sequences, no taxonomic assignments were made at the family level; however, a single assignment was identified at the
genus level, and 61 taxonomic assignments were made at the species level. Although 31 samples successfully passed
the quality filtration process, obtaining the aforementioned number of taxonomic assignments was only possible from 28
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pollen samples (GenBank accession numbers from SAMN46265110 to SAMN46265137). No valid taxonomic assign-
ments were obtained from any DNA barcode for samples 11, 28, and 32.

The taxonomic assignments obtained from the two DNA markers represented families, genera, and species that were
repeated. Consequently, a total of 64 ASVs were identified as unique and distinct taxa, of which 4 (6%) were classified at
the family level, 34 (53%) at the genus level, and 26 (41%) at the species level.

We identified 58% (37/64) of the ASVs through the ITS2 region, and 42% (27/64) through the rbcL gene. Taxonomy
identification scope was superior using pollen DNA analysis than morphology and geometric morphometry (SEM identifi-
cation) analysis, since it was not possible to reach species with the last methodology (Fig 2).

The SEM methodology enabled the identification of up to five families within the same sample. Using the ITS2 region
we were able to identify at least four different families (six species) per sample, whereas using the rbcL gene, it was possi-
ble to identify only four families (four species) within the same sample.

Regarding the alpha diversity of the samples based on the phylogenetic distribution (Fig 3), there was no significant
difference between species richness in the two sampling sites (p-value=0.21).

We were able to differentiate the pollen sources according to the seasons, August and September were dry months for
both study sites (Amazonian regions and southern highlands), while December and March were rainy months (Fig 4).

During dry months for Orellana province, we found 24 miscellaneous sources, mainly Melastomataceae, Artocarpus
sp., Croton sp., Euphorbia sp., Prockia crucis, while during a rainy month (December) 19 different pollinic plants were
identified, such as Theobroma sp., Prockia crucis, Miconia sp2., Anacardiaceae, Artocarpus sp. (Table 4).

In March, the rainiest month for Loja province, we identified 23 plant sources mostly Cecropia ficifolia, Coffea
canephora, Coffea sp., Mikania sp1., Ophryosporus sp., compared to only six in the dry month (September), Coffea
canephora, Prockia crucis, Miconia nervosa, Theobroma sp., Laurus nobilis, and Cecropia ficifolia (Table 5).

Loja

u SEM
rbcL
m]TS2

Orellana

Ecuadorian provinces (sites of sampling)

=)

5 10 15 20 25

Number of taxonomical identification

Fig 2. Scope comparison of plants identifications using three different methods: barcode with ITS2 region, barcode with rbcL gene, scanning
electron microscopy and morphometry identification (SEM).

https://doi.org/10.1371/journal.pone.0323306.9002
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https://doi.org/10.1371/journal.pone.0323306.9003

Once, we identified 64 ASVs, we found that 19% (12/64) of the taxonomic identifications were considered as introduced
flora (Table 6) for Ecuadorian territory (Fig 5), with a variety of weeds (33%), shrubs (50%) and trees (17%).

Discussion

We were able to identify 64 plants as pollen sources at different taxonomic levels, 6% at the family level, 41% at the
species level, and 53% at the genus level, using DNA barcode analysis. We differentiate the seasonal pollen sources for
two climatological distinct regions in continental Ecuador, the southern highland with dry tropical forest (Loja province) and
the Amazonian rainforest (Orellana province). For both sites, the main identifications based on the highest abundance
(number of reads per ASV) of plants present per sample were Prockia crucis, Coffea canephora, Miconia nervosa, Laurus
nobilis, Theobroma sp., Miconia notabilis, Artocarpus sp., Croton sp., Euphorbia sp., Cecropia ficifolia, Mikania sp., and
Ophryosporus sp.

The ITS2 region obtained the major scope for taxonomic assignments, because its variability allows for distinguish-
ing closely related species. Additionally, its conserved regions make it valuable for designing universal primers [44]. The
internal transcribed spacer 2 length is 180-390 bp for plants [68]. Meanwhile, the rbcL gene has a full length of 1400 bp
[69]. RbcL gene is a good region for phylogenetic studies due to a low mutation rate that maintains sequence stability
over generations, allowing evolutionary relationships between plants to be mapped. Its highly conserved sequence also
enables broad applicability across different taxa [63].
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The rbcL barcode as a gene in the plastid DNA began to be less recommended for the analysis of pollen DNA since it is
not present in all pollen grains. However, it is essential to maintain it for reliable plant identification with close taxa [70] and
the quantitative data that produce at least at the family level. The majority of the families identified in this study fall into
this category, including Asteraceae, Brassicaceae, Fabaceae, Moraceae, Rosaceae, and Salicaceae [71]. The elevated
number of species-level identifications in this study may appear surprising, but the efficacy of rbcL as a DNA marker for
species-level identification has been demonstrated in specific groups of plants that show greater interspecific variation,
i.e., greater sequence divergence, which allows species resolution. This feature has been identified in species belonging
to the families Asteraceae, Fabaceae, Poaceae, and Orchidaceae [72—75]. However, it is important to recommend the use
of the matK gene in conjunction with the rbcL gene to improve species resolution in similar studies.

The combination of ITS2 and rbcL markers was found to facilitate more precise species-level identification [76] than
that achievable with either marker in isolation [77—82]. The optimisation of the methods employed was also a factor that
enriched our results. Increasing the number of PCR cycles from 25-35 to 40 has a small impact on species-level identifi-
cation [83]. However, this increase allows the amplification of ITS2 sequences from other plants, which would not be pos-
sible with fewer cycles. During our study, the use of 40 cycles for the PCR amplification may have made the ITS2 region
the best identification marker. The next-generation sequencing method has been a popular way to analyse pollen [84].

In this study, the MiSeq system worked, as is usual, with 300 pb paired-end reads, which is a key tool in the case of ITS
region analysis because this specific length recovers the informative sequence ITS2 and ITS1 [85]. However, MiSeq is a
short-read NGS sequencing platform. Consequently, we would recommend HiFi-based platforms such as PacBio, which

Table 4. Seasonal pollen references for Orellana province (amazon region).

August — September 2018 (dry months) December 2018 (rainy month)
1 Melastomataceae 1 Theobroma sp. (Malvaceae)
More 2 Artocarpus sp. (Moraceae) 2 Prockia crucis (Salicaceae)
l 3 Croton sp (Euphorbiaceae) 3 Miconia sp2. (Melastomataceae)
4 Euphorbia sp. (Euphorbiaceae) 4 Anacardiaceae
5 Prockia crucis (Salicaceae) 5 Artocarpus sp. (Moraceae)
6 Schefflera sp. (Araliaceae) 6 Choerospondias axillaris (Anacardiaceae)
7 Miconia notabilis (Melastomataceae) 7 Coffea canephora (Rubiaceae)
8 Theobroma sp. (Malvaceae) 8 Melastomataceae
Less 9 Dendropanax sp. (Araliaceae) 9 Miconia notabilis (Melastomataceae)
10 Bellucia grossularioides (Melastomataceae) 10 Schefflera sp. (Araliaceae)
11 Solidago sp. (Asteraceae) 11 Eugenia sp. (Myrtaceae)
12 Triolena amazonica (Melastomataceae) 12 Baccharis sp. (Asteraceae)
13 Calyptranthes sp. (Myrtaceae) 13 Mikania cordifolia (Asteraceae)
14 Miconia affinis (Melastomataceae) 14 Brassica napus (Brassicaceae)
15 Psidium sp1. (Myrtaceae) 15 Acmella sp. (Asteraceae)
16 Brassica napus (Brassicaceae) 16 Erigeron sumatrensis (Asteraceae)
17 Coffea canephora (Rubiaceae) 17 Mauria sp. (Anacardiaceae)
18 Trophis caucana (Moraceae) 18 Aster sp. (Asteraceae)
19 Miconia tococoidea (Melastomataceae) 19 Muntingia calabura (Muntingiaceae)
20 Baccharis sp. (Asteraceae)
21 Ficus andicola (Moraceae)
22 Triplaris melaenodendron (Polygonaceae)
23 Aster sp. (Asteraceae)
24 Ficus sp. (Moraceae)

https://doi.org/10.1371/journal.pone.0323306.t004
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Table 5. Seasonal pollen references for Loja province (southern highland region).

September 2018 (dry month) March 2019 (rainy month)
1 Coffea canephora (Rubiaceae) 1 Cecropia ficifolia (Urticaceae)
More 2 Prockia crucis (Salicaceae) 2 Coffea canephora (Rubiaceae)
l 3 Miconia nervosa (Melastomataceae) 3 Coffea sp. (Rubiaceae)
4 Theobroma sp. (Malvaceae) 4 Mikania sp1. (Asteraceae)
5 Laurus nobilis (Lauraceae) 5 Ophryosporus sp. (Asteraceae)
6 Cecropia ficifolia (Urticaceae) 6 Withania sp. (Solanaceae)
7 Leucaena sp. (Fabaceae)
8 Psidium sp2. (Myrtaceae)
Less 9 Trophis caucana (Moraceae)
10 Dillenia sp. (Dilleniaceae)
11 Schefflera sp. (Araliaceae)
12 Tapirira guianensis (Anacardiaceae)
13 Theobroma sp. (Malvaceae)
14 Myrtaceae
15 Swartzia polyphylla (Fabaceae)
16 Brassica napus (Brassicaceae)
17 Secale cereale (Poaceae)
18 Triticum turgidum (Poaceae)
19 Baccharis sp. (Poaceae)
20 Alternanthera sp. (Amaranthaceae)
21 Pisonia sp. (Nyctaginaceae)
22 Ageratina adenophora (Asteraceae)
23 Bougainvillea praecox (Nyctaginaceae)

https://doi.org/10.1371/journal.pone.0323306.t005

provide long-read sequencing of fragments ranging in size from 1000 to 20,000 bases or more. Such platforms would be
more appropriate for barcodes such as rbcL

Genus or species misidentification is often attributed to missing plant sequences in reference databases [51]. Ecuador
is one of the 20 megadiverse countries in the world, with two biodiversity hotspots [86]. Therefore, it is common to record
new species in this tropical country, which may explain the under-representation of our sequences at the species level, in
general databases. Plant taxonomy is important, especially in biodiversity hotspots, for several reasons: the contribution
to knowledge by identifying and classifying species that are unknown or believed to be extinct, thus contributing to the
advancement of knowledge and, consequently, to the establishment of conservation programmes for those species that
require protection [87—89]. Taxonomic studies are also established as a baseline against which to work with programmes
to monitor, track and make decisions on changes in species diversity due to habitat destruction and climate change. Fur-
thermore, they facilitate the establishment of measures aimed at preventing the spread of invasive species that have the
capacity to alter the integrity of ecosystems [90-92].

Although we demonstrated that the DNA methodology was superior for species-level identification to the SEM method,
the latter allowed us to detect almost the same number of families within a sample [93]. The method of morphology and
morphometric geometry, which uses high-quality 2D images (SEM) was applied a year before the current barcoding
method to the same samples. We can attribute the low DNA quality of the samples in this study to the long period and
conditions of storage, 3 years at 4 °C. In addition, the pollen samples did not undergo any prior washing or preservation
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Table 6. Introduced flora identified as pollen sources for Ecuadorian stingless bees.

Plant

Origin

Vegetation type

Spanish common
name

Coffea canephora (Rubiaceae)

W. Tropical Africa to S. Sudan and N. Angola

Shrub or tree up to
10m

Café robusta

Brassica napus (Brassicaceae) Europe to Mongolia and Pakistan, Canary Weed Canola, colza
Islands, N. Africa to Somalia and Arabian
Peninsula
Artocarpus sp. (Moraceae) Tropical & Subtropical Asia to W. Pacific Tree Arbol de pan,
frutipan
Choerospondias axillaris Nepal to S. China and Indo-China, Taiwan Tree NA
(Anacardaceae)
Solidago sp. (Asteraceae) N. & Central America, Caribbean, Bolivia to Weed Plumero Amarillo

Brazil and S. South America, Azores, Temp.
Eurasia, NW. Africa.

Aster sp. (Asteraceae)

Eurasia to Jawa, NW. Africa, Subarctic Amer-
icato NW. U.S.A.

Weed or small shrubs

NA

Dillenia sp. (Dilleniaceae)

W. Indian Ocean to SW. Pacific

Shrubs or trees up to
30m

Falsa magnolia,
manzana de elefante

Withania sp. (Solanaceae)

Tropical & S. Africa, Medit to Temp. Asia

Shrubs or weeds

Ginseng indio, hierba

mora mayor
Secale cereale (Poaceae) S. Turkiye Weed Centeno

Triticum turgidum (Poaceae) E. Medit. To Iran and Xinjiang Weed Trigo

Ageratina adenophora Mexico Shrubs Flor de la espuma
(Asteraceae)

Laurus nobilis (Lauraceae) Medit. Shrubs or tree Laurel, lauro

N: north. S: south. W: western. E: east. Medit: mediterranean. NA: not assigned

https://doi.org/10.1371/journal.pone.0323306.t006

method specific to DNA [94]. The ratio absorbance 260/280 of < 1.6 may indicate the presence of proteins in samples [95].
The MiSeq recommendation is that a minimum of 50 ng to 500 ng of good-quality DNA should be utilized. It is imperative to
note that DNA of substandard quality may contain traces of ethylenediaminetetraacetic acid (EDTA), organic contaminants
such as ethanol, or other inhibitors that may interfere with library preparation (the case of this study) or DNA sequencing.
Twelve flora identified in this study are considered as introduced (non-native) in Ecuador [96]. Asia and Africa were the
main origin sites which reflects the ecologically modified environment where the stingless bee sets are located. Forest
trees were found as the main sources in a mixed native and exotic environment for Brazilian stingless bees [23] even
when obtaining pollen and/or nectar, had higher energy costs than other shrubs and weeds. Stingless bees have been
observed to follow a feeding pattern across all regions of their pantropical distribution. They visit both native plants and
exotic species, including crops, ornamental plants, and weeds [19].
Plants in Melastomataceae, Myrtaceae, Asteraceae, Anacardiaceae, Euphorbiaceae, and Sapindaceae families are
commonly reported to provide pollinic sources for stingless bees [97]. While reports of Polygonaceae, Solanaceae,
Poaceae, Amaranthaceae, Dilleniaceae, and Araliaceae are frequent in other studies [98—100]. And as rarely reported
we found Muntingiaceae and Nyctaginaceae families [22,101]. Some plants of Anacardiaceae family, genera Croton and
Cecropia, and species such as Trophis caucana, Secale cereale include wind pollination (anemophilous) in their pollina-
tion [102—104]. The presence of the pollen in question in the nests of the stingless bees under study may be attributable
to an indirect entry of pollen into the nests through wind currents or electromagnetic attraction to pollen charges that the
bees carry in their corbiculae. It is recommended that the pollination mechanisms of these particular plants be studied to
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ascertain whether their presence in the pollen pots was due to indirect contamination or whether it was attributable to the
pollination activity of stingless bees.

Our results from Loja province, a tropical dry forest, indicated a greater diversity of pollen species during the rainy sea-
son. In the case of Orellana province, tropical rainforest, a greater diversity of pollen species was detected during the dry
season [105]. Therefore we support the assertion that food stored is positively correlated with field food availability, which
is greater when temperature and rainfall increase in the tropics [106]. Pollen richness and diversity inside the nests are
positively related to environmental plant richness and the distance between nests and pollen sources [107].

In species of the genus Melipona sp., it has been observed that the flight distance may vary from 2 to 10 km when the
resource reward is high, but it is surprising to observe this pattern in species such as Scaptotrigona sp., or Tetragonisca sp., for
which there is no record of flight distances greater than one kilometer [97]. Thus, it is extremely important to maintain enough
diverse floral sources around stingless bee nests, especially for those that are intended purely for the production of honey.

In Ecuadorian stingless bee keeping, we suggest differentiating the management of stingless bees according to the
area in which the producer is located. Because when you generalize the bee keeping practices from one region to another
without taking into consideration the months of local flowering, actions such as honey harvesting or nest division, can
drastically affect the survival of the nests.

Conclusion

ITS2 region and rbcL gene increase the scope of taxonomical identification at the species level, by using them together.
They also contribute to the understanding of the plant-pollinator relationship by revealing the origin and dispersal patterns
of pollen as well as the specialisation of pollinators.

In Ecuador, tropical dry forests and tropical rainforests offer different pollen sources according to the season, an import-
ant factor to consider in the management of stingless bees, which must be differentiated for each region.

The pot-pollen richness included introduced flora, while the preferred vegetation type ranged from shrubs, weeds, and
trees.

Understanding the available pollen sources is crucial for the effective management of stingless bees, identifying appro-
priate locations for meliponiculture, and cultivating or preserving plant species that are beneficial for honey-productive
species in Ecuador.

Supporting information

S1 Table. Detailed list of Stingless bee species per sampled nest. The species were identified using two distinct
methods: molecular biology and morphometric analysis. These methods were developed by two undergraduate students,
Esteban Palacios and Ransey Pachacama in 2021 (unpublished information). ID code meaning: H meliponary or nest set,
N nest, P pollen sample.
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