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Abstract
Floral nectar is one of the key rewards in the mutualistic interactions between plants 
and pollinators. However, there is a growing amount of evidence that shows that 
another group of organisms may be involved in the pollination process, namely the 
microorganisms, which often inhabit floral nectar. However, little is known about 
the function and taxonomic diversity of microorganisms inhabiting the nectar of 
plants. Bacterial communities inhabiting nectar of a rare plant species, Polemonium 
caeruleum, in one artificial and two natural populations in Poland were analyzed 
using a metagenomic approach. Polemonium caeruleum is a boreal plant species, and 
requires appropriate pollinator services for seed production. The reproductive system 
of this plant may vary between individuals and populations (mixed-mating), as well 
as with insect visitor assemblages. We considered that nectar-dwelling bacteria of P. 
caeruleum might affect the insects visiting the plant’s flowers, which in turn can result 
in changes in the plant’s phenotype and its reproductive system. Bacterial diversity 
in nectar samples was surveyed using culture-independent 16S rRNA gene amplicon 
sequencing (MiSeq, Illumina). We found that bacterial communities inhabiting the 
nectar of P. caeruleum differed between populations, although those differences 
were mostly quantitative. Many of the identified bacterial genera have been found 
previously in nectar of other plant species, or in the guts of insect visitors, and are 
described as tolerant of high sugar concentrations and catalase positive (which allows 
bacteria to survive in the presence of hydrogen peroxide).
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Introduction

Pollination by animals is one of the fundamental ecological processes that determine the 
stability of many terrestrial ecosystems. For many years, plant–pollinator interactions 
were regarded as binary. However, recently, studies have also focused on other groups 
of organisms that are often involved in pollination and can significantly modify this 
process, namely bacteria and fungi [1–3].

Angiosperms attract pollinators in various ways to transfer pollen between plants 
and to achieve reproductive success. One of the most common rewards offered by 
flowers to floral visitors is nectar, the production of which is costly in terms of en-
ergy expenditure. Nectar is essentially a mixture of water and sugars, but it may also 
contain amino acids, vitamins, secondary metabolites, lipids, and proteins [4]. Many 
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nectar characteristics, for instance, a high sugar concentration that may generate high 
osmotic pressure, reactive oxygen molecules, and secondary metabolites, may inhibit 
the growth of microorganisms. For these reasons, one may expect that only properly 
adapted microbiota groups are able to colonize floral nectar [4].

Studies of culturable bacterial taxa confirm that the presence of bacterial communities 
in floral nectar is common but species richness is rather low [3,5]. On the other hand, 
surveys of unculturable bacterial strains report higher bacterial diversity [6–8]. Both 
approaches confirm, however, that phylogenetic diversity of nectar-dwelling bacteria 
is rather restricted [3,5,6]. If bacteria consume nectar, this can influence its chemical 
profile, and, consequently, plant–pollinator interactions [4], which may result in changes 
in insect visitation rates [9], and plant reproductive success [2,10].

Currently, little is known about the provenance, taxonomical diversity, and ecological 
role of microbial communities in floral nectar. A few publications confirm that microor-
ganisms may be transported to nectar by flower visitors [1,7], including herbivores [11] 
that move between plants and populations. Precipitation and air can be also considered 
as factors responsible for inoculation of nectar with microorganisms [3].

Bacterial communities inhabiting nectar seem to be species-specific [9,12]; however, 
little is known about differences between populations of the same species. As nectar 
composition may vary geographically (e.g., [13]), the composition of nectar-dwelling 
microbial communities may also change, and even small distances between plant 
populations can result in significant differences in bacterial microbiomes in nectar [8]. 
Our understanding of this correlation is, however, quite limited.

For this reason, we chose Polemonium caeruleum (also known as Jacob’s ladder), as 
a model plant to study the geographic diversity of nectar bacterial microbiomes. The 
reproductive biology of this plant is relatively well known [14,15]. It is a boreal, red-
listed species, reaching its southern limit range in Poland. Flowers are dichogamous, and 
produce nectar and pollen, which attract many groups of potential pollinators (mainly 
Hymenoptera and Diptera), which indicates a generalist pollination system. Plant 
reproduces only by seeds, and proper pollinator services are necessary for population 
survival. Nectar is secreted by the rim-like nectary that encircles the base of the ovary, 
and accumulates in a chamber, where it is protected by a ring of hairs [16]. The nectar 
is sucrose dominant and proline rich, and nectar production is female-biased [14]. The 
composition of pollinator assemblages may vary between P. caeruleum populations, 
which probably affects its mating system (Ryniewicz, unpublished data). Therefore, 
we hypothesized that geographically distant populations would be characterized by 
different nectar bacterial microbiomes.

Material and methods

We chose three populations of P. caeruleum in Poland (Fig. 1A, Tab. 1), separated by the 
largest possible distance from each other on the N–S line. We isolated inflorescences 
overnight at the peak of anthesis to prevent insect access. Nectar was collected in sterile 
plastic sample tubes using sterile tips from flowers in the female stage exposed to insect 
visitors during the male phase (longevity of a single flower is 7.2 ±1.3 days [14]). We 
collected nectar from 30–40 randomly selected flowers in each population. Samples 
were stored in a portable cooler until further lab analysis (which took place at most 
12 hours after collection).

Total bacterial DNA was extracted using Mo Bio PowerSoil DNA Isolation Kits, 
according to the manufacturer’s instructions, and stored at −20°C. Using isolated DNA 
as a matrix, PCR reactions were performed in triplicate (to reduce PCR bias) using 
primers 16S_V3-F: 5'-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTAC-
GGGNGGCWGCAG-3' and 16S_V4-R: 5'- GTCTCGTGGGCTCGGAGATGTGTATA-
AGAGACAGGACTACHVGGGTATCTAATCC -3', to amplify the variable V3 and V4 
regions of the 16S rRNA gene.

The electrophoretic analysis was performed for each of the three PCR replicates 
for the qualitative and quantitative evaluation of the PCR products. Electrophoresis 
results for one of the populations (KLE) indicated insufficient amount of bacterial DNA 
in the sample. As such, this sample was replaced with previously collected material 
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obtained from plants collected from the University of Warsaw Botanical Garden (site 
BG; Fig. 1B, Tab. 1).

In the next step, three independent amplicons from each population were combined 
to one sample used for the DNA sequencing, which was performed using an Illumina 
MiSeq instrument in paired-end mode using a v3 chemistry kit. The obtained sequence 
reads were filtered with CUTADAPT ver. 1.9.1 [17] to remove low-quality bases (<Q20) 
and adapters, and assembled with SEQPREP ver. 1.1 (https://github.com/jstjohn/
SeqPrep) with a minimum of 15 bases overlap and a minimum 90% sequence identity 
in the overlapping region. The resulting assembled reads were subsequently checked 
for the presence of chimeras with VSEARCH ver. 2.7.1 in both reference- and de novo-
based modes [18]. The resulting sequences were then clustered into 97% operational 
taxonomy units (OTUs) using USEARCH ver. 6.1 [19] in an open-reference scheme 
with QIIME ver. 1.9.1 scripts. The taxonomy was assigned using RDP classifier ver. 
2.2 [20] based on SILVA QIIME release 128 nr 97 reference database [21,22]. After 
chloroplast and mitochondria sequences were removed from the dataset, on average, 
40,000 sequences per sample were included in the biodiversity analysis. Additionally, the 
values of α-diversity indicators were calculated using Chao1 and Shannon indices.

Results and discussion

The number of OTUs ranged from 385 for the southernmost population (CZL) to 684 
for the planted population in the botanical garden (BG). Similar results were observed 

Fig. 1  Geographical distribution of P. caeruleum populations originally selected for the studies (A) and after replacing one natural 
population with the planted population in the University of Warsaw Botanical Garden (B).

Tab. 1  The features of investigated P. caeruleum populations.

Population

General features α-Diversity indicators

No. flowering 
shoots

Geographical 
coordinates

Region 
(voivodeship) Chao1 Shannon

No. of 
OTU

BOB 50 53°57'46" N
16°34'24" E

West Pomeranian 674 2.69 629

BG 10 52°13'3" N
21°1'41" E

Mazovian 755 3.90 684

CZL 500 50°35'45" N
19°51'46" E

Świętokrzyskie 528 2.87 385

https://github.com/jstjohn/SeqPrep
https://github.com/jstjohn/SeqPrep
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for other indicators of α-diversity (Tab. 1). Contrary to our expectations, there was 
a negative trend between the number of flowering shoots in the population and the 
number of observed OTUs, although this may be due to the fact that we sampled a 
small number of populations, as well as the fact that we replaced one of the natural 
populations with the population sampled from the botanical garden. The highest 
diversity in the latter may be a consequence of the highest diversity of coflowering 
plants, especially generalists, visited by numerous insects [3]. However, the rarefaction 
curves of OTUs were not completely saturated, suggesting we did not fully survey the 
sequence identities (Fig. 2C).

The most numerous classes of bacteria inhabiting the nectar of P. caeruleum were 
Alphaproteobacteria (BG: 52%, CZL: 86%) and Gammaproteobacteria (BOB: 68%). 
The highest percentage of identified bacterial taxa belonged to Acinetobacter and Phyl-
lobacterium, depending on the population sampled (Fig. 3).

During the analysis, we focused on the most-represented taxa which made up over 
1% of sequences in a particular sample. Most of these, e.g., Methylobacterium, Acineto-
bacter, Sphingomonas, and Phyllobacterium, were previously described as colonizing 
the nectar of other plant species [3,10] or were found in the guts of insect visitors 
[23,24]. Representatives of Methylobacterium, Sphingomonas, and Acinetobacter were 
also described as endophytic bacteria [25,26], which can probably occur in nectar. 
Most of the recorded bacteria genera were previously found on leaf surfaces, flower 
parts, or roots [11,27,28].

Almost all the bacterial taxa identified in this study are aerobes, exhibiting catalase 
activity [29]. This makes them resistant to the presence of toxic hydrogen peroxide, 

 

Fig. 2  Rarefaction curves presenting taxonomic richness – Chao1 (A) and diversity – Shannon H' index (B) reaching a plateau 
above 25,000 and 5,000 sequences, indicating that sequencing was deep enough for establishing those values. Rarefaction curves 
presenting observed OTUs in nectar samples are not completely saturated, suggesting the sequence identities were not fully surveyed 
(C). Rarefaction-based analyses were applied to assess the relationship between the increase in bacterial α-diversity and the number 
of randomly sampled sequences. Such analyses generate the expected number of OTUs, Chao1, and Shannon indices in a small col-
lection of n samples drawn at random from a large pool of N samples.

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

BOB  BG  CZL

Other

Sphingomonadales

Arcobacter

Methylobacterium

Sphingomonas

Phyllobacteriaceae

Phyllobacterium

Acinetobacter

Fig. 3  Percentage of bacterial taxa inhabiting floral nectar of Polemonium caeruleum 
in each of three analyzed populations (see Fig. 1 for locations of populations).
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which is often found in nectar. Some of the identified bacteria were already described 
as tolerating high sugar concentrations, e.g., representatives of the genus Methylobac-
terium (which tolerate sugar concentrations of up to 50%) and the Sphingomondaceae 
family [3,10].

Some of the recorded bacterial taxa can have a significant effect on the nitrogen 
and sulfur cycle. Phyllobacterium, Sphingomonas, Acinteobacter, and Arcobacter are 
diazotrophic strains that bind atmospheric nitrogen, and Arcobacter can also oxidize 
sulfur compounds. Many of Phyllobacterium isolates are also characterized by antifungal 
and antimicrobial activities [25,29].

Our analysis shows that taxonomic composition of bacterial communities varies 
between populations. However, this variation is mainly due to different ratios of bacte-
rial taxa rather than the presence of different bacteria genera in individual populations 
(Fig. 3). Small differences in taxonomic composition were previously found in studies 
describing microorganism assemblages in nectar of other plant species [9,10]. The 
recorded differences may influence nectar composition (content and proportions of 
sugars, amino acids, pH) and, via the pollinators, may affect the reproductive success 
of the plant. In order to better understand the connection between plants, pollinators, 
and microorganisms, it is necessary to extend the survey to other groups of nectar-
dwelling microorganisms, especially yeast, which can also have a significant impact on 
plant-pollinator relationships [1,2].
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