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Abstract: The identification of floral visitation by pollinators provides an opportunity to improve 

our understanding of the fine-scale ecological interactions between plants and pollinators, contrib-

uting to biodiversity conservation and promoting ecosystem health.  In this review we outline the 

various methods which can be used to identify floral visitation, providing a comparison between 

molecular and non-molecular methods. We review the literature covering the ways in which DNA 

metabarcoding has been used to answer ecological questions relating to plant use by pollinators and 

discuss the findings of this research. We present detailed methodological considerations for each 

step of the metabarcoding workflow, from sampling through to amplification and finally bioinfor-

matic analysis. Detailed guidance is provided to researchers for utilization of these techniques, em-

phasizing the importance of standardization of methods and improving the reliability of results. 

Future opportunities and directions of using molecular methods to analyze plant-pollinator inter-

actions are then discussed. 

Keywords: DNA metabarcoding; pollen; pollinators; pollen metabarcoding; plant-pollinator inter-
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1. Background 

Understanding the relationship between plants and pollinators is vital for biodiver-

sity conservation, food security, and ecosystem function [1,2]. Worldwide, there are ap-

proximately 350,000 animal pollinator species, of which insects contribute a significant 

proportion [3]. Despite the importance of pollinators, evidence of declines in species rich-

ness and abundance are increasing across the globe [4,5]. A global analysis of pollinator 

decline has found that the most significant drivers of decline are land use change, pesti-

cides, climate change, pests, and pathogens [6].  

 

DNA metabarcoding and related approaches provide powerful tools for investigat-

ing pollinator foraging preferences and should be a standard part of the ecologist’s toolkit. 

The aim of this review is to describe the range of approaches and methods available, along 

with their opportunities and challenges. We thoroughly explore the ecological questions 

that can be answered from identifying floral visitation across a range of species and habi-

tats and present a summary of findings from the literature. The entire pollen metabarcod-

ing workflow is described along with considerations and guidance for each step, in the 

hope of inspiring more researchers to adopt these techniques.  

 

Identifying floral visitation can provide an insight into the resources used by insects 

and the pollination services they deliver. Whilst the methods subsequently described do 
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not detect the process of pollination, we use the term pollinators as a general term to refer 

to flower-visiting insects. 

2. Methods for identifying floral visitation by pollinators 

Floral visitation studies may be plant- or insect- focused. Historically, the diet of pol-

linators has been studied by observing insects visiting plants. This involves recording 

which pollinators visit plants, either within established habitats [7–9] or in experimental 

conditions [10]. Alternatively, insects themselves may be observed and flower visitation 

tracked by methods such as mark recapture using paint, plastic tags [11] or harmonic ra-

dar [12], which requires prior knowledge of the location of floral resources. In honeybees, 

the location of resources is communicated to the colony using waggle dances [13] which 

can be de-coded to elucidate forage preferences and behavior [14].  

 

Floral visitation may also be investigated by identifying the pollen collected by the 

insect. Pollen microscopy has been widely utilized for diet characterization by identifying 

pollen grains obtained from the bodies of individuals [15,16], honey [17,18] or nest provi-

sions [19,20]. However, the identification of pollen grains to species level using light mi-

croscopy is difficult and time consuming [21]. In recent years, automated machine learn-

ing systems have been developed to identify pollen from images and are showing great 

promise [22–24]. 

 

Alternatively, pollen may be identified by DNA metabarcoding: a process involving 

identifying all species in an environmental sample using DNA barcode markers and high-

throughput sequencing [25–27]. DNA metabarcoding has been used to successfully iden-

tify pollen from provisions within nests [28–30], honey [31–33], proboscises [34,35], guts 

[36,37], and the legs or bodies of insects [38–40] (Supporting Information). Whilst the ma-

jority of DNA metabarcoding studies utilize pollen, some have identified raw plant mate-

rial from within nests to identify the leaf preferences of solitary bees [41–43].  

 

Shotgun metagenomics is an alternative tool which can be used to identify taxonomic 

diversity within a mixed sample using untargeted sequencing of genomic fragments 

mapped to whole genomes or barcode regions [44,45]. By mapping genome-skims to a 

constructed reference library of plastid genomes, Lang et al., [46] demonstrated quantita-

tive identification of >97% taxa in mixed pollen samples. The advantages of metagenomic 

methods are the option of PCR-free processes which reduce possible amplification biases, 

long read lengths, and increasing taxonomic resolution compared to targeted sequencing 

of specific regions [44,47]. The main limitation facing whole-genome studies is that cur-

rently, few whole plant genomes are available, resulting in difficulties assembling refer-

ence material [44]. A further promising approach is the use of reverse metagenomics to 

map long reads produced by the MinION to genomic skims, a method which has pro-

duced semi-quantitative identification of plant species in mixed pollen loads [47]. 

 

An example of a more novel approach to elucidating floral visitation is through the 

method of obtaining residual insect DNA from plants themselves [48]. Similarly, the iden-

tification of ‘microbial signatures’ specific to pollinators within nectar can also be used to 

elucidate visitation [49,50]. 

3. Comparison of molecular methods with non-molecular methods 

Each method of identifying floral visitation has advantages and disadvantages which 

must be considered (Table 1). Observational methods allow plant-pollinator interactions 

and networks to be identified and constructed quickly and cheaply, however, as the  
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Table 1. Methods of detecting floral visitation by pollinators along with their advantages and disadvantages. 

 

Method Advantages Disadvantages 

Observations of 

plants or 

pollinators 

• Easy to set up and conduct 

surveys 

• Cheap 

• The type of resource used can 

be identified (e.g., pollen, 

nectar, resin) 

• Can track individuals using 

mark recapture methods 

• Some interactions are not observed due to 

spatiotemporal restrictions of both plants 

and pollinators 

• Sampling effort is labour intensive and has 

a direct effect on number of links observed 

• Limited by field identification of pollinators 

and plants 

• Often qualitative data only 

Waggle dance 

analysis 

• Can track foraging location of 

individuals over short and 

long distances 

• Only suitable for honeybees 

• Need prior knowledge of location of 

resources to infer visitation 

• Landscape-level analysis rather than 

specific resource use 

Harmonic radar 

• Can track insects up to 700m 

• Can track individuals 

• Need prior knowledge of location of 

resources to infer visitation 

• Physical obstacles e.g., hedges affect signal 

• Weight of tracker limits which insects can 

be monitored 

Pollen 

microscopy 

• Can give information on an 

individual’s entire foraging 

trip 

• Pollinator specimens can be 

retained for morphological 

identification and voucher 

specimens 

• Can identify pollen from 

historic specimens 

• Automated processes for 

identifying images are being 

developed 

• Some measure of abundance is 

achievable 

• Need expert palynologists for identification 

• Requires phenological and local knowledge 

of plant taxa for verification 

• Identification in some taxa is difficult 

beyond family or genus 

• Quantitative but a small subset is often 

analysed 

• Time-consuming with not much ability to 

scale up unless automated processes are 

used 

• Rare taxa are difficult to detect 

• Temporal limit is unknown – can range 

from flight period of minutes to hours 

• Cannot distinguish if plants were visited 

for pollen, nectar, or resin 

Pollen 

metabarcoding 

• Can give information on an 

individual’s entire foraging 

trip 

• Can be scaled up easily 

• Pollinator specimens can be 

retained for morphological 

• Identification in some taxa is difficult 

beyond family or genus 

• High start-up costs but can be scaled up 

increasing cost effectiveness 

• Rare taxa are difficult to detect 

• Requires phenological and local knowledge 

of plant taxa for verification 
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identification and voucher 

specimens 

• Eliminates the need for expert 

palynologists 

• Can identify the entire pollen 

assemblage of an individual 

• Can distinguish taxa which are 

difficult to identify 

morphologically 

• Can identify pollen from 

historic specimens 

• Semi-quantitative data can be 

obtained 

• Temporal limit is unknown – can range 

from flight period of minutes to hours 

• Cannot distinguish if plants were visited 

for pollen, nectar, or resin 

• Biases during DNA extraction, PCR and 

sequencing may reduce how quantitative 

the data can be  

Metagenomics 

• Can give information on an 

individual’s entire foraging 

trip 

• Can be scaled up easily 

• Pollinator specimens can be 

retained for morphological 

identification and voucher 

specimens 

• Eliminates the need for expert 

palynologists 

• Can identify the entire pollen 

assemblage of an individual 

• Can distinguish taxa which are 

difficult to identify 

morphologically 

• Can identify pollen from 

historic specimens 

• Long read lengths 

• PCR-free processes reduce 

possible amplification biases 

• Potential to obtain quantitative 

data 

• Identification in some taxa is difficult 

beyond family or genus 

• Expensive, although sequencing costs are 

decreasing 

• Reference libraries for identification require 

whole genome or genome skims. High 

workload to achieve this at scale for many 

plant species.  

• Rare taxa are difficult to detect 

• Requires phenological and local knowledge 

of plant taxa for verification 

• Temporal limit is unknown – can range 

from flight period of minutes to hours 

• Cannot distinguish if plants were visited 

for pollen, nectar, or resin 

 

period of observation is often limited both spatially and temporally, this leads to missed 

interactions [51]. As a result, sampling effort is a major determining factor of the number 

of links which are recorded. Some pollinators are thought to visit many plants in one for-

aging trip [52], therefore by observing plants rather than pollinators, incomplete networks 

can be formed, and key forage species may be missed. By analyzing pollen loads of bum-

blebees, Carvell et al. [53] found that the dominant plant in pollen loads was not always 

the plant the bee had been caught on, demonstrating that observation of floral networks 

does not reveal all interactions with visitors. 
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Insect-focused methods of identifying floral visitation such as DNA metabarcoding and 

pollen microscopy can reveal interactions which are unseen using observational methods 

[37,54–58]. These methods are free from the spatial limitations of observations which come 

as a result of visual bias e.g., height [16] and tag ranges [12], as they provide a record of 

any resources which have been accessed by the individual which may be up to several 

kilometers away [59]. On the contrary, during observations the time spent foraging can be 

recorded, however, it is currently not possible to distinguish the temporal range of pollen 

found on an insect’s body. 

 

Arstingstall et al. [60] found that when comparing plant-pollinator networks charac-

terized by DNA metabarcoding of pollen to those constructed from observations of for-

aging bees, networks constructed from molecular analysis had increased species richness 

and reduced specialisation. However, observed interactions can be undetected using 

DNA metabarcoding and pollen microscopy, owing to their rarity [57] size of plants 

[55,60], or use for nectar with limited or no pollen production [37,61]. These factors reduce 

the amount of pollen transferred to the insect and therefore identified. The key advantage 

of using observations over pollen identification is the ability to identify which resource 

(pollen, nectar, or resin) is being collected when plants are visited [62]; a vital component 

of pollinator ecology.  

 

The identification of many pollinator species is difficult in the field [63], therefore 

observational studies are restricted by taxonomic expertise, leading to some studies oper-

ating at genus level [64]. Retaining insect specimens used for pollen analysis through mi-

croscopy or metabarcoding allows careful identification either through traditional mor-

phology or CO1 barcoding [65], avoiding limitations of identifications in the field and 

providing a voucher specimen for future reference.  

 

Interactions between plants and pollinators using both plant and insect-focused ob-

servations are usually characterized at the species level [9] due to difficulties tracking in-

dividuals [11]. The identification of pollen from the body of an insect using DNA metabar-

coding or pollen microscopy allows valuable individual foraging preferences to be char-

acterized more easily than in visual surveys [66]. In pollen microscopy, a small sub-sam-

ple is fully identified and used to estimate the composition of the total pollen load [67], 

whereas molecular analysis can sample the entire pollen assemblage on the body of an 

insect [40,68]. Although there is some congruence between the taxa which are difficult to 

identify using microscopy and those which are indistinguishable using DNA e.g., some 

taxa within the Rosaceae family [32], both methods may detect additional taxa when com-

pared to the other [69,70]. In comparing pollen microscopy and DNA metabarcoding, sev-

eral authors have found higher taxonomic resolution of plant taxa identified [35,71] and a 

greater number of species detected [69–72] using DNA metabarcoding. Both methods, 

however, are subject to the stochasticity of detecting rare taxa [72,73]. 

 

Whilst both pollen microscopy and DNA metabarcoding yield valuable individual-

level information on foraging, identification of plant taxa using DNA eliminates the need 

for expert palynologists for microscopy. Although also time-consuming and initially ex-

pensive [74], molecular processes may be easily scaled up [70,75]. The use of semi-quan-

titative data (discussed in detail within the methodological considerations) also allows 

plant-pollinator relationships to be measured and can provide a more sensitive represen-

tation of diet compared to frequency of occurrence [76]. 
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4. Using DNA metabarcoding to answer questions about pollinator foraging prefer-

ences 

The use of DNA metabarcoding to answer ecological questions about pollinator foraging 

preferences has increased rapidly over recent years alongside key methodological devel-

opments (Supporting Data). The questions addressed can be broadly grouped into four 

topics: (1) How does foraging change throughout time and space? (2) How is foraging af-

fected by resource availability? (3) How are resources partitioned between species and in-

dividuals in a plant-pollinator network? (4) What is the relationship between plant use and 

pollinator health? 

4.1. How does foraging change throughout time and space? 

DNA metabarcoding provides a useful method for monitoring plant use across wide 

spatiotemporal scales, such as multiple countries or regions [77] and, when compared 

with historical data, time periods over decades or centuries [32,78,79]. The reproducibility 

of DNA metabarcoding allows continued sampling of foraging across a species’ entire 

flight period, allowing an understanding of plant selection at specific time points. Danner 

et al. [80] and Park and Nieh [81] sampled pollen from honeybee hives at regular intervals 

throughout the year and identified the plant species that were visited using DNA 

metabarcoding. Both studies found that the amount and diversity of pollen collected was 

strongly influenced by season, most likely influenced by the phenology of surrounding 

plants [80,81]. In addition to tracking contemporary foraging habits, DNA metabarcoding 

has been shown to be a useful tool for analysing pollen from historical specimens 

[78,82,83]. By sequencing pollen obtained from museum specimens, Simanonok et al. [83] 

successfully identified the plants used by an endangered bumblebee species over 100 

years, vastly improving current knowledge of resource use and mechanisms of decline. 

Similarly, analysing the pollen DNA within UK honey and comparing the plant diversity 

to samples characterised 65 years prior using microscopy revealed landscape-scale shifts 

in foraging habits due to changes in agricultural intensification, crop use, and the spread 

of invasive species [32]. Long-range movements can be tracked by identifying pollen on 

migrating insects [34,84]. Suchan et al. [84] detected plant species endemic to Africa on 

butterflies using DNA metabarcoding, significantly improving the understanding of 

migration patterns which were previously limited when using traditional techniques. As 

well as increasing the spatial scale of studies, pollen metabarcoding has highlighted the 

importance of trees and woody species to pollinators, plants with flowers which are often 

visually restricted and therefore may be missed during observational surveys [31,85]. 

Whilst most of these spatial assessments of foraging focus on geographic differences, only 

one study has specifically demonstrated the ability of pollen metabarcoding to elucidate 

changes in resource use across elevational gradients to better understand how climatic 

changes in the environment impact foraging [36]. 

4.2. How is foraging affected by resource availability? 

A key area of research in pollinator foraging ecology is understanding why specific plants 

are used and whether this is driven by preferences relating to characteristics of the plant 

e.g., nectar quality [86], or simply a result of resource availability [87]. By conducting floral 

surveys and comparing the flowering plants available to the plants identified in honey 

using DNA metabarcoding, de Vere et al. [31] found that honeybees only used 11% of 

genera available. Park & Nieh [81] also used a metabarcoding method along with 

herbarium records to illustrate that honeybees used between 2.7-10% of flowering species 

available over three seasons.  

Insect visitation can be influenced by the abundance of floral resources in a landscape [88], 

which is affected both temporally by plant phenology [89] and spatially by habitat type 

[90]. Timberlake [91] utilised a null model method and DNA metabarcoding of pollen 
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samples collected from bumblebees within farmland to illustrate that floral choice was not 

always driven by the abundance of plant species, nor their nectar availability. By 

identifying plants which are visited more than expected compared to their abundance, 

management recommendations can be given for maintaining appropriate floral provision 

aimed at the effective conservation of bumblebees on farmland [91]. Likewise, Jones [92] 

found no significant correlation between the abundance of plant taxa in the landscape and 

the abundance of plants found in honey samples each month. However, Nürnberger et al. 

[93] found that the number of plant genera in pollen loads of honeybees identified by 

metabarcoding was lower when floral availability was reduced. Recent work by Quinlan 

et al. [94] suggests that whilst honeybees may sometimes preferentially select plants found 

in high abundance, this is dependent on the time of year and nutritional demand. 

DNA metabarcoding can be used to monitor how spatiotemporal changes in resource 

availability across landscapes affect the diet of pollinators [77,90,95–97]. By assessing 

honeybee diet across gradients of land use, multiple authors have found that the richness 

and diversity of pollen collected is not strongly linked to the composition of surrounding 

landscapes [33,70,97,98]. Instead, seasonality of resources appears to be the greatest driver 

of diet, irrespective of land use [80,99]. 

4.3. How are resources partitioned between species and individuals in plant-pollinator networks? 

The use of DNA-based methods for identifying species interactions allows complex 

networks to be constructed and analysed [35,100]. Constructing accurate networks is 

important to help fully understand their structure, as the level of specialisation and 

generalisation of networks, species, or individuals can affect their robustness against 

environmental change [101,102].  

A number of authors have used molecular approaches to assess resource partitioning 

within large plant-pollinator networks [35,66,68]. Elliott et al. [103] used DNA 

metabarcoding to construct an interaction network between honeybees, native bees and 

the floral resources used to identify resource overlap. The number of known floral hosts 

of many species were increased compared to the previous literature based on 

observational studies, improving the understanding of how wild and introduced bees co-

exist in a landscape [103].  

The ability to identify an individual’s entire pollen assemblage results in the valuable 

characterisation of interactions at varying hierarchical levels throughout a plant-

pollinator community [104]. To date, of the studies that have identified resource 

partitioning within plant-pollinator networks using DNA metabarcoding, all have found 

that generalised networks or species are made up of specialised individuals [39,66,68,105]. 

This presents a promising area of research to further investigate the levels of specialisation 

and generalisation exhibited by pollinators.  

4.4. What is the relationship between plant use and pollinator health? 

Floral resources vary in the quality of their nectar and pollen rewards [86], and 

consequently, the diversity of resources used has been found to impact pollinator fitness 

[106]. Insights into the nutritional ecology of pollinators can be unearthed using DNA 

metabarcoding, by quantifying the relationship between plant taxa found and the 

protein, carbohydrate, lipid, and amino acid content of pollen [97,107,108]. For example, 

Donkersley et al. [107] found that the protein content of bee bread (honeybee pollen 

stores) was positively correlated with the presence of dandelion Taraxacum spp. pollen 

and negatively correlated with pollen from cherries and plums Prunus spp., improving 

our understanding of how floral resources meet the dietary requirements of pollinators. 
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As well as affecting the nutritional quality of provisions, the plant species visited by 

pollinators may also influence the bacteria present in the nest [109]. DNA metabarcoding 

allows plant-microbe relationships to be explored, increasing the understanding of 

plant-pollinator interactions throughout an insect’s lifecycle. The relationship between 

the diversity of pollen species collected and the diversity of the microbiome appears 

complex. However, both positive and negative associations have been found between 

particular pollen types and bacteria [110–112]. For example, Voulgari-Kokota et al. [112] 

found that the presence of Acinetobacteria in pollen provisions of a solitary bee was 

positively associated with the presence of some taxa such as European goldenrod 

Solidago virgaurea, oxeye daisy Leucanthemum vulgare and yarrow Achillea 

millefolium, but negatively associated with spear thistle Cirsium vulgare, red poppy 

Papaver rhoeas and sycamore Acer pseudoplatanus. 

The identification of pollen in nests has also been used to investigate the relationship 

between mass-flowering crops and the prevalence of parasites, finding that increased 

abundance of resources may help to reduce transmission by diluting parasite transmission 

through reducing visitation frequency per flower [113]. 

 

5. Key methodological considerations for using DNA approaches and their challenges 

5.1. Study design and sampling 

Careful considerations are required for every stage of the molecular approach, from the 

initial stages of study design to the downstream bioinformatic analysis (Table 2). Firstly, 

the nature of the study system must be considered in order to understand the information 

which will be produced. For example, sampling pollen from a single bee which is actively 

foraging will yield different results to pollen collected through pollen traps or honey, as 

the latter methods represent the foraging efforts of multiple bees over numerous trips [31]. 

In addition, morphological features such as body size and pilosity (hairiness) of insects 

can influence the number and diversity of pollen retained [114]. Pollen may be transferred 

from plants visited solely for nectar [62], and some plants do not produce nectar at all 

[115]. In addition, nectar can itself be contaminated with pollen as a result of plant visitors 

[116]. Therefore, molecular analysis of pollen generates information on which plants have 

been visited for both pollen and nectar collection. Another important consideration is that 

the presence of pollen on insects does not assume pollination has occurred [117], therefore 

the identification of pollen represents floral visitation only. It is also important to consider 

that when identifying plant material within nest provisions, contamination may occur 

from multiple sources of plant DNA such as pollen provisions, leaf or soil material used 

to build nests [71]. 

Capturing methods such as on transect walks or during observations will also influence 

the number and diversity of insects caught and therefore the resulting sampling universe. 

The flight times of insects and phenology of plants must also be considered due to their 

influence on foraging. For example, sampling one species across its entire flight period 

will give a more complete picture of resources used compared to studies undertaken 

within a shorter time period, which have limited information on the total resources used. 

The nature of pollen sampling from insect bodies results in a risk of cross-contamination 

occurring in the field, therefore, samples should be collected using a combination of nets 

and sterile tubes, with nets changed regularly and sterilised between surveys [39]. 
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Table 2. Key considerations required for each step of the pollen metabarcoding workflow 

Step Description of method Consideration Recommendations 

Sampling 

Plant DNA can be captured 

through a number of 

sampling methods: 

Source of pollen influences 

information obtained 

  

Collect insects in sterile pots and 

replace nets if any pollen transfer 

is suspected 

  

Morphological features of 

insects, such as body size and 

pilosity (hairiness) can influence 

the amount of pollen retained 

1. Pollen obtained from 

individuals collected on 

transects or within 

observational plots 

Capture methods influence the 

number and diversity of insects 

caught 

2. Pollen obtained from 

within nest provisions 
Contamination may occur 

3. Leaf material obtained 

from within nest 

provisions  
Sampling period limits the 

knowledge which can be gained 
4. Pollen obtained from 

honey samples 

Sample 

preservation 

Avoidance of DNA 

degradation  

Preservation method may affect 

downstream success 

Store pollen samples at –20 °C or 

dry using silica gel to limit 

degradation of DNA 

DNA 

extraction 

Extraction of DNA from 

pollen 

Quantity of DNA obtained is 

affected by extraction method  

Membrane-based commercial kits 

offer a fast and simple way of 

yielding DNA, although are 

costly. 

Success of DNA extraction may 

depend on pollen type and 

source 

Additional purification step is 

required for honey samples e.g., 

Zymo OneStep PCR Inhibitor 

Removal Kit 

Contamination may occur 

Stringent cleaning procedures are 

required using 10% bleach 

solution before and after each 

process 

 

Use of filter tips 

 

Use of negative controls 
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Amplification 

PCR amplification of 

extracted DNA using 

primers which target 

specific region of interest 

Choice of marker will influence 

which taxa are recovered and 

their taxonomic resolution  

We recommend a multi-locus 

approach using rbcL and ITS2 

 

Primer recommendations in Table 

S1, Supporting Information  

Contamination may occur 

Stringent cleaning procedures are 

required using 10% bleach 

solution before and after each 

process 

 

Use of filter tips 

 

Use of positive and negative 

controls 

Biases may be introduced 

through primer specificity 

Complete three rounds of PCR 

per sample and pool 

Multiplexing 

and library 

preparation 

Addition of nucleotide 

sequences to primers to 

allow for pooling of 

samples and compatibility 

with sequencing platforms  

Each method has a trade-off 

between multiple factors 

including overall cost, risk of 

contamination and PCR 

efficiency 

 

Tag-jumping can occur causing 

misidentification 

Index strategy used should be 

based on research question and 

experimental set-up 

 

A two-step PCR approach allows 

cost effective indexing 

Sequencing 
Identification of nucleotide 

sequences 

Sequencing strategy is 

dependent on choice of marker 

Illumina MiSeq (2 x 300bp) allows 

sequencing of rbcL and ITS2 

Reference 

library 

Comparison of DNA 

sequences to a reference 

library for identification 

Identifications made through 

DNA metabarcoding will only 

be as good as the reference 

library 

Create a reference library which is 

appropriate to the question being 

asked and ensure that it is 

complete and well curated 

Bioinformatic 

analysis 

Automated processes used 

to curate sequences for 

analysis including quality 

control 

Species may be incorrectly 

assigned during automated 

processes  

Requires manual verification 

steps by someone with 

knowledge of relevant plant taxa  
Metabarcoding data is 

considered to be semi-

quantitative 

Treat proportion of sequences as 

relative read abundance for 

analysis 

 

Airborne pollen may also contaminate samples [56], leading some authors to use thresh-

olds to exclude rare taxa (reviewed in [118]) or removing all wind-pollinated species 

from analysis [119]. However, it should be noted that rare taxa may include real interac-

tions, and some pollinators are known to visit wind-pollinated plants [120,121]. Further 

work to quantify the prevalence of residual pollen left on plants by insect visitors would 

be useful to infer thresholds for removal [60]. The method of preserving samples may 
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also affect the success of the study [122]. Whilst successful sequencing of pollen from his-

torical specimens is possible [78], samples should be preserved quickly to avoid degrada-

tion of DNA. Most pollen metabarcoding studies have preserved samples by freezing at –

20 °C, however, recent work by Quaresma et al., [123] suggests that the use of silica gel 

for preserving pollen should not be overlooked, particularly when samples are collected 

by citizen scientists. 

5.2. DNA extraction 

Numerous DNA isolation methods exist which can influence the quality of the DNA 

template [124,125]. Membrane-based isolation techniques are most commonly used for 

pollen metabarcoding studies, providing a fast and simple way of yielding DNA, 

although are costly [124]. Prior to amplification, additional purification steps may be 

required to remove PCR inhibitors, this is common when using honey as a source of pollen 

[32]. 

5.3. Amplification 

The choice of barcode marker is regarded as one of the most important considerations of 

DNA barcoding studies and its applications, ultimately affecting the number of taxa re-

covered and the level of species discrimination obtained [126]. DNA barcode markers 

require high universality so that a large proportion of species in a sample are amplified, 

but also low intra-specific and high inter-specific variation for effective species discrimi-

nation [127]. Short markers allow amplification of degraded DNA, however, these come 

with a caveat of reduced taxonomic resolution [128].  

 

There is no single marker which meets the ideal requirements for a plant barcode, how-

ever, the standard markers are rbcL and matK, with trnH-psbA and ITS2 being used as 

additional markers for increased species discrimination [127]. For pollen metabarcoding, 

five regions are commonly used: rbcL, ITS2, matK, trnL and trnH-psbA (Supporting In-

formation). A multi-locus approach is recommended to ensure the greatest number of 

taxa are identified [21,32,128]. The length of matK (800 bp), restricts its use in metabar-

coding due to limitations in read length on standard sequencing platforms [126]. There-

fore, it is recommended that rbcL and ITS2 are used for pollen metabarcoding, due to 

their ability to identify taxa at varying taxonomic levels along with additional taxa 

unique to one marker which provides accurate identification of plant species within 

mixed pollen samples [32,40,60].  

 

Contamination may also occur in the laboratory; therefore, stringent cleaning procedures 

are required to minimize these risks. The use of controls (negative in extraction, positive 

and negative in PCR) helps identify sources of contamination and should be sequenced 

with samples [32,129]. If sequences occur in negative controls, the number of reads of each 

taxon should be removed from all samples [74]. 

5.4. Multiplexing and library preparation 

The ability to scale up metabarcoding studies relies on the use of sample-specific labels in 

the form of unique sequences of nucleotides which are attached to amplicons. These 

unique identifiers allow hundreds or thousands of samples to be pooled for sequencing 

(multiplexing), significantly increasing the capacity of one sequencing run. Methods for 

indexing of samples occur either during the initial PCR through nucleotide additions to 

amplicons or through a secondary PCR along with adapters to allow successful 

sequencing (library indices) (reviewed in [130]). Each of the methods comes with trade-

offs between many factors, mainly the risk of cross-contamination, efficiency of PCR and 

overall cost [130]. The two-step PCR approach is most widely used in pollen 
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metabarcoding studies (Supporting Information), allowing a cost-effective approach to 

sample labelling whilst allowing effective detection of cross-contamination, but comes 

with the caveat of increased risk of biases due to an additional amplification stage [130]. 

5.5. Sequencing 

Following amplification of DNA, the sequencing strategy used is dependent on a variety 

of factors including the choice of marker, with most studies thus far utilising the Illumina 

MiSeq platform. Although concerns are raised over the maximum read length of Illumina 

platforms (2 x 300 bp) [26,84], multiple studies have demonstrated successful sequencing 

of longer markers such as rbcL (~500 bp) along with additional adapters and primers 

[40,61]. Newer sequencing technologies such as the MinION (Oxford Nanopore 

Technologies) and SMRT platform (PACBIO, Pacific Biosciences) produce longer read 

lengths, however, generate less reads than Illumina [26]. In addition, the requirement for 

high quality and quantity of input DNA may be a limiting factor for some applications of 

these technologies [47].   

5.6. Reference library 

The accuracy of DNA barcoding is reliant on a comprehensive reference library [126,131]. 

The creation of large-scale, complete DNA barcode reference libraries for a national flora 

has been achieved in the UK [126,132] and Canada [133] using a multi-locus approach, 

allowing reliable species identification in subsequent pollen metabarcoding studies 

[31,32]. The curation of reference libraries from chloroplast genomes and nuclear 

ribosomal DNA sequences can also provide coverage of standard barcodes, however, 

these methods are more costly [134].  If a complete regional reference database is not 

available [135] then authors are encouraged to compile custom, relevant reference 

libraries using the sequences available in GenBank. Curation of these libraries is required 

however to identify and remove incorrect sequences [60,98,103,136]. It is critically 

important to understand the coverage of the reference library being used compared to the 

plant taxa that could be detected [126]. 

5.7. Bioinformatic analysis 

The quantity of data produced from DNA metabarcoding studies requires automated 

processes for curation of sequences, including steps for quality control. The main purpose 

of this process is to remove any additional nucleotide sequences (index tags, adapter tags 

and primers) and to separate each sample for subsequent analysis (demultiplexing). The 

reduction of the need for expert taxonomists to identify pollen grains is often cited as one 

of the major advantages of molecular methods over pollen microscopy [78]. However, few 

authors highlight the importance of having good knowledge of the taxonomic group in 

question (i.e., plants in pollen metabarcoding), including their distribution and phenology 

for accurate species identification [31,32,70,137]. Misidentifications may occur during the 

bioinformatic process due to low interspecific variance [126] or incorrectly identified 

sequences in GenBank [138]. In order to mitigate misidentifications, deployment of a 

manual verification step in the assignment process, underpinned by botanical expertise, 

will reduce incorrect species assignments. 

5.8. Towards standardisation of methods 

Although each step of the pollen metabarcoding process has a range of different 

approaches, only certain elements of the entire pollen metabarcoding workflow have been 

reviewed [118,125,130], leaving a large proportion of the study design to the authors’ 

discretion. Without a standardisation of approaches, comparison of results across 

multiple studies must be interpreted with caution. Until each stage has been critically 
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reviewed and a robust, standardised approach is established, we encourage researchers 

to carefully assess the considerations outlined in Fig. 1 for guidance prior to conducting a 

pollen metabarcoding study. Further, we call upon authors to be transparent in reporting 

every aspect of their molecular methods to ensure studies are reproducible, utilising 

supporting information where word limits are restricting. 

 

5.9. How quantitative is DNA metabarcoding? 

Finally, there is continued debate over whether DNA metabarcoding may characterise 

pollen samples in a quantitative manner, with mixed results across studies 

[57,69,71,139,140]. Quantification has been found to be affected by a combination of 

marker and primer used, pollen type, mixture characteristics and PCR conditions [73,141–

143]. It is likely that relationships between the proportion of DNA reads and pollen counts 

are more likely for the most abundant taxa within a sample [70,144]. Similar to 

microscopy, rare taxa are difficult to detect using pollen metabarcoding [72]. Whilst this 

is a limitation, studies examining insect floral resource use often place greater focus on 

those plants detected at higher abundance. For this reason, along with the potential biases 

which can occur, DNA metabarcoding should be considered as semi-quantitative and 

relative read abundance used for downstream analysis [76]. We do not recommend the 

use of presence/absence approaches due to rare taxa being overstated and abundant taxa 

devalued [76]. 

 

6. Opportunities and future directions 

The use of DNA metabarcoding as a tool to investigate pollinator foraging has allowed 

increased insight into the interactions between plants and pollinators, however, it is still 

a developing field. Most studies focus on the identification of pollen; however, other plant 

material may be used to identify relationships between insects and plants. For example, 

recently, the characterization of resin within the nests of solitary bees through DNA 

metabarcoding has been suggested as a promising approach to identify which plants are 

important for nest building [145]. DNA metabarcoding is also not free from limitations. 

Overall, the biggest limitation is the cost and reproducibility of the molecular techniques 

[146], which determine which methods are used. Whilst the interpretation of data remains 

semi-quantitative, future work may lead to the ability to accurately measure pollen abun-

dance, significantly improving the application of this technique [142,143]. Quantification 

may be improved by using PCR-free approaches which also provide a greater represen-

tation of the genome [44]. Recent work by Bell et al. [44] has demonstrated that whole-

genome shotgun sequencing of pollen DNA is a reliable method for identification of pol-

len species mixtures. However, coverage of eukaryotic organisms in reference libraries 

remains low, and assembly of whole genomes is currently more expensive than metabar-

coding per sample [44]. It is likely that DNA metabarcoding will remain the standard 

technique until genome-level coverage improves. Until then, genome-skimming tech-

niques may hold promise to identify beyond the species level e.g., to population or indi-

vidual, if the nuclear genome is retained [147]. 

7. Final Remarks 

This review describes the range of approaches available to investigate floral visitation by 

pollinators using DNA metabarcoding. We demonstrate how the ability to yield valuable 

individual- to community- level information on foraging over large spatiotemporal scales 

allows a breadth of ecological questions to be explored, for the benefit of both the conser-

vation of pollinators and the maintenance of the ecosystem services they provide. DNA 
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metabarcoding has become a standard tool for the characterization of complex plant-pol-

linator interactions, allowing improved understanding of threatened global biodiversity. 

Supplementary Materials: The following supporting information can be downloaded at: 

www.mdpi.com/xxx/s1, Table S1: Recommended primer sequences used to amplify the rbcL and 

ITS2 barcode regions. Table S2: Details of studies which use plant DNA metabarcoding to identify 

floral visitation by pollinators or developed methods to support.  
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