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Plant–pollinator interactions are essential for maintaining both pollinator and plant communities in native 
and agricultural environments. Animal-instigated pollination can be complex. Plants are usually visited by 
a number of different animal species, which in turn may visit flowers of several plant species. Therefore, 
the identification of the pollen carried by flower visitors is an essential first step in pollination biology. The 
skill and time required to identify pollen based on structure and morphology has been a major stumbling 
block in this field. Advances in the genetic analysis of DNA, using DNA barcoding, extracted directly from 
pollen offers an innovative alternative to traditional methods of pollen identification. This technique, which 
is reviewed in detail, can be used on pollen loads sampled from bees in the field and from specimens 
in historic collections. Here the importance of pollination, the role-players involved, their management 
and the evolution of their interactions, behaviour and morphology are reviewed – with a special focus on 
South African bees. 

Significance:
• Pollen metabarcoding will enable the identification of pollen for a multitude of uses, including agriculture, 

conservation and forensics.

• Plant–pollinator interaction documentation through pollen identification gives a more certain record of a 
visitor being a pollinator rather than a flower visitor that could be a nectar gatherer. 

Introduction
South Africa has one of the world’s most diverse landscapes, with high plant and pollinator diversity and endemism.1,2 
Healthy plant–pollinator interactions are important to maintain both native plant and pollinator communities. The 
interactions between pollinators and their host plants are complex and very little is currently known about the 
floral choices of indigenous bees, specifically in South Africa. As a result of pressure from urban development, 
overexploitation of natural resources, and climate change, many of the nine biomes in South Africa are under 
threat.3 The effects of an anthropogenic influence on the environment dictates improved methods of studying 
plant–pollinator interactions, to understand how they may be influenced by environmental and ecological changes. 

Most plant–pollinator interaction studies rely on lengthy field-based experiments.2 Observing pollinators in the field 
is not the only way to study their interactions with plants. Pollinator pollen load identification allows insight into the 
species’ floral visits. Pollen loads provide a snapshot of the interactions with the plant community at the time they 
were caught. Bees (Hymenoptera: Apoidea) caught at a flower patch, for example, can have varying pollen loads 
because they can be either on their way to the flowers from the nest, or on their way from the flowers to the nest, 
or busy foraging at the patch. Neither identifying the pollen found on a sampled bee, nor netting a bee on a flower, 
can give definite answers regarding the plants it pollinates, and similarly, inferences on possible fruit and seed 
set cannot be made.4 Some pollination inferences can nonetheless be drawn, especially if multiple bee samples 
are investigated. Pollen loads sampled from pollinators could be identified by classic microscopic palynology or 
genetic methods. These two approaches are discussed in detail below.

Here, the role of pollination in agriculture and natural plant populations, with a special focus on bee pollination, is 
elucidated. The value of bee pollination in a South African context is reviewed and discussed, as is the potential 
impact that the introduction of a foreign bee species could have on highly diverse native bee populations. Advances 
in studying plant–pollinator interactions using genetic methods are also reviewed. 

The value of pollination
Functional ecosystems require various essential ecosystem services to be performed. Ecosystem services are 
defined as services provided to humans by organisms that interact in the ecosystem and pollination is one such 
extremely important service.5 Plant–pollinator interaction is, in most instances, an intimate mutualistic relationship, 
in which both parties are reliant on each other for survival – plants for reproduction and pollinators for food or other 
forms of reward. Although a plant might have multiple pollinators, it is possible that one or more of these pollinators 
are specialists and may, therefore, rely heavily on that specific plant taxon for survival.6 A decline in the host plant 
numbers would ultimately lead to a decline in its specialist pollinators, and vice versa, with important impacts on 
maintaining biodiversity and ecosystems.

Pollination is extremely important, not only in natural ecosystems but also in artificial production environments. Biotic 
pollination of crops is important to consider from an agricultural production perspective because approximately 
one-third of all human food consumption results from animal-pollinated plants, of which up to 75% is used directly 
as food.6 A decline in crop pollinator populations would thus negatively impact crop production. The importance of 
pollinators has been illustrated in a study conducted on 137 single crops and five commodities, in which increases 
of 68.4% in production of the leading single crops and 71.6% in production of commodity crops were found with 
animal pollination.6 It was estimated that native insects in the United States of America (excluding the introduced 
honeybee) were solely responsible for USD3.07 billion worth of fruit and vegetable production in 2003.5 This figure 
clearly indicates the worth of indigenous pollinators to society for maximal crop production.
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Plant–pollinator interactions
Pollination is an important ecosystem service and often crucial for 
the survival of both parties involved, but is, in essence, an inadvertent 
process. From the view of the pollinator, it is not its specific goal to 
provide this service to its mutualistic plant partner, but it is rather a 
coincidental result of its actions while visiting these hosts.7 Bees, for 
example, can deliberately collect pollen, or pollen can passively adhere 
to bee bodies while they are visiting flowers.8 Mutualism between the 
plant and the pollinator is based on rewards (pollen, nectar and oil) that 
the pollinator receives from the plant, and the plant gains the service of 
successful pollination, thereby securing its reproductive success.7-9 This 
mutualism can be facultative or obligate, depending on whether the plant 
is self-compatible or whether it is monoecious or dioecious.7 Parasitic 
interactions are also possible when a potential pollinator takes pollen 
and nectar from the plant without playing any role in its pollination.7,8 
Interactions between plants and potential pollinators therefore range from 
parasitic to obligate mutualistic, with each plant–pollinator interaction a 
developing relationship, based on how the plant and pollinator adapt to 
suit each other.

Evolution of plant–pollinator interactions
Interactions between pollinators and their target plants are usually 
regarded as being either generalised or specialised.10 Generalisation 
describes an interaction in which a plant has flowers that are 
morphologically accessible and attractive to many different pollinator 
species. Specialisation refers to flowers that are sufficiently specialised 
as to be attractive and/or accessible to only a single type of pollinator.10,11 
The same can be applied from the pollinator’s perspective – that is, 
the range of plants a pollinator prefers relates to it being generalised 
or specialised, as discussed below.10,12 In some extreme cases, both 
parties could co-evolve morphologically and behaviourally to allow only 
one-on-one plant–pollinator interactions, whereby the plant protects 
access to rewards for its specific pollinator – a feature of, amongst 
others, many genera in the Orchidaceae.13

It has been argued that the formation of specific floral structures in plants 
is largely driven by means of natural selection from their respective 
pollinators.9 Better pollinator-flower compatibility would, therefore, 
result in higher selection, through increased fertilisation events of these 
individuals. The pollinator-plant interaction is important as pollinator 
or floral adaptations can drive speciation as suggested by the diverse 
floras of the Cape region, South Africa.14 Flowers of angiosperms can 
gain suites of adaptive traits to make them more suitable to a certain 
type of pollinator or pollinator guild, also known as floral syndromes.15 
These floral adaptations or syndromes can lead to reproductive isolation 
and drive speciation, but isolation and speciation are not necessarily 
coupled.16 It is important to remember that floral syndromes are not an 
absolute definition of a plant’s pollinators but rather a description of how 
unrelated plants have evolved similar floral traits.16

Bees as pollinators
The most common and invariably important biotic pollinators of angio-
sperms are bees6, as they actively collect pollen as food for themselves 
and/or their larvae8. There is an estimated 25 000 bee species in the 
world of which approximately two-thirds are taxonomically described.9 
Bees are important pollinators of tropical forest trees17 and play an 
essential role in the pollination of smaller trees, shrubs and herbaceous 
plants9. Many crop plants are bee-pollinated, such as sunflower, tomato, 
canola, cowpea and coffee.6,18 

South Africa has high levels of both bee and plant diversity, especially 
in the southern and western parts of the country that experience 
predominantly winter rainfall. Approximately 50% of the bee species 
known to occur in sub-Saharan Africa are also located in South Africa.19 
Moreover, 95% of the bee species found in the winter rainfall region occur 
only in southern Africa.20 The moist, eastern part of the country has also 
been shown to be diverse in its bee species composition, albeit less so 
than in the arid western part of South Africa. However, the eastern region 
still contains a high endemism level of 75%.19,20

Although South Africa is particularly rich in pollinators and floristic 
diversity, relatively few comprehensive studies have investigated 
pollinator-plant interactions in the country as a whole. In one such study 
that focused on bees in the arid western region of southern Africa, 
16 229 plants were visited by 924 species of non-Apis bees, wasps 
and pollen wasps.2 The bees in this study were represented by 420 
different species that visited 34 out of the 36 available plant families 
in the study area. The four plant families most frequently visited by 
bees were the Fabaceae, Asteraceae, Aizoaceae and Zygophyllaceae. 
The foraging habits of all the different bee families studied (i.e. the 
Colletidae, Andrenidae, Halictidae, Mellitidae, Megachilidae and Apidae) 
ranged from oligolectic (specialised) to narrowly or broadly polylectic 
(generalised) – although none of the families were nearly as polylectic 
as Apis mellifera. However, in the Mellitidae, half of the observed species 
were found to be oligolectic for members of the Wahlenbergia plant 
genus (Campanulaceae). This work has shed light on the diversity and 
foraging habits of pollinators in the arid and semi-arid regions of the 
western part of southern Africa.2 

No similar regional-scale study of bees in the eastern part of South Africa 
is currently available. However, there are a few smaller studies of 
pollinators for specific plant species, for example, in the KwaZulu-Natal 
midlands in the eastern part of South Africa, Wahlenbergia were visited 
by halictid species and A. mellifera.21 It is noteworthy that halictid bees 
have also been reported to be oligolectic for Wahlenbergia in Australia.22 
This report indicates a possible adaptation of bees to their locally 
available flora as was previously reported.23 The few available studies, 
together with the high floristic and bee diversity and endemism in South 
Africa, highlight the need for further studies into the diversity of bee 
interactions with plant species – studies that are needed to elucidate 
floral choice patterns within South African bee populations.

Bee adaptations for foraging
Bees are active foragers, collecting various substances from flowers. 
During foraging activity, pollen grains become attached to their bodies. 
Specialised branched hairs on their bodies trap the pollen grains during 
the collection of pollen, nectar or oil.24 Electrostatic charges on the hairs 
also aid in the transfer of pollen from anthers to the bee body. In addition, 
modifications of hairs on the mouthparts, undersides of the heads, or 
faces of bees all assist in extraction of pollen from flowers.8,24 During 
foraging the pollen is groomed from the insect body into structures used 
to carry it to the nest. These transport structures, known as scopae, 
are brushes of hairs located on the hind tarsi of most bee species, or 
on the bottom of the abdomen as in the Megachilidae.8 Structural and 
behavioural adaptations for the collection of pollen have previously 
been reviewed in more detail.24 When pollen is groomed into transport 
structures, these pollen grains are generally not available for pollination25 
as they are tightly packed. Loosely adhered pollen grains on bee bodies 
are more important in pollination.

Generalist versus specialist interactions
Bees can exhibit generalist or specialist behaviour in their floral choices 
for specific requirements. Most bees within the eusocial groups – such 
as honeybees, bumblebees and most stingless bees – are polylectic 
in terms of pollen and nectar collection.8 They visit plants from a wide 
variety of taxa that are available for pollen and nectar collection. Polylectic 
bees still show floral constancy, that is, they make repetitive visits to 
plants from the same taxon that they have previously visited while the 
resource is available.26 Floral constancy is likely a learned behaviour that 
increases foraging efficiency during a single trip.8 Some bees are more 
selective as far as pollen is concerned. Solitary bee groups show either 
polylectic or oligolectic foraging behaviour. When visiting only a single 
species of plant, bees can be said to be monolectic, but behaviours 
mostly tend to range from narrowly to broadly oligolectic, with the 
boundaries between them remaining unclear.27 Oligolectic bees still visit 
flowers from plant taxa other than those from which pollen are collected 
for other resources, such as nectar and oils.12

Floral choices of bee pollinators play an important role in the sustainability 
of a plant community. According to food web theory, the more complex 
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the plant–pollinator interactions are, the less susceptible the plant 
community is to disturbances or extinction.28 If one of the interactions 
fails for some reason, this interaction would likely be taken over by some 
other pollinator involved in the complex interaction matrix. In contrast, a 
plant community with a high level of pollinator specialisation would be 
markedly more vulnerable to any disturbance in its interactions. Plant 
communities with high diversity would therefore be able to sustain an 
increased level of bee specialisation, whereas a low diversity plant 
community would evolve to increase the complexity level of its plant–
pollinator interactions. This hypothesis was experimentally verified by 
increasing plant diversity in a gradient and showing an increase in solitary 
bee specialisation as plant species richness increased.29 Oligolectic 
bees are also more susceptible to changes in their environment and thus 
to extinction. Because specialist bees have a more restricted foraging 
range, their effective population size (Ne) and levels of genetic variation 
are lowered, making these bees and pollination systems vulnerable and 
in need of protection.30

Studying bee-plant interactions
Plant–pollinator interactions have historically been studied through 
careful and patient observation. This observation usually involves lengthy 
field-based experiments2 with plant species in a demarcated area studied 
for a specific time to see which, if any, animals visit the flowers.2,18 
However, an animal that visits a plant is not necessarily a pollinator of 
that plant. Even when pollen is transferred to a receptive stigma, genetic 
incompatibility between pollen and plant may still prevent fertilisation 
from taking place, as pollen tubes may not germinate, pollen tube growth 
down the style may be terminated, or pollen may simply be unviable.31 
Fertilisation could be unsuccessful because the pollen being deposited 
onto the stigma is from a different plant species. Self-incompatibility 
also prevents fertilisation by pollen from the same plant.31 Laboratory 
experiments using captive pollinators can also be conducted, especially 
for confirmation studies, but these studies do not reflect the pollinators’ 
natural environment.32 

Field-based observation can be followed by determination of the 
pollen loads on potential pollinators and the assessment of pollination 
effectiveness, as measured by the degree of fruiting and seed set 
through examinations of the individual plants visited.33 Pollen load 
determination of any potential pollinator requires capturing the animal in 
question and the removal of the pollen it carries. The pollen morphology 
is then carefully analysed (palynology) to identify, or confirm, the 
plant species from which it originates. Palynology-based identification 
requires sufficient knowledge of the field and intimate familiarity and 
expertise with pollen morphological structures, especially of closely 
related plant species. Furthermore, some form of microscopy is 
required for visualising the pollen’s morphological features used in 
the identification process, such as scanning electron microscopy or 
compound light microscopy.31,34 These technologies require specialised 
sample preparation methods, skill to prepare and operate instruments, 
and experience to best obtain comparative morphological features 
between samples. Additionally, pollen morphological features of different 
plant species or genera can be extremely similar, especially if they are 
closely related, thereby requiring a wide palynology knowledge base to 
accurately distinguish between these samples.34 Mixed pollen samples 
from closely related species would therefore require a highly skilled and 
knowledgeable palynologist, usually an expert familiar with the pollen 
from the area under investigation. The pollen-carrier must also be 
identified to make accurate inferences,2 a function normally performed 
by different taxonomic specialists in entomology. This process makes 
plant–pollinator interaction studies time-consuming and highly multi-
disciplinary, and requires expertise in the fields of taxonomy, botanical 
reproduction, palynology, entomology and microscopy. 

Pollinator declines
The most well-known bee species is the honeybee, Apis mellifera 
Linnaeus, and most bee-related research has focused on this species.6,35 
Honeybee populations have been reported to be declining in certain 
areas of the world, such as central Europe, the United States of America 
and Mexico.35,36 Although there is as yet no consensus on what may be 

driving A. mellifera population decline, factors such as insecticide use on 
crops; pests, diseases and predators; a decrease in genetic variation of 
bee colonies; the effects of climate change; and limitations in the trade 
of bee colonies may all play a role.35,36

In South Africa and some other countries, honeybee numbers are 
seemingly not declining. This is attributed to beekeeping (apiculture) 
and the past intentional introduction of numerous alien plant species, 
which widened the honeybee foraging range.37 Honeybee colonies 
in South Africa were seen to be resilient to most diseases. This view 
was supported when an outbreak of American foulbrood in 2011 did 
not cause any major colony losses.38 More recently in 2015, however, 
another American foulbrood outbreak in South Africa reduced the 
number of colonies in the Western Cape by 40%.39

It is not only honeybee populations that have been declining over time. 
Researchers in Britain and the Netherlands have found a correlation 
between declines in native bees and declines in the number of 
outcrossing plant species dependent on these bees.40 The native bees 
in both countries have narrow habitat requirements and produce single 
broods per year. Honeybee data were specifically excluded, but data for 
all native species for both countries were included in the analyses. The 
ultimate cause and direction of the declines could not be determined 
from the data, but the aforementioned study supports the notion that 
species reliant on a wider range of interactions within a plant–pollinator 
system would be more resilient when threatened.40

A changing climate, inappropriate land-management and a growing 
human population have contributed to the reduction of overall 
biodiversity, including native, wild bee populations across the world.40 
An important determinant of the maintenance of plant–pollinator 
interactions is the way land is used and managed.6,41 When agriculture is 
intensified on a piece of land, bee diversity can decline because of fewer 
opportunities for them to nest, lower foraging diversity and possible 
insecticide use on crops.6 In South Africa’s Karoo, all of these factors 
have been documented to result in a decline of bee and wasp diversity.4 
Game farming started to replace stock farming in this region and land 
is often overexploited. Tourism opportunities availed from game farming 
resulted in the introduction of animal species not normally found in the 
area, and also no period of rest for the land to recover. In areas where 
large plots of single cultivated plants (monocultures) are found, such 
as in the wheat fields and wine lands of the Western Cape, very little of 
the natural vegetation remains. These areas are also likely sprayed with 
pesticides. In combination, these factors can cause the complete loss of 
native bee and wasp communities.4

Managing pollinators
Native honeybees are currently the only pollinators that are being 
managed in South Africa. The management of honeybee colonies for 
pollination purposes has several advantages and disadvantages. One 
major advantage of using honeybees in pollination management is 
their generalist foraging habits that make them suitable to be used on 
many different crop species. Like many other bee species, they are 
nevertheless unable to pollinate all crops.41 Additionally, they pack their 
collected pollen into the corbiculae on their hind legs after moistening it 
with nectar or honey. This results in limited pollen available for pollination8 
and renders the honeybee a poorer pollinator when compared to other 
bee species25. African honeybees are also aggressive and care needs to 
be taken when working with them.41 Their susceptibility to pesticides, 
diseases and parasites also threatens their commerciality35 and it is 
consequently important that pollination management strategies using 
other native species be explored.

Crop production has increased dramatically over the past decades to meet 
the demands of growing populations. This growth means that pollinator 
population sizes are not adequate to deal with the demand. Managed 
pollinators provide a solution to this problem. It would be best to manage 
indigenous pollinator populations, such as the honeybee in Africa, to 
alleviate the problem. In light of some of the inadequacies of honeybees 
as pollinators, and it being the only group of managed pollinators in 
South Africa, investigation into the floral choices of native bees could 
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identify candidates for management in the place of, or in addition to, 
honeybee populations. It is possible that an indigenous carpenter 
bee, Xylocopa scioensis, could be managed for tomato pollination in 
South Africa, much like the leafcutter bee, Megachile rotundata, is used 
for alfalfa (lucerne) pollination in North America.42 Tomatoes require 
vibratile (‘buzz’) pollination, something not effectively achieved by 
honeybees. This indigenous species could potentially avoid the need 
to import foreign pollinators as has been proposed for the Western 
region of South Africa, to aid in the pollination of particularly vibratile 
pollinated crops.43

Effects of Bombus introduction
The introduction of generalist pollinators, like the honeybee, to provide 
pollination services to multiple crop species is an economic choice. The 
honeybee (A. mellifera) naturally occurs throughout Africa, Europe and 
western Asia, but has been introduced to a significant proportion of the 
rest of the world as a successful pollinator.22 The European bumblebee, 
Bombus terrestris, is most commonly found throughout Europe but has 
also recently been introduced into other countries44,45, and its effect on 
the environment is well documented. Suggestions have been made that 
South Africa would benefit from introducing B. terrestris and managing 
their populations for pollination43 as South Africa does not have any 
native Bombus species. 

The impact of the introduction of any alien species into an environment 
should therefore be carefully considered, as it could be devastating to 
native ecosystems. This effect was demonstrated with two indigenous 
subspecies of A. mellifera in South Africa: A. m. capensis and 
A. m. scutellata. When colonies of A. m. capensis were moved across 
the hybrid zone separating these subspecies in the early 1990s, tens of 
thousands of A. m. scutelata colonies were lost.46 The loss occurred 
because of the ability of A. m. capensis to infest A. m. scutelata 
colonies and then establish a female clonal lineage that parasitises 
on A. m. scutellata colonies – a trait unique to A. m. capensis. These 
infestations have been shown to only occur when humans transport 
A. m. capensis colonies into A. m. scutelata’s native habitat.47

Similarly, since its introduction into foreign habitats, B. terrestris has 
had major effects on native plant and bee populations, both positive and 
negative. It has been shown to increase pollination overall, but decrease 
efficiency of pollination in native plants, enhance pollination in weeds, and 
cause displacement of native pollinators.44 It was discovered, by chance, 
to have invaded Neuquén Province in Argentina during a survey of floral 
visitors of shrubs. The bees were thought to have entered Argentina 
from Chile, as extensive studies of natural and museum populations in 
Argentina did not provide any historical evidence for the presence of 
B. terrestris.45 Analysis of the pollen found on the B. terrestris individuals 
showed that they were competing with an indigenous Bombus species 
for food on seven out of the eight host plants. In Japan, B. terrestris 
was introduced to pollinate crops, but then escaped from greenhouses, 
became naturalised and has had negative consequences on the native 
bee populations.48 Resource competition between the introduced and 
native bumblebees was found in the Japanese study. Introduced species 
also interfered with the reproduction of both native plants and native 
bumblebees (by interspecies crosses). Additionally, new parasites were 
introduced to native populations. Native bumblebee populations have 
been displaced by B. terrestris before,49 making its invasiveness of 
great concern. Previously, it has invaded Tasmanian national and urban 
gardens where it was found foraging on a wide variety of plant types.44 

Therefore, the use of a foreign pollinator in South Africa should be 
carefully considered. Native, oligolectic bee species in South Africa 
would be particularly vulnerable to an introduction of B. terrestris, or 
any other polylectic species, that would be managed for pollination 
services. So far, permits have not been granted to import B. terrestris 
into South Africa, but in February 2014, Senegal received a shipment 
of B. terrestris colonies from Belgium50, signifying the first introduction 
of this species in sub-Saharan Africa43. The preceding evidence clearly 
indicates the possibility that the bees introduced elsewhere in Africa 
could spread to South Africa.

Harnessing genetic methods to examine floral 
choice
The high species diversity of both plants and pollinators in South Africa 
makes the traditional methodology for studying plant–pollinator inter-
actions cumbersome and impractical, particularly in projects encom-
passing many different species of plants and pollinators. Additionally, 
the few published works in this area suggests limited expertise within 
this field worldwide. Another approach is therefore needed to investigate 
these interactions more efficiently. Genetic methods can prove 
advantageous in revealing the floral choice patterns of native bees in 
South Africa. Insect taxonomists across the country have built, and are 
constantly adding to, large collections of native bees sampled from all 
over the country. Many of these bees have pollen attached to their bodies 
that can be used to genetically determine the taxa of plants that they 
visited in the flight before they were collected. Plant species within the 
country are also currently being collected, identified and barcoded.51

DNA barcoding
DNA barcoding has been successfully used as a diagnostic tool to 
identify morphologically cryptic species (by comparison to reference 
libraries) and has highlighted previously unrecognised species, for 
example various fish and amphipod crustacean species.52-54 The 
genetic barcoding of a specimen involves the amplification of a DNA 
region that has a higher level of interspecific variation and limited 
intraspecific divergence. Gene regions used in barcoding should also 
provide a DNA target that can be easily amplified across many taxa using 
universal primers.52,55

The application of DNA barcoding to identify pollen has only recently been 
developed. In the last 2 years, research publications utilising barcoding 
in palynology have increased.56-61 The use of next-generation sequencing 
(NGS) in identifying mixed pollen samples (pollen metabarcoding) 
has recently become possible, with a full laboratory protocol and 
bioinformatics analysis pipeline published.61

Pollen as a template for genetic studies
How pollen is collected can impact the success of downstream molecular 
applications. When sampling pollen from hives, nests, or even honey, 
sufficient sample quantities are usually available for processing.57,58,61,62 
Conversely, when sampling pollen directly from pollinators, specimens 
may have only very limited pollen grains captured on their bodies. 
Small sample quantities may limit and complicate all further laboratory 
steps. The physical structure of pollen can also be problematic when 
used as a template. Pollen has an extremely hardy outer wall to protect 
it from various environmental factors, and this wall could influence 
DNA extraction and other processes.63 Different methods are currently 
used to extract DNA from pollen, but most include a step to disrupt 
the tough pollen exine.57-59 A standardised DNA extraction method 
for pollen barcoding purposes would greatly aid in the comparability 
among studies.56

Using a NGS approach for plant–pollinator interaction studies allows the 
collection and barcoding of pollen, even if only a few pollen grains are 
available. Pollinator specimens can therefore be used as pollen sources. 
When bees from a natural collection are to be used as a pollen source, 
some factors need to be kept in mind. Bees might have extremely limited 
quantities of pollen captured on their bodies, and DNA extraction and 
all subsequent steps should be optimised for use with low starting 
DNA concentrations in mind. The manner in which the collection has 
been maintained is also of primary concern. It is well known that bees 
collect fungi together with pollen64, but a collection kept in suboptimal 
conditions would see additional fungal and bacterial growth65. Depending 
on the research question, barcoding gene regions can be selected to 
amplify more than just plant DNA from pollen samples.

Amplifying DNA from pollen samples
The barcoding principle was first applied to animal groups using the 
mitochondrial cytochrome c oxidase I gene (COI).52 In plants, the 
mitochondrial gene variation is not as great between species as in 
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animals thus making the use of the COI barcode region ineffective as 
a barcode within the Plant Kingdom. Many studies have been done to 
search for a suite of barcode markers for use in land plants, with varied 
outcomes and numerous suggestions of genes to target.66,67 The focus 
has mainly been on the plastid genome, with ribulose-1,5-biphosphate 
carboxylase oxygenase (rbcL) and maturase K (matK) being the most 
studied genes and, at first glance, the most informative. The Consortium 
for the Barcode of Life Plant Working Group was established to develop 
all aspects with regard to plant barcoding. They have suggested the use 
of rbcL and matK as the standard barcode for plants66 after evaluating 
the success of combinations of coding regions (matK, rbcL, rpoB and 
rpoC1) and non-coding regions (atpF–atpH, trnH–psbA, and psbK–
psbI). The internal transcribed spacer (ITS) region of the nuclear genome 
has been suggested as an additional region to barcode, with several of 
the plastid genes added to increase identification success.68

However, the plastid genome is usually uniparentally inherited; and 
amplifying plastid DNA could potentially present a problem when 
evaluating pollen from plants with only maternal plastid inheritance.69 
When plastids are exclusively maternally inherited, the ITS barcode could 
be invaluable in identifying the pollen parent plant as pollen contains 
two sperm cells which contain the nuclear genome of the plant.70,71 
Sometimes organellar DNA is biparentally inherited and some plastid 
leakage from the non-contributing parent can also occur.69

PCR and sequencing
Sequencing pollen DNA has initially been done directly from the PCR 
template by traditional Sanger sequencing. A study on Hawaiian Hylaeus 
bees investigated the pollen composition in the bees’ guts to determine 
their pollen foraging behaviour.72 ITS barcodes were sequenced for 
samples that were preserved in 100% ethanol post-collection and the 
28S ribosomal RNA region for samples preserved in 70% ethanol. Using 
Sanger sequencing, most pollen samples could only be identified to one 
plant species, but in two samples pollen belonging to two species could 
be identified. For mixed pollen samples, PCR products have been cloned 
and subsequently Sanger sequenced.62,73 In this approach, a number 
of clones are picked and sequenced prior to identification against a 
reference database. Sequencing clones of pollen found in multiflower 
honey produced identifications for between 12 and 15 taxa per sample 
and 38 taxa overall62, and pollen from honeybee pollen pellets collected 
from hives produced between 21 and 31 taxa per sample and 52 
taxa overall73. Pollen identifications were made using the Basic Local 
Alignment Search Tool (BLAST) available for searching GenBank, which 
provides a best-hit similarity method of analysis.74 However, using a 
cloning approach to obtain single identifiable barcodes from a mixed 
sample with a number of unknown species, is time consuming and 
expensive, with no known way to confirm that all the species have been 
sequenced successfully.

NGS has made it possible to process many samples simultaneously 
as a result of the parallel nature of the technology. It is hence much 
more cost-effective to sequence mixed-origin samples on an NGS 
platform.75 Each PCR strand is sequenced separately in NGS and this 
eliminates the need for prior microscopic sorting or cloning of mixed 
pollen samples. Studies published recently in the pollen barcoding 
field have combined barcoding with NGS as the preferred sequencing 
method.57-61 For example, metabarcoding was used to investigate the 
floral composition of honey samples in commercial76 and domestic 
beekeeper-provided honeys57. A larger region of the same barcode as 
was used in metabarcoding commercial honeys76 – the chloroplast 
trnL (UAA) intron region – was used to test the efficiency of NGS in 
identifying the plant origins of airborne pollen59. A chloroplast gene was 
also used as barcode in the study on beekeeper-provided honeys57, 
whereas several others58,60,61 were successful using a nuclear region 
for pollen identification. Different sequencing platforms have been used 
for pollen metabarcoding; these platforms are summarised in Table 1 
together with the particular study’s application in the field and choice of 
genetic barcode marker. 

Table 1: A comparison of the recently published pollen metabarcoding 
studies, focusing on the application of the study, the barcode 
region selected and the next-generation sequencing platform 
used in the study

Pollen metabarcoding application
Barcode 
region

Next-generation 
sequencing platform

Aeroallergen monitoring59 trnL Ion Torrent PGM

Provenance monitoring60 ITS2 Illumina MiSeq

Provenance monitoring58 ITS2 Roche 454 GS junior

Provenance monitoring61 ITS2 Illumina MiSeq

Food quality and provenance monitoring57 rbcL Roche 454 GS FLX

Food quality and provenance monitoring76 trnL Roche 454 GS 20

Multiplexed samples need a way to be separated post-sequencing. 
Adding unique sequence indexes to the sequencing adapters in NGS 
systems allows this to be done bioinformatically.61 Various indexing 
methods have also been successfully used, with dual indexing of PCR 
products by far the most cost-effective as it allows for a higher degree of 
multiplexing. Illumina has published a workflow for 16S metagenomics 
that adds overhang adapters to gene-specific PCR primers, from which 
dual-indexing can be done directly with the Nextera® XT (Illumina Part 
#15044223 Rev. B) indexing PCR. This protocol can be adapted for 
use in any metagenomic application, making it ideal for metabarcoding 
of pollen.

Bioinformatics
The incorporation of NGS in the barcoding process produces considerable 
amounts of data. Bioinformatic pipelines catering to the specific 
metabarcoding needs of pollen analysis are essential to provide reliable 
identifications using sequence reference databases. Sequence similarity 
(or best-hit) approaches74 have long been in use, but suffer from some 
drawbacks. Heuristic searches on local alignments are performed, and 
a value is given of the probability that another equally good hit will be 
found by chance. This value is not comparable to a confidence score 
and relates only to the local alignment, not the taxonomic assignment 
of the sequence.76,77 Other software available for bacterial taxonomy 
assignments use classifiers, such as the Ribosomal Database Project 
Classifier78 and the UTAX command in USEARCH (currently not 
published; http://www.drive5.com/usearch/manual/utax_algo.html) and 
these tend to perform better than best-hit approaches. Classifiers rely 
on the assignment of information in a hierarchical manner to provide 
taxonomic classifications together with a confidence score. Incorrect 
assignments can still be made when classifiers are trained on incomplete 
or incorrect sequence reference databases. Recently, a complete 
bioinformatics pipeline has been published for ITS261, providing much 
needed guidance to researchers in the field. Standardised bioinformatics 
methods still need to be developed so that data can be easily analysed 
across different studies. 

The reliable use of barcoding in species identification requires high-
quality sequence databases that connect specific species to their DNA 
barcodes and that hierarchically connect these species taxonomically. 
These features are particularly important when mixed-species pollen, 
such as that sampled from a bee’s body, is being assigned to its 
taxonomic origin during analysis. Additionally, a database is required for 
each barcode region used, with the availability of barcode sequences 
for these databases dependent on the usage of the DNA region within 
the taxon under investigation. Most sequence databases are comprised 
of sequences obtained from publicly available databases, such as 
GenBank at the National Center for Biotechnology Information (NCBI). 
This scenario is not ideal, as misidentified entries could be present and 
often the relevant barcode markers are not available in these public 
databases, thereby resulting in gaps for the gene region of interest in the 
barcode reference database. Additionally, incomplete barcoding of plant 
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species within a region further compounds correct identifications. Pollen 
samples will subsequently be mismatched to available sequences in the 
reference database or left unidentified. Some sequences are available in 
databases that undergo quality checks, such as the ITS2-Database.79 
Plant data contained in the Barcode of Life Database Systems (BOLD; 
www.boldsystems.org80) are all from rbcL and matK, the two proposed 
plant plastid barcodes. These sequences are submitted by researchers 
and must conform to certain standards to be accepted. The available 
ITS2-Database has also recently been expanded nearly 2.5 times for 
plants.61 Curated databases provide higher confidence in the underlying 
sequence data, whereas sequences in NCBI are often taxonomically 
misclassified, but sometimes represent the only available entry for a 
particular species. This limitation could lead to the underestimation of 
within-species diversity as a result of recent speciation.81 Bioinformatics 
methods applied to barcoding sequence data are consequently a crucial 
part of producing reliable pollen identifications. 

Conclusion
Given South Africa’s rich flowering plant and bee diversity, the immense 
economic significance of pollination for agriculture, and the threats of 
climate change and poor land management on the country’s biodiversity, 
investigations into plant–pollinator relationships are vital. Floral choice 
in bees gives a good indication of which plants they likely pollinate. 
Oligolectic bees are more vulnerable to upsets in their relationships with 
plants. As it has been suggested that the Succulent Karoo Biome in the 
western part of South Africa contains many oligolectic species, this is 
a key region of interest for study. Should bumblebees be introduced 
to this area, as suggested previously, much of the bee biodiversity of 
South Africa could be at stake. The identification of pollen origins is 
important in understanding the floral choices of bees. Many advances 
have been made in recent years in molecular pollen identification. DNA 
metabarcoding can provide accurate taxonomic identifications of pollen 
origins when compared to comprehensive sequence databases of 
carefully selected barcode gene regions. However, the lack of barcoding 
information for the bulk of the South African flora is a major stumbling 
block still to be overcome. Pollen from both honeybees and their honey, 
and solitary bees, has successfully been identified using this technique. 
DNA metabarcoding should prove instrumental in the exploration of floral 
choice in South African bees.
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