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Abstract

The deposition of antimicrobial plant resins in honey bee, Apis mellifera, nests has important physiological benefits. Resin
foraging is difficult to approach experimentally because resin composition is highly variable among and between plant
families, the environmental and plant-genotypic effects on resins are unknown, and resin foragers are relatively rare and
often forage in unobservable tree canopies. Subsequently, little is known about the botanical origins of resins in many
regions or the benefits of specific resins to bees. We used metabolomic methods as a type of environmental forensics to
track individual resin forager behavior through comparisons of global resin metabolite patterns. The resin from the
corbiculae of a single bee was sufficient to identify that resin’s botanical source without prior knowledge of resin
composition. Bees from our apiary discriminately foraged for resin from eastern cottonwood (Populus deltoides), and balsam
poplar (P. balsamifera) among many available, even closely related, resinous plants. Cottonwood and balsam poplar resin
composition did not show significant seasonal or regional changes in composition. Metabolomic analysis of resin from 6
North American Populus spp. and 5 hybrids revealed peaks characteristic to taxonomic nodes within Populus, while
antimicrobial analysis revealed that resin from different species varied in inhibition of the bee bacterial pathogen,
Paenibacillus larvae. We conclude that honey bees make discrete choices among many resinous plant species, even among
closely related species. Bees also maintained fidelity to a single source during a foraging trip. Furthermore, the differential
inhibition of P. larvae by Populus spp., thought to be preferential for resin collection in temperate regions, suggests that
resins from closely related plant species many have different benefits to bees.
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Introduction

Honey bees, Apis mellifera, are highly social insects that live in

large colonies (e.g., 50,000 individuals). One cost of social living is

an increased rate of disease transmission among individuals, and

honey bees are highly prone to a diverse set of pathogens and

parasites [1]. Managed populations of honey bees in the U.S. are

in serious decline, and there has been a 61% decrease of registered

colonies from 1947 to 2008 [2]. This decrease is due, in large part,

to unsustainable winter losses [2–3] caused by the combined effects

of diseases, parasites, pesticides, and nutritional deficiencies [4–8].

This is particularly alarming because honey bees are estimated to

contribute $15–20 billion dollars annually to U.S. agriculture from

pollination services alone [9]. Beekeeping practices and regulatory

issues indicate that the most sustainable solutions to problems

plaguing bees will be derived from promoting their natural

defenses through breeding and habitat enhancement. While honey

bees have only 1/3 of the genes involved in individual immunity

compared to the solitary insects Drosophila (fruit fly) and Anopheles

(mosquito)[10], they do have a suite of cooperative behaviors that

contribute to colony health called ‘social immunity’ [11–13]. An

example of social immunity is hygienic behavior, where honey

bees work together to detect and remove diseased brood from the

nest, resulting in colony-level resistance to pathogens and parasites

[12–15]

In addition to hygienic behavior, bees also deposit antimicrobial

plant resins in their nests that have important immunological

benefits [16] (Fig. 1). Feral honey bees coat the entire inside

surface of their nesting cavity in with resin [17], but managed

honey bees deposit comparatively little resin in conventional

beekeeping hive boxes. Resins are complex mixtures of phenolic

and isoprenoid compounds [18] secreted by plants to provide

protection against predators and pathogenic microorganisms [19–

20]. The chemical composition of resins is complex and variable

within and among plant families, traits that makes resin

production a good defense against rapidly evolving pests and
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pathogens [21]. Many organisms, including insects, birds, and

humans, collect and use resins to protect against their own

pathogens and parasites [22–24].

Honey bees collect resins on their hind legs and deposit them in

the nest where the resin, often mixed with wax, is called ‘propolis’

by apiculturists. Honey bees are known to collect resin from a wide

variety of plants depending on what is available in their

environment, though bees in temperate climates are thought to

collect mainly from Populus (cottonwood, poplar, aspen), but also

from Betula (birch), Salix (willow), Alnus (alder), and Aesculus (horse

chestnut) [24–27]. The botanical origin of resin is important

because propolis harvested from colonies in different climatic

regions, and thus from different botanical sources, could vary in its

antimicrobial properties. Indeed, it was shown that propolis

samples from different regions do vary in their ability to inhibit in

vitro growth of the bee pathogen, Paenibacillus larvae [28]. This effect

is most likely due to the diversity in specialized metabolites

secreted by the resinous plants available to bees in different

regions; however, it seems that propolis has a general inhibitory

effect on gram-positive bacteria and fungi [29]. This should be

expected as the general inhibition of microorganisms is a role

resins play in plant defense [19,30].

Identifying the botanical sources of resins collected by honey

bees can be challenging since resin foraging is relatively infrequent

compared to pollen foraging [31], the variation in resin among

and between plants is mostly unknown, and foraging can occur

high in the canopy of trees. The botanical sources of propolis

remain a mystery in most regions of the world, though 35 plant

families with 88 genera that contain known resinous species occur

in the continental U.S. [18,32]. Traditional chemical analysis has

been somewhat successful in identifying botanical sources of bee-

collected resin by sampling at the colony level [33]. However,

these methods are difficult to apply to generally unknown,

variable, and complex substances, like resin, due to the amount

of a priori information required. The exact identity of a

characteristic signature compound must be known, chemically

analyzed, and available as a standard. One or more of these

requirements are often missing. Traditional analysis is also

inefficient at describing biological variation among large numbers

of samples, which is key to uncovering subtitle differences among

complex mixtures. Colony-level sampling is also problematic

because bees collect resin from more than one plant and mix them

in the hive.

In order to identify the botanical sources of bee-collected resins

and measure their species specific and seasonal variation without

any prior knowledge of resin composition, we used metabolomic

methods as a type of ‘environmental forensics’ to track resin

forager behavior on the level of individual bees. We also used

antimicrobial assays to explore potential differences in the derived

benefits of collecting resin from some plants relative to resin from

other plant species.

Methods

Sampling
Honey bees (Apis mellifera lingustica) were sampled from a single

apiary located on the University of Minnesota, St. Paul campus.

Resin was dissolved directly off the corbiculae of individual bees

with acetonitrile. Resin extracts from each bee were diluted to

10% acetonitrile in water for analysis but were not normalized due

to limited amounts of material.

Resin was sampled from wounds and buds of individual plants,

dissolved in acetonitrile, and diluted to 1.5 mg/mL in 10%

acetonitrile for analysis. Multiple wounds were sampled, if

available, while six buds per individual plant were sampled.

Data collection
Spectral data for Fig. 2–5 were generated using HPLC

(UltiMate 3000, Thermo-Fisher Scientific, Waltham, MA) coupled

to Fourier transform MS (Q-Exactive, Thermo) operated at

17,500 resolution in full scan, (2) ionization mode. Gradient:

water-acetonitrile, column: Zorbax XDB C18 (Agilent Technolo-

gies, Santa Clara, CA), 2.16100 mm, 1.8 mm particle size, flow

rate: 350 mL/min. Metabolic fingerprints in Fig. 3, 4, and 5 were

generated using UPLC (Acquity LC, Waters, Milford, MA)

coupled to time-of-flight (TOF) MS (Waters LCT Premier XE)

in both (+) and (2) ionization mode. Gradient: water-acetonitrile,

column: Waters BEH C18, 1.06100 mm, 1.8 mm particle size,

flow rate: 130 mL/min. Metabolic fingerprints in Fig. 6. were

generated using UPLC (Waters Acuity) coupled to TOF-MS (G2

Synapt, Waters) in both (+) and (2) ion mode. Gradient: water-

acetonitrile, column: Zorbax Eclipse XDB C18 (Agilent),

2.16100 mm, 1.8 mm particle size, flow rate: 350 mL/min.

Data analyses
All data analyses were performed using a custom R script

developed in our laboratory (Fig. S1). Automated peak discovery

in raw MS data was preformed with the R package XCMS [34,35]

using the centWave algorithm. Parameters used: ppm = 10,

peakwidth = c(5,50), fitgauss = TRUE, verbose.columns =

TRUE. Peaks were grouped across samples using XCMS’s nearest

algorithm. Parameters used: mzCheck = 2, rtCheck = 5. Positive

Figure 1. Honey bee resin collection. Top-down view of standard
beekeeping equipment displaying a resin forager with red resin
attached to her hind legs. Managed honey bees deposit resin mainly
at the hive entrance, inner cover, and on top of the movable frames.
doi:10.1371/journal.pone.0077512.g001
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and negative ion mode peaks were combined into a single matrix

for statistical analysis. A quality control sample containing equal

amounts of each biological sample was run every ten samples, and

spectral peaks that did not appear in all technical replicates of this

quality control sample were eliminated from the analysis.

Bacterial inhibition assay
P. larvae (NRRL # B2605, USDA Agricultural Research Service

culture collection) was grown in brain/heart infusion broth (Difco)

fortified with 1 mg/L thiamine HCl. Growth inhibition was

measured spectrophotometrically (Specta Max 190, Molecular

Devices), using a 96 well-plate growth assay, as the percent

OD600 nm of treated wells relative to untreated control wells after

six hours of incubation and shaking at 37uC.

Results

Resin metabolite diversity available to bees
To discern what options bees have for foraging targets, the

resinous plant diversity within common foraging range (3.2 km) of

our St. Paul, Minnesota, campus apiaries was determined. The

Figure 2. Resin metabolite diversity of studied angiosperms. Base-peak negative-ion chromatogram (‘‘fingerprints’’) of resin collected from
individual Populus spp. (poplar) and Aesculus hippocastanum (horse chestnut) within 2 miles of the study apiary.
doi:10.1371/journal.pone.0077512.g002
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dominant resin-producing species in the area was Populus deltoides

(eastern cottonwood), but Pinus spp. (pine) and Picea spp. (spruce)

were also common. In addition, there were small stands of Populus

balsamifera (balsam poplar) and hybrid poplars of unknown

parentage, and scattered Abies balsamea (balsam fir), Pseudotsuga

menziesii (Douglas fir), Larix laricina (tamarack larch), and Aesculus

hippocastanum (horse chestnut) in the study area. Populus tremuloides

(American aspen), Populus grandentata (big tooth aspen), and Salix sp.

(willow) occurred at least once, and may be resinous in other

locations [26], but were not obviously resinous at the time of

sampling. It is important to note that all species were mostly

interspersed among each other in the study area, though groups of

P. deltoides and P. balsamifera, and individual Pinus strobes, Pinus

syvestris, and A. balsamea were closest in proximity to the apiary.

Sampled resins were compositionally complex with both qualita-

tive similarities and differences, especially between genra (Fig. 2–

5).

It is not known why bees forage specific resins in the field. To

explore the possibility of antimicrobial activity as a criterion for

resin preference, the in vitro activity of local resins against

Figure 3. Resin metabolite diversity of studied Pinus sp. (Pine). Base-peak negative-ion chromatogram (‘‘fingerprints’’) of resin collected from
individual Pinus spp. within 2 miles of the study apiary.
doi:10.1371/journal.pone.0077512.g003
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Paenibacillus larvae, a bee brood pathogen, was measured. Resin

from different species varied in their ability to inhibit P. larvae

(Table 1), with resin from P. gluaca being the most inhibitory,

achieving complete growth inhibition at 0.05 mg/mL. A. hippo-

castanum and P. sylvestris resin did not completely inhibit P. larvae

growth within the experimental concentration range, though their

resins did show some inhibition of growth (data not shown).

Using metabolomic forensics to reveal the botanical
sources of resin

Twenty six individual resin foraging bees, typically carrying #

5 mg of resin, were captured returning to two colonies over three

sampling events in July. Captured bees collected dark red and

bright yellow resins, which match the visual description of resin

from P. balsamifera (red), and P. deltoides (yellow), or hybrid poplars

of unknown variety (yellow) occurring in the area. P. deltoides, P.

Figure 4. Resin metabolite diversity of studied Picea sp. (Spruce). Base-peak negative-ion chromatogram (‘‘fingerprints’’) of resin collected
from individual Picea spp. within 2 miles of the study apiary.
doi:10.1371/journal.pone.0077512.g004
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balsamifera, and hybrid poplars occurring within two miles of the

experimental apiary were sampled in June and July by washing

resinous buds with acetonitrile. Resin was also collected from P.

deltoides near Jamestown, ND, in July to test for regional variation.

It is unclear how the environment impacts the expression of resin

metabolites in Populus spp., though it has been reported that

increased light intensity does increase leaf resin accumulation in

tropical Hymenaea and Copaifera species without effecting resin

composition [34]. Jamestown, ND is ,510 km northwest of the

St. Paul study site, has a slightly drier and cooler climate, and a

significantly different landscape (urban vs. prairie/wetland).

Metabolite ‘‘fingerprints’’ of resin samples collected from bees

and plants were acquired by RPHPLC time-of-flight (TOF) mass

spectrometry in both positive and negative ion modes. A quality

control sample was created by pooling equal amounts of all

biological samples (thus theoretically containing all peaks that

could occur in the resulting dataset) and injected after every 10

samples throughout the analytical run to act as a reference for

automated peak detection. Spectral peaks were discovered in the

Figure 5. Resin metabolite diversity of other studied conifers. Base-peak negative-ion chromatogram (‘‘fingerprints’’) of resin collected from
other conifers within 2 miles of the study apiary.
doi:10.1371/journal.pone.0077512.g005
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Figure 6. Honey bees collect resin from P. balsamifera and P. deltoides. (Top) Example of a P. deltoides resin metabolite ‘fingerprint’. (Bottom)
PCA scores plot of resin ‘fingerprints’ from individual resin-producing plants and honey bee resin foragers. Points represent the spectral composition
of a biological sample. Points that are closer together have more spectral peaks in common than with points that are farther apart. 54.35% of the
total variation in the data set is shown. Hybrid poplars were sampled once in June, while P. deltoides (Eastern cottonwood) and P. balsamifera (balsam
poplar) once in June and once in July. N = 25 for resin from foraging bees, N = 11 for P. balsamifera, N = 16 for P. deltoides (9 from near Jamestown,
ND), and N = 5 for each poplar hybrid population.
doi:10.1371/journal.pone.0077512.g006
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analytical data with the R package XCMS [35,36] using the

centWave algorithm and matched across different samples using the

nearest algorithm. Only peaks discovered in all technical replicates

of the quality control sample were included in our analysis (313

spectral peaks), to ensure that only high confidence peaks would be

used in the statistical analysis. This data analysis strategy was

directed toward the discovery of unique and exclusive metabolites

among samples and not focused on differences in concentrations

or proportions. Principal components analysis (PCA) was used to

summarize metabolite patterns in the data (Fig. 6). Sensitivity

testing showed that the grouping pattern of the PCA scores plot

was not greatly affected by performing different scaling transfor-

mations (log(X)) of the peak intensity data, which influences the

importance of peak intensity differences relative to the presence/

absence of peaks between samples in the analysis.

Bee collected resin and plant collected resin group together in

PCA space, with 10 bees foraging from P. deltoides, 15 bees foraging

from P. balsamifera, and no bees foraging from any of the hybrid

poplar populations (Fig. 6). One bee foraged from an unknown

source that did not match the patterns of any previously sampled

plant species, and was eliminated from the analysis (data not

shown). The regional variation between P. deltoides resin collected

in Jamestown, ND vs. resin collected in St. Paul, MN was

negligible.

Seasonal variation in P. deltoides and P. balsamifera resin
Propolis composition has been reported to change seasonally in

some regions [37]. This could be due to changes in bee foraging

behavior, where bees change their preference for some resin plants

over others over the course of the season. Alternatively, seasonal

changes in propolis composition could be due to seasonal changes

in resin availability or composition, such as changes in plant resin

flow or changes in plant specialized metabolism.

We sampled P. deltoides and P. balsamifera around the experi-

mental apiary throughout the 2011 resin collection season (May,

June, July, August, and October) to test if detectable changes in

resin composition occurred. Data acquisition and analysis were

preformed as described in the previous section. Fig. 7 shows a

gradual shift in P. balsamifera resin composition by month. The

data agree with our visual observations that P. balsamifera resin

changes from yellow/orange in the active growing season to dark

red when buds begin to set for the winter. Out of 382 P. balsamifera

spectral peaks, only one verified peak was exclusively found in all

October samples (m/z = 483.409, RT = 23.53 min., positive ion

mode). 13 other verified peaks were identified as possible late

season indicators (Table 2).

The seasonal changes observed in P. deltoides resin were simpler

than those observed for P. balsamifera resin. Two distinct groups

formed, resin collected in October vs. resin collected in all other

months (Fig. 8). Out of 352 P. deltoides spectral peaks, two verified

peaks were found exclusively in all October samples (m/

z = 339.220, RT = 13.15 min.; m/z = 295.220, 12.62 min., both

Table 1. Inhibition of pathogen growth by local resins.

Resin Source Complete growth inhibition

Picea glauca 0.05 mg/mL

Larix laricina 0.06 mg/mL

Pinus banksiana 0.06 mg/mL

Pinus ponderosa 0.06 mg/mL

Populus balsamifera 0.075 mg/mL

Picea abies 0.1 mg/mL

Pinus nigra 0.1 mg/mL

Abies balsamea 0.125 mg/mL

Picea pungens 0.125 mg/ml

Pinus strobus 0.125 mg/mL

Pseudotsuga menziesii 0.175 mg/mL

Populus deltoides 0.175 mg/mL

Aesculus hippocastanum .0.175 mg/mL

Pinus sylvestris .0.175 mg/mL

Table describes the concentration at which the bee pathogen, Paenibacillus
larvae, was inhibited by resin collected from local plants in a
spectrophotometric growth assay completely (# 1% OD600 of untreated
controls).
doi:10.1371/journal.pone.0077512.t001

Figure 7. Seasonal variation in P. balsamifera. PCA scores plot of
resin ‘fingerprints’ from individual P. balsamifera plants collected
throughout the growing season. 43.99% of the total variation in the
data set is shown. N = 4 individuals in May, N = 5 individuals in June,
August, and October.
doi:10.1371/journal.pone.0077512.g007
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negative ion mode). Seven other verified peaks were identified as

possible late season indicators (Table 2).

Difference in resin metabolites and biological activity
among Populus spp

The genus Populus is widely regarded as a preferential source of

resin for honey bees in temperate climates [28,32]. Clearly, this is

true at the apiary examined in this study (Fig. 6), although it is not

known why Populus is preferable to other resin producers or if there

are preferences among Populus spp. Studies focused on phenolic

compounds extractable with diethyl ether and analyzed as their

trimethylsilyl derivatives have shown that resins from North

American Populus spp. can have different compositions [38–40].

To test the diversity of metabolite composition and bee-relevant

antimicrobial activities of North American poplar resins, 11

species and hybrids were propagated via hardwood cuttings in the

greenhouse for analyses (P. balsamifera, P. angustifolia, P. trichocarpa,

P. nigra, P. deltoides, P. fremontii, deltoides x trichocarpa, trichocarpa x

deltoides, deltoides x nigra, deltoides x maximowiczii, (deltoides x trichocarpa)

x trichocarpa). Resin was harvested and analyzed as described

previously. Only one P. deltoides cutting survived, so the analysis

was supplemented with 5 samples of P. deltoides resin collected in

the study area used previously. Fig. 9 summarizes the composi-

tional relatedness found among the different species/hybrids. Of

344 spectral peaks, several exclusive peaks were characteristic of P.

trichocarpa, P. angustifolia, or P. deltoides x maximowiczii respectively

(Table 3), and each species/hybrid had a unique combination of

non-exclusive spectral peaks that appeared in all resin samples

from a given species/hybrid. Most species/hybrids did not have

any exclusively characteristic spectral peaks, however many peaks

were found to be characteristic of terminal phylogenic nodes [41]

within Populus (P. deltoides/P. fremontii, P. angustifolia, P. balsamifera/P.

trichocarpa - Table 3).

As the range of many abundant North American Populus spp.

overlap, bees are commonly presented with a choice between

closely related resin producing plants. To test the diversity in

potential benefit of North American poplar resins to bees, resin

extracted for analytical analysis was also tested for antimicrobial

activity against P. larvae. Fig. 10 clearly shows differences in

antimicrobial activity among the different species with P. trichocarpa

being the most and P. angustifolia the least inhibitory.

Table 2. Spectral peaks representing late-season indicators in
P. balsamifera and P. deltoides.

Mass (m/z) Rt (min.) Ion Mode Appearance (by month)

P. balsamifera

483.409 23.53 + 5/5 Oct

353.099 11.07 2 4/5 Oct

621.271 14.57 2 4/5 Oct

595.205 14.85 2 4/5 Oct

491.288 14.57 + 1/5 Aug, 5/5 Oct

475.247 14.57 2 1/5 Aug, 5/5 Oct

531.279 14.57 + 1/5 Aug, 4/5 Oct

461.272 14.83 + 1/5 Aug, 4/5 Oct

625.212 14.57 2 1/5 Aug, 4/5 Oct

653.208 14.57 2 1/5 Aug, 4/5 Oct

519.276 15.77 2 1/5 Aug, 4/5 Oct

537.273 16.27 2 1/5 Aug, 4/5 Oct

521.292 15.98 2 3/5 Aug, 5/5 Oct

373.291 19.6 2 1/5 June, 5/5 Oct

P. deltoides

339.220 13.15 2 5/5 Oct

295.220 12.52 2 5/5 Oct

293.220 13.15 2 4/5 Oct

295.239 13.13 + 4/5 Oct

503.401 18.35 + 1/4 Aug, 5/5 Oct

519.356 16.25 2 1/4 Aug, 5/5 Oct

525.384 18.35 + 2/4 Aug, 5/5 Oct

Table arranged by peak appearance in a given sample group. The number of
samples within a month group in which each peak appears is indicated in the
last column. Retention time was rounded to the nearest 0.1 min. Mass accuracy
was 5–10 ppm. Rt = retention time.
doi:10.1371/journal.pone.0077512.t002

Figure 8. Seasonal variation in P. deltoides. PCA scores plot of resin
‘fingerprints’ from P. deltoides plants collected throughout the growing
season. 40.86% of the total variation in the data set is shown. N = 2
individuals in May, N = 5 individuals in June, N = 9 individuals in July
(from near Jamestown, ND), N = 5 individuals in August, N = 5
individuals in October.
doi:10.1371/journal.pone.0077512.g008
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Discussion

Honey bees in the study region have many resin sources to

choose from that are diverse in metabolite content and antimi-

crobial activity (Fig. 2–5), and it appears they favor some plants

over others (Fig. 6). Strong resin plant preference has been shown

in stingless bees (Tribe: Meliponini) [42–43] as well as a slight male

over female B. dracunculifolia preference (,10%) by honey bees in

Brazil [44].

To our knowledge, this is the first example of using chemical

analysis to track individual resin forager behavior. Importantly,

these methods were sensitive enough to track resin foraging

behavior by analyzing the resin from a single leg of an individual

bee. Metabolomic forensics confirmed that honey bees collected

resin from P. balsamifera and P. deltoides (Fig. 6), but not from the

numerous hybrid poplars located within common foraging range.

We confirmed that honey bees have a high fidelity to a single

botanical source of resin during a single foraging trip, even when

multiple closely related species occur in very close proximity that

are also active foraging targets (Fig. 6).

Regional environment had little effect on P. deltoides resin

composition when comparing resin sampled near Jamestown, ND

and in St. Paul, MN (Fig. 6), while season had only a subtitle effect

on overall resin composition, mostly among resins collected in

October compared to all earlier months (Fig. 7 & 8). The

relevance of these subtle compositional changes in relation to bee

activity is uncertain, as all foraging stops by mid-September in the

study region. At least in this study area, large changes in propolis

composition by season would probably be due to changes in resin

availability or forager preference, and not by gross shifts in

specialized plant metabolism.

Resin sampled from greenhouse grown North American poplars

showed that some metabolites were unique to taxonomic nodes,

with resin from closely related species being surprisingly different

(Table 3, Fig. 9). Hybridization did not seem to produce novel

metabolites. P. deltoides x trichocarpa and P. trichocarpa x deltoides resins

Figure 9. Compositional differences in Populus spp. resin. PCA scores plot of resin ‘fingerprints’ from 11 different Populus spp. and hybrids
grown under greenhouse conditions. Pure species are indicated by closed shapes, while hybrids are indicated by open shapes. 49.11% of the total
variation in the data set is shown. d x m = P. deltoides x maximowiczii (N = 8), d x n = P. deltoides x nigra (N = 4), d x t = P. deltoides x trichocapra (N = 6),
t x d = P. trichocarpa x deltoides (N = 5), (t x d) x d = P. (trichocarpa x deltoides) x deltoides (N = 14). N = 6 for P. deltoides and P. nigra, N = 12 for P.
fremontii, N = 14 for P. trichocarpa, N = 18 for P. angustifolia, N = 5 for P. balsamifera.
doi:10.1371/journal.pone.0077512.g009
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had different intermediate compositions compared to their

parental species (Fig. 9), which may indicate some maternal

effects on resin metabolism. Due to the clear appearance of

taxonomic node-specific metabolites, future work could provide

insight into the evolution of specialized metabolism in the Populus

genus. Overall, this metabolomics approach provided a powerful

method to discriminate among patterns of resin metabolites from

closely related species and hybrids, while also identifying specific

metabolites that were characteristic signatures among species/

hybrid groups.

Collected resins varied in antimicrobial activity against the

highly infectious brood pathogen, P. larvae (Table 1, Fig. 6).

Although the study colonies were not infected with this pathogen,

the data suggest that availability, proximity, and perhaps toxicity

may play roles in the selection of resins by bees. P. deltoides and P.

balsamifera were targets of resin foraging, and also the closest

abundant species to our experimental apiary. North American

poplars differentially inhibited the growth of P. larvae and Fig. 10

shows that even among plant species in the same genus, a bee’s

choice of resin could have profound consequences for their ability

to reduce the overall microbe load within the nest cavity and

prevent or fight off disease. P. balsamifera resin was more strongly

inhibitory than P. deltoides resin, but there was no obvious

preference for the more inhibitory resin among captured resin

foragers (Fig. 6 & Fig. 9). Future studies with deeper sampling

might uncover aspects of preferences not obvious with the sample

size used in this study.

As many North American poplars commonly co-occur in the

same environment (P. deltoides and P. balsamifera in Minnesota, for

example), bees often have to choose between closely related resin

sources. It is not well understood how bees locate preferential resin

sources, but resin foraging frequency does increase in several bee

species under certain conditions. Stingless bees increase resin

foraging in response to ant attacks, while honey bees increase resin

foraging when intentionally exposed to the larval fungal pathogen

Ascosphaera apis, the cause of chalkbrood [31]. It would be

informative to determine if bees change resin preference, along

with frequency, during these events. Resin foraging may also be a

tactile response to crevices and rough textures within the hive

[42,45], and roughing the inside surface of standard bee boxes

might encourage the deposition of more resin.

Chemical analysis is a highly informative alternative to

observational studies of resin foraging, as direct observation of

resin foraging is difficult and prone to error. Metabolomic

methods uniquely allow for the analysis of many samples without

targeting specific signature metabolites. We were able to observe

patterns in .300 peaks in over 100 samples and summarize their

differences during a single analysis (Fig. 9), which could not be

accomplished with traditional analyses. Many of the peak

differences detected were not obvious and would likely have been

missed with only visual inspection of the raw LC-MS data.

We seek to understand the botanical sources and biological

activities of resins in the field and how resin foraging behavior

changes in response to environmental factors, such as infection

and other biological stresses. If we can discover plants with

preferable and more antimicrobial resins in different regions, it

should be possible to better create environments that promote bee

health by supporting behaviors and managerial strategies that lead

to natural disease resistance.

Table 3. Spectral markers of terminal taxonomic nodes in
Populus.

Mass (m/z) Rt (min) Ion Mode Appearance (by species)

Taxonomic Section – Aigeiros

291.0634 6.33 + 6/6 Pd, 12/12 Pf

563.1664 6.83 + 6/6 Pd, 12/12 Pf

395.1100 6.95 + 6/6 Pd, 12/12 Pf

307.0584 7.77 + 6/6 Pd, 12/12 Pf

241.0866 7.77 + 6/6 Pd, 12/12 Pf

269.0825 7.77 + 6/6 Pd, 12/12 Pf

329.1025 7.77 + 6/6 Pd, 12/12 Pf

357.1330 10.1 + 6/6 Pd, 12/12 Pf

379.1147 10.1 + 6/6 Pd, 12/12 Pf

273.0770 12.1 + 6/6 Pd, 12/12 Pf

267.0644 6.33 2 6/6 Pd, 12/12 Pf

327.0863 7.8 2 6/6 Pd, 12/12 Pf

313.0737 9.6 2 6/6 Pd, 12/12 Pf

Taxonomic Section - Tacamahaca

363.1214 9.4 + 18/18 Pa

339.1215 9.4 2 18/18 Pa

121.0654 9.1 + 5/5 Pb, 14/14 Pt

301.1074 10.85 + 5/5 Pb, 14/14 Pt

303.1239 11.3 + 5/5 Pb, 14/14 Pt

421.1654 11.4 + 5/5 Pb, 14/14 Pt

121.0652 11.3 + 5/5 Pb, 14/14 Pt

301.1083 11.4 + 5/5 Pb, 14/14 Pt

553.2219 12.4 + 5/5 Pb, 14/14 Pt

301.1086 13.0 + 5/5 Pb, 14/14 Pt

285.1126 13.4 + 5/5 Pb, 14/14 Pt

553.2221 13.4 + 5/5 Pb, 14/14 Pt

315.1225 15.2 + 5/5 Pb, 14/14 Pt

405.1182 4.3 2 5/5 Pb, 14/14 Pt

287.0912 9.1 2 5/5 Pb, 14/14 Pt

389.1389 11.6 2 5/5 Pb, 14/14 Pt

551.2079 12.4 2 5/5 Pb, 14/14 Pt

521.1958 12.5 2 5/5 Pb, 14/14 Pt

433.1644 13.1 2 5/5 Pb, 14/14 Pt

404.1544 13.4 2 5/5 Pb, 14/14 Pt

535.2126 15.3 2 5/5 Pb, 14/14 Pt

437.2103 6.4 + 14/14 Pt

551.1533 6.7 + 14/14 Pt

161.1306 9.0 + 14/14 Pt

135.0412 2.8 2 14/14 Pt

Taxonomic Section - Aigeiros/Tacamahaca

209.0802 9.1 2 8/8 dm

Table arranged by peak appearance in a given species group. The number of
samples within a species group in which each peak appears is indicated in the
last column. Retention time was rounded to the nearest 0.1 min. Pd = P.
deltoides, Pf = P. fremontii, Pa = P. angustifolia, Pb = P. balsamifera, Pt = P.
trichocarpa, dm = P. deltoides x maximowiczii. Mass accuracy was 2 ppm. Rt =
retention time.
doi:10.1371/journal.pone.0077512.t003
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Supporting Information

Figure S1 R script for comparative metabolomic anal-
ysis. This script is a conservative, open source data analysis

procedure for metabolomics experiments that use a ‘composite’

quality control sample, as described in the results subsection

‘‘Honey bees collect resin from balsam poplar and eastern

cottonwood.’’

(DOC)
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