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Dissertation Abstract

Microbial Ecology of Tropical Arboreal Ants

by Alissa Susanne Hanshew

Under the supervision of Professor Cameron R. Currie

At the University of Wisconsin — Madison

Ants are one of the most dominant families of arthropods on Earth, with more than
12,000 described species. Their life histories range from tiny, cryptic, and nearly eyeless ground
dwellers, to almost two-inch long hunters with one of the most painful stings known to man.
Despite their ubiquity, and our knowledge that most if not all animals rely upon microbial
symbionts, ant bacterial communities remain understudied. The work presented in this
dissertation expands our knowledge of the microbial communities present in thirteen tropical
arboreal ant species. First, 1 explore the presence and putative function of culturable
Actinobacteria in three ant-plant-fungi mutualisms. I show that these three disparate ant species
are host to Actinobacteria that may serve as protective or nutritional symbionts. Next I
characterize and compare the bacterial communities of different species pairings of Cecropia-
obligate Azteca ants. I found that the bacterial communities of these ants were not correlated with
Azteca species, Cecropia species, or geographic location. Life stage may explain some of the
differences and similarities in these ants, but there are likely other variables, such as varied rates

of predation, that I am unable to account for that may better explain our data. Lastly, we explore



il
the effect of host species, nesting strategy, and diet on microbial communities of seven arboreal

ant species at La Selva Biological Station. Microbial community composition was highly
correlated with host species, but not genera or subfamily. Likewise, correlations can be drawn

between trophic level and the presence, or absence, of particular bacterial community members.
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Chapter 1. Introduction

At more than 12,000 described species, ants are one of the most dominant families of
arthropods in terrestrial ecosystems, especially in the tropics [1, 2]. As with other arthropods, and
in fact all animals studied to date, ants rely on bacteria for a number of functions [3]. Bacterial
mutualists aid in nutrient acquisition and protection of colony resources for their ant hosts.
Nevertheless, ants remain understudied in terms of their associated bacterial diversity, how those
bacterial communities differ across different ant species, and the function of many of the bacteria
found in and on ants.

1.1 Bacterial symbionts and their role in ant nutrition

For arthropods in the family Formicidae, living in tropical trees poses certain challenges,
some unique to the arboreal lifestyle, while others are more universally present in animals. Work
in the last 40 years has demonstrated that ants are not only more dominant in the tropical tree
canopy than previously thought, but that they also outnumber their supposed prey items [1, 4].
The large numbers of ants in this ecosystem suggests that they occupy a lower trophic level than
previously assumed, as carnivory is unlikely to be supported due to insufficient prey [1, 4].
Therefore, many arboreal ants are likely functional herbivores that do not rely on prey to support
their nutritional needs [1, 5].

This hypothesis is supported by arboreal ants, as a whole, having nitrogen isotope levels
consistent with herbivores [1, 6]. Although few ants are observed consuming foliage, they are
often observed visiting extrafloral nectaries (EFN), which is likely to be one of their primary
food sources [5]. Some of these ant species are also known to harbor phloem-feeding Hemiptera
in their nests, which produce a carbohydrate rich food source, honeydew, for the ants [7]. In

exchange, many ant species provide these food sources with protection. EFN producing plants
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are often protected from herbivores by ant colonies that utilize the nectar [8, 9]. Likewise, ant

colonies provide their honeydew producing Hemiptera protection [10—12].

The paradox remains for how these functional herbivores, which consume nutrient-poor
diets, acquire the necessary levels of nitrogen to support growth. EFN and honeydew both
provide sufficient carbohydrates for ant nutritive needs, but are often low in other nutrients,
including biologically available nitrogen [2, 5, 13]. Unlike predatory ants, which are thought to
absorb needed nitrogen-containing compounds from their prey items, ants that subsist on EFN
and honey dew must procure nitrogen by other means [1, 14]. Davidson et al. raised the
possibility that this may occur by microbial symbionts, which has been shown to occur in a
handful of ant species [1]. Camponotus floridanus ants that harbor the bacterium Blochmannia
floridanus are able to use the ammonia that is produced by the bacterium from recycling urea
[15]. Additional work suggests that this means of nitrogen acquisition might be present in
additional species of ants in the tribe Camponotini [16]. Similarly, the bacterial species in the
genera Pantoea and Klebsiella fix free nitrogen in the fungus gardens of attine ants, releasing
usable ammonia that is later detectable in the ants themselves [17]. Putative nitrogen-fixing and -
recycling bacteria have been found in other ant species and are thought to provide nitrogen to
their hosts. Numerous bacteria related to known nitrogen fixers were isolated from
Pseudomyrmex ferrugineus ants living on Acacia hindsii trees [18]. Russell et al. also proposed
that Rhizobiales in herbivorous ants may play a role in nitrogen fixation [19]. Likewise, putative
nitrogen fixing bacteria have been found in a number of different Tetraponera species [20, 21].

The Pantoea and Klebsiella found in the fungus gardens of attine ants are but two
community members in a complex system [22-24]. The fungus found in the gardens of attine

ants is well understood to serve as the primary food source within the colony, but the role of
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bacteria in these gardens is only now coming to light. In addition to nitrogen fixation, bacterial

community members in these gardens are thought to be vital in aiding nutrient acquisition for the
fungus [24]. This bacterial community may also play a role in the breakdown of plant biomass
that is not otherwise accessible to the ants [22, 23]. The release of nutrients is thought to aid in
fungal growth, which then supports colony growth. Beyond this and nitrogen acquisition,
bacterial nutritional symbionts in ants are largely unknown.

1.2 Bacterial symbionts and their role in ant protection

In additional to nutritional roles, some bacteria serve protective roles in ants. As
mentioned above, attine ants farm fungi that serve as their primary food source. These fungal
gardens can be parasitized by a specialist fungal pathogen, Escovopsis spp. In addition to
mechanical weeding of the coevolved garden pathogen these ants are also thought to apply
metapleural gland secretions to the garden to aid in pathogen suppression [25, 26]. Fungus
growing ants also utilize secondary metabolites produced by Pseudonocardia to deal with
Escovopsis [27-29]. This bacterium produces antifungal compounds that have high inhibitory
activity toward Escovopsis while not harming the fungus garden itself.

A similar defensive role for Actinobacteria has been suggested in at least one other ant
system. The arboreal ant species A//lomerus maintains a fungus that aids them in ambush hunting
[30]. These ants build a lattice like structure along plant stems and branches, using trichomes as
support for fungal growth, then hide inside to ambush insects when they land on the plant [30].
Streptomyces, a genus known for producing antimicrobial compounds, are associated with these
ants [31]. While it has yet to be shown experimentally that these ants are using the Streptomyces
to produce protective compounds, protective Actinobacteria are in a number of other insects

beyond ants. Digger wasps, southern pine beetles, and spruce beetles use Actinobacteria in a
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protective manner [32—34]. This role has also been proposed in a number of other arthropod

systems [35-39].
1.3 Wolbachia in ants

Despite the ubiquity of Wolbachia in many insect genera, the role of Wolbachia in ants
has yet to be fully elucidated. In some insects, Wolbachia are known to manipulate reproduction
via one of four methods, including feminization of males, male-killing, cytoplasmic
incompatibility, and induction of parthenogenesis [40]. Despite this work in other insects, no one
has conclusively shown that Wolbachia manipulates reproduction in ants.

Wolbachia has been found in most subfamilies of Formicidae, but not all genera, or
species, are equally infected [21, 40-45]. In Formica truncorum, Wolbachia may affect
reproduction by reducing the number of reproductives produced in a colony [46]. However, most
of the known roles for how Wolbachia changes reproduction are unlikely in ants because of how
they reproduce. Wenseleers et al. surmised that cytoplasmic incompatibility was unlikely
because while Wolbachia infection was even across Formica truncorum colonies, sex ratios in
colonies were not [46]. Feminization of males and induction of parthenogenesis are also unlikely
[40]. Whether the other form of reproductive manipulation, male-killing, occurs remains to be
shown.

Recent work in the attine ant Acromyrmex octospinosus suggests that Wolbachia might
actually have a nutritional role for these ants [41]. Researchers found Wolbachia extracellularly,
an anomaly thus far in arthropods, and predominately in the gut. Traditionally Wolbachia is
thought to be an intracellular bacterium often associated with the ovaries of arthropods. While
this paper did not demonstrate a nutritional role, the location and density of Wolbachia in these

ants suggests a nutritional role [41].



1.4 Other bacteria found associated with ants

In addition to Wolbachia, nitrogen-acquiring bacteria, and protective Actinobacteria
discussed above, a number of other bacteria have been found in ants. However, due to
experimental constraints, and until recently, lack of knowledge that these bacteria were even
present, little research has been done to establish the role of these bacteria in ant physiology.

Russell et al. found in lab-maintained colonies of Cephalotes sp. ants that in addition to
the Rhizobiales mentioned earlier, these ants also maintained Burkholderiales,
Xanthomonadales, Pseudomonadales and Verrucomicrobiales [19]. They suggested that these
bacteria are not transmitted transovarially, but within the colony itself, as these bacteria were not
found in early instar larvae, but were present by later instars. They also point out that one must
consider the developmental cycle of ants. The bacteria acquired as larvae may be shed during the
final molt, only to be reacquired as a newly emerged worker.

Eilmus and Heil, in addition to potential nitrogen fixing bacteria, found a number of other
bacteria associated with P. ferrugineus ants [18]. These included bacteria in the phyla
Acidobacteria, Actinobacteria, Bacteroidetes, Firmicutes, Planctomycetes, Proteobacteria, and
Spirochaetes. In addition to putative nitrogen fixers and Wolbachia, Tetraponera also harbor
bacteria similar to Bartonella, Sodalis and Pantoea [21]. More specifically, Tetraponera
binghami, also harbored Rhizobium, Methylobacterium, Burkholderia, Pseudomonas, and
Flavobacteria in specialized pouches located just off the gut [20]. While Feldhaar et al. state that
Camponotus ants have only Blochmannia in their guts, He et al. found three other types of
bacteria [15, 47]. However, experimental limitations from older techniques (DGGE and tRFLP)
make it likely that there are other bacterial community members that have not yet been detected

in many ants.



1.5 Arboreal ants and the role of microbes in these systems

As conspicuous members of tropical ecosystems, ant-plant mutualisms have held the
fascination of numerous scientists for several hundred years [48, 49]. Pioneering observations by
many naturalists in the late 19" century and early 20" century raised the idea that tropical plants
enlisted the aid of certain ant species to protect against other animals that might harm the host
plant [48-55]. Despite many observations of the presence of fungi in these systems, little
research was done on the role microbes played in these symbiotic systems [50, 56, 57].

Recently, fungus found in the domatia of plant-ants were shown to be maintained by
resident ants, in some cases fed to larvae, and involved in provisioning nitrogen to the plant [58—
62]. Additional ant species are also known to use fungi for structural needs, rather than
nutritional [30, 62—65]. The growing body of evidence suggests that some of these ants may
fulfill the characteristics necessary to deem them fungus-farmers, adding to our understanding of
the relationships between Formicidae and beneficial fungi [64].

In the last decade, there has been renewed interest in arboreal ants, specifically the roles
bacteria may play. With the advent of next-generation sequencing technologies, we now have the
ability to not only sequence more samples, but to also sequence them to a greater depth. As a
result, larger scale comparative studies are now possible on many niches, including ants. Despite
this, and the numerous species of arboreal ants, only two papers have addressed whole bacterial
community comparisons in arboreal ants. Kautz et al. found that four colonies of Cephalotes
varians, an exclusively arboreal turtle ant, harbored similar bacterial communities, and that many
of the taxa identified were similar to bacteria previously found in ants [66]. They speculated that
much of what they found were likely nutritional symbionts. Similarly, Seipke et al. found that

two geographically disparate plant-ants harbored similar ectobiont communities at the phyla
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level [67]. Unfortunately, phyla level comparisons are not very indicative of bacterial

community differences, as most insects harbor bacteria in the phyla Actinobacteria,
Bacteroidetes, Firmicutes, and Proteobacteria [68]. Likewise, experimental design problems,
namely vortexing ants in glycerol for removal of ectobionts for community assessment, make the
conclusions of this paper questionable.

1.6 Central objectives of this dissertation

My research focuses on the microbial communities of multiple tropical arboreal ant
species. As discussed above, bacteria are known or presumed to have many roles in ants. The
work presented in this thesis aims to increase our knowledge about (a) the presence and potential
roles of Actinobacteria in fungus-ant-plant systems (Chapter 2), (b) how microbial communities
in Cecropia-obligate Azteca ants compare across species pairings and geographic location
(Chapter 3), and (c) how microbial communities differ between arboreal ants with different life
histories (Chapter 4).

These objectives are addressed using thirteen different arboreal ant species from the
Paleotropics and the Neotropics, summarized in Table 1.1. Three ant-plant systems recently
discovered to maintain fungus in their domatia, Petalomyrmex phylax in Leonardoxa africana,
Pseudomyrmex penetrator in Tachigali sp., and Crematogaster margaritae in Keetia hispida,
were used to address the question of whether other fungus-associated ants associate with
protective or nutritive Actinobacteria, akin to what is found in attine ants and other arthropods
(Chapter 2). We used selective media and traditional culture based techniques to isolate
Actinobacteria that were then 16S rRNA gene sequenced and compared to other known
Actinobacteria. Cecropia-obligate Azteca ants were used to characterize and compare the

microbiota of different ant-tree species pairings and to explore whether host bacterial
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communities varied across geographic distance (Chapter 3). These colonies were collected from

Costa Rica and subjected to 16S rRNA amplicon pyrosequencing for microbial community
comparisons. Lastly, seven arboreal ant species from three different subfamilies in Formicidae
were used to assess the effect of host species, diet, and life history on microbial community
composition (Chapter 4). These samples were also subjected to 16S rRNA amplicon
pyrosequencing.

Table 1.1 Ant species used in this dissertation.

Ant species Subfamily Nest location Country of Origin Ch.
Azteca alfari Dolichoderinae Cecropia sp. Costa Rica 3
Azteca coerulepennis Dolichoderinae Cecropia sp. Costa Rica 3
Azteca constructor Dolichoderinae Cecropia sp. Costa Rica 3
Azteca xanthochroa Dolichoderinae Cecropia sp. Costa Rica 3,4
Crematogaster longispina Myrmicinae Carton nest Costa Rica 4
Crematogaster margaritae Myrmicinae Keetia hispida Cameroon 2
Myrmelachista flavocotea Formicinae Ocotea Costa Rica 4
Nylanderia caeciliae Pseudomyrmecinae  Carton nest Costa Rica 4
Petalomyrmex phylax Formicinae Leonardoxa africana  Cameroon 2
Pheidole bicornis Formicinae Piper Costa Rica 4
Pheidole fiorii Formicinae Carton nest Costa Rica 4
Pseudomyrmex penetrator Pseudomyrmecinae  Tachigali sp. French Guiana 2
Tapinoma ramulorum inrectum Dolichoderinae Carton nest Costa Rica 4
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Chapter 2. Characterization of Actinobacteria associated with three ant-plant
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2.1 Abstract

Ant-plant mutualisms are conspicuous and ecologically important members of tropical
ecosystems yet remain largely unexplored in terms of insect-associated microbial communities.
Recent work has revealed that ants in some ant-plant systems cultivate fungi (Chaetothyriales)
within their domatia that are fed to larvae and obtain nitrogen from ant activity. Using
Pseudomyrmex penetrator/Tachigali sp. from French Guiana, Petalomyrmex phylax/Leonardoxa
africana and Crematogaster margaritae/Keetia hispida, both from Cameroon, as models we
tested the hypothesis that ant-plant-fungus mutualisms co-occur with culturable Actinobacteria.
Using selective media, we isolated 861 putative Actinobacteria from the three systems. All C.
margaritae/K. hispida samples had culturable Actinobacteria with an average of 9.73 colony
forming units (CFUs) per sample, while 27% of P. penetrator/Tachigali samples (average CFUs
1.14) and 55% of P. phylax/L. africana samples (average CFUs 3.57) yielded Actinobacteria.
The most CFUs were obtained from P. penetrator workers, P. phylax alates, and C. margaritae
pupae. 16S rRNA gene sequencing and phylogenetic analysis revealed the presence of four main
clades of Streptomyces and one clade of Nocardioides within these symbioses. Streptomyces

with antifungal properties were associated with all three systems, suggesting that they could

serve as protective symbionts, as found in other insects. In addition, a number of isolates from a
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clade of Streptomyces associated with P. phylax/L. africana and C. margaritae/K. hispida are

capable of degrading cellulose, suggesting that Streptomyces in these systems may serve a
nutritional role. Repeated isolation of particular clades of Actinobacteria from two
geographically distant locations supports the role of these isolates as residents in ant-plant-fungi
niches and adds to the growing body of evidence suggesting widespread use of Actinobacteria by
insects as protective and nutritional symbionts.
2.2 Introduction

Ant-plant mutualisms are pervasive and important components of tropical ecosystems,
and represent unique arboreal niches in which to study microbial ecology. In these symbioses,
plant hosts generally provide their ant symbionts with two main resources, a nutrient-rich food
source in the form of extrafloral nectar secretions or specialized plant structures (e.g. Miillerian
bodies from Cecropia trees or Beltian bodies from Acacia trees), and nesting space in hollowed
out plant structures termed domatia [1]. In return, the ants protect the plants from herbivores and
remove encroaching vegetation. Additional work suggests that these ants may also provide
nutrients to their host plant [2-9]. Both plant hosts and resident ants are phylogenetically diverse
and found globally throughout the tropics [10]. Fungi have long been observed in the domatia in
ant-plant mutualisms, but the mutualistic nature of this interaction has been demonstrated only
recently [11, 12]. The fungi in these patches were identified as black yeasts in the ascomycete
order Chaetothyriales, found in a wide range of ant-plant symbioses, observed to be fed to larvae,
and shown to obtain nitrogen from ant activity [11, 13—15]. Although fungal hyphae in these ant-
plant systems are found in contact with plant material inside the domatia, they were not observed

to grow into the plant tissue, suggesting that these fungal symbionts are likely not pathogenic to
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the tree [11, 15, 16]. This recent work suggests that the mutualism extends beyond the ant-

plant interaction and that these systems include aspects of insect-fungal agriculture [16, 17].

Fungiculture is characterized by four tenants: inoculation of the fungal cultivar into new
growth substrate for crop propagation, maintenance of the appropriate growth conditions for the
fungal crop, use of the fungal crop as a major source of sustenance, and an obligate relationship
with the fungal crop [18]. Three taxonomically distinct groups of arthropods, including attine
ants, ambrosia beetles, and fungus-farming termites, are known to fulfill these requirements [18—
21]. Fungiculture is likely practiced by additional insects, including ants in the genera Allomerus
and Lasius, species in several tribes of gall midges, the southern pine beetle Dendroctonus
frontalis, the lizard beetle Doubledaya bucculenta, the leaf rolling weevil Euops chinesis, and the
woodwasp Sirex noctilio, all of which meet several of the requirements to be deemed fungus-
farmers [17, 18, 22-29]. Symbioses with beneficial fungi provide access to an otherwise
unexplored niche for the insect host by making stored carbon in recalcitrant plant material more
available and thus reducing competition with other foraging arthropods for food. In return,
insects may increase the fitness of their fungal symbionts by expanding its geographic
distribution and protecting it from parasites and pathogens.

Insect fungiculture requires that the host protects both itself and its fungal mutualist from
pathogens [18]. While it is likely that all fungus-farmers are threatened by potentially virulent
pathogens, attine ants remain the best studied example. Infections by the co-evolved
mycoparasitic fungus Escovopsis have been documented in at least one third of attine ant
colonies, with infection rates varying by genus, species, and age of the colony [30, 31]. Colonies
control infection using at least three different tactics: mechanical removal of the pathogen by

garden weeding, application of antifungal metabolites produced by Actinobacteria maintained on
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the ants’ cuticle, and potentially by application of secretions from the metapleural glands [32-

35]. Likewise, antibiotic-producing Actinobacteria have been isolated from fungus-growing
termites and are speculated to protect their fungal gardens from the fungal pathogen
Pseudoxylaria [36]. Other insects also use secondary metabolites produced by Actinobacteria.
Beewolves, which do not cultivate fungus, use several antimicrobials produced by the bacterium
‘Candidatus Streptomyces philanthi’ to protect their overwintering brood and its food source
from fungal attack [37-39]. Actinobacteria with potentially similar roles have been found in
other insect systems, including bark beetles, ambrosia beetles, Allomerus ants, S. noctilio, and
two species of solitary mud dauber wasps [40-44].

In addition to producing numerous secondary metabolites, Actinobacteria are capable of
degrading a variety of substrates [45]. Therefore it is perhaps not surprising that Actinobacteria
associated with arthropods have recently been shown to fulfill host nutritive roles. Plant
associated insects such as S. noctilio, emerald ash borer (Agrilus planipennis), and higher
termites may use the metabolic potential of cellulose-degrading Actinobacteria to gain access to
nutrients in recalcitrant plant material [43, 46—48]. Streptomyces associated with these three
insects degrade cellulose in vitro, and may serve this role in the host or in their feeding galleries
[43, 46-48]. Likewise, firebugs and cotton stainers require two actinobacterial symbionts to
exploit Malvale seeds as novel food sources [49].

We hypothesized that Actinobacteria may similarly serve as defensive or nutritional
symbionts in ant-plant symbioses, as has been found in other insect systems. In addition to
potentially protecting the black yeast from pathogens as in the symbioses described above,
Actinobacteria might also serve in a number of roles such as protecting the ants, their brood, or

the host plant from infection, or aiding in host nutrition. We assessed three ant-plant symbioses
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known to harbor fungi in their domatia (Pseudomyrmex penetrator/Tachigali sp. from French

Guiana, Petalomyrmex phylax/Leonardoxa africana and Crematogaster margaritae/Keetia
hispida, both from Cameroon) as potential niches for Actinobacteria, and began testing the
possible function of these isolates as protective and nutritional symbionts. Bacterial isolations
were performed on samples from each system and subjected to 16S rRNA gene sequencing.
Antifungal bioassays and filter paper degradation assays were performed on a subset of isolates
to assess their potential as protective or nutritional symbionts.
2.3 Methods
2.3.1 Colony sampling

Domatia containing ants were cut from trees, placed in sterile containers, and shipped to
the laboratory at the University of Wisconsin-Madison. Pseudomyrmex penetrator workers,
queens, pupae, larvae and scale insects in Tachigali sp. were collected in French Guiana in Oct
2009 (Tables 2.1 and 2.2). Fungal patches from 10 Tachigali domatia were also collected as
scrapings into empty tubes or tubes containing either 1X phosphate buffered saline (PBS) or 10%
glycerol (Table 2.2). Four Leonardoxa africana domatia inhabited by Petalomyrmex phylax were
similarly collected in Cameroon in Jan 2010 including workers, alates, larvae, pupae, and fungal
patch scrapings, along with two Keetia hispida domatia with Crematogaster margaritae
including workers, larvae, pupae, and scale insects (Tables 2.1 and 2.2).
2.3.2 Microbial Isolations

For all samples, Actinobacteria were cultured using the spread plating technique with 100
pl of inoculum on chitin medium supplemented with the antifungals nystatin and cyclohexamide
(per liter: 5.33 g chitin, 0.767 g K,HPO,, 0.367 g KH,PO,, 0.244 ¢ MgSO,, 0.01 g FeSO,*7H,0,

0.001 g ZnSO,*7H,0, 0.001 g MnCl,*4H,0, 20 g of agar, 0.0427 g nystatin, and 0.0667 g
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cyclohexamide). To prepare inocula, P. penetrator workers, pupae, and queens were washed

in 1 ml 1X PBS, placed in 500 pl 1X PBS, and shaken for 4 min in a Mini-beadbeater (Biospec
Products, Bartlesville, OK) with 0.25 g of 1:1 400:800 um beads. Except for fungal patches, all
remaining samples were placed in 500 pl 1X PBS with beads and shaken for 2 min twice in a
beadbeater and used as inocula (Tables 2.1 and 2.2). Fungal patches in PBS and glycerol were
homogenized with mini-pestles, while dry fungal patches were shaken in a beadbeater for 2 min
with 500 ul of 1% tween 20 in 1X PBS with beads, centrifuged for 3.5 min, homogenized with a
minipestle, and used as inocula. Plates were incubated at 28°C for up to 4 months, and checked
regularly for growth morphologically consistent with Actinobacteria. Putative Actinobacteria
colonies were counted and all morphologically distinct colonies were streaked for isolation first
using chitin media followed by yeast malt extract agar medium containing antifungals (YMEA)
(per liter: 4 g yeast extract, 10 g malt extract, 4 g dextrose, 15 g agar, 40 mg nystatin, and 0.05 g
cyclohexamide). To determine if colony morphology could serve as a way to group strains, all
isolates were grouped based on colony morphology, and representatives of each morphotype
from each ant-plant system were subjected to 16S rRNA gene sequencing and phylogenetic
analysis. Strain names correspond to the ant-plant system of origin, PsTa for P.
penetrator/Tachigali, LaPp for P. phylax/L. africana, and KhCr for C. margaritae/K. hispida.
2.3.3 DNA extraction, 16S rRNA gene amplification and sequencing

To extract genomic DNA from pure cultures, a loopful of actinobacterial growth was
added to 250 pl of 2X cetyltrimethylammonium bromide extraction buffer and lysed by triplicate
bead beating for 2 min followed by incubation at -80°C for 2.5 min [50]. One volume of phenol-
chloroform-isoamyl alcohol (25:24:1) was added, vortexed, and centrifuged for 5 min at

13,000g. The upper phase was mixed with one volume of chloroform-isoamyl alcohol (24:1) in a
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new tube, vortexed, and centrifuged for 5 min at 13,000g. The upper phase was then mixed

with one volume of cold isopropanol, incubated at -20°C overnight, and centrifuged for 15 min
at 13,000g at 4°C. The resulting DNA pellet was washed once with 70% ethanol, dried, and
resuspended in 50 pl Tris-EDTA (pH 8.0; Fisher, Fair Lawn, NJ).

The universal bacterial primers 27F (5> AGAGTTTGATCNTGGCTCAG) and 1492R (5°
TACGGYTACCTTGTTACG) were used to amplify the near full-length 16S rRNA gene [51].
Each 25 pl reaction included: 12.5 pl EconoTaq Plus Green (Lucigen, Middleton, WI), 200 nM
of each primer, and 10 ng of template DNA. The thermocycling program was: initial
denaturation at 95°C for 2 min, 35 cycles of 95°C for 20 s, 55°C for 20 s, and 72°C for 2 min,
and a final extension of 72°C for 3 min. PCR products were visualized on a 2% agarose gel in
1X TAE buffer to confirm the presence of the expected single band at ~1465 bp.

PCR products were sequenced using the BigDye Terminator mix v. 3.1 (Applied
Biosystems, Carlsbad, CA) separately using primers 27F and 1492R. Each 10 ul reaction
included 1 pl BigDye mix, 1.5 pl BigDye buffer, 100 nM 27F or 1492R, 0.5 ul DMSO, and 0.5
pul PCR product. The thermocycling program was: initial denaturation at 96°C for 2 min, 35
cycles of 96°C for 10 s, 52°C for 15 s, and 60°C for 3 min, and a final extension of 72°C for 1
min. PCR products were purified using CleanSeq magnetic beads (Agencourt Biosciences, Brea,
CA) as per the manufacturer’s protocol, and sequenced using an ABI 3730x sequencer at the
University of Wisconsin-Madison Biotechnology Center. Sequences were deposited in Genbank
under accession numbers Xxxx-Xxxx (see also Supplemental Table 2.1).

2.3.4 Phylogenetic tree construction
16S rRNA gene sequence contigs were aligned and edited using Sequencher v 4.5 (Gene

Codes Corporation, Ann Arbor, MI). Sequences with more than 5 ambiguous bases were
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discarded. Actinobacterial sequences were identified using SeqMatch from the Ribosomal

Database Project (RDP), release 10, update 31 [52]. Non-Actinobacteria sequences were not
used in further analyses. Reference actinobacterial 16S rRNA gene sequences, including taxa
previously isolated from insects [36, 38, 41, 43, 53, 54], were downloaded from the Genbank and
RefSeq databases [55, 56]. The 16S rRNA gene sequences of Slackia exigua (accession
AF101240) and Atopobium fossor (accession 1.34620) were used as a basal Actinobacteria
outgroup, based on Gao and Gupta [57]. All sequences were aligned using the G-INS-i algorithm
implemented in MAFFT v7.017b [58], trimmed at the 5’ and 3’ ends to remove trailing ends of
longer sequences, and then realigned. Where individual samples had two or more identical
sequences, only one sequence was used for the tree (henceforth referred to as duplicate
sequences). This alignment was then used to generate a phylogenetic tree using RAXML 7.2.6
with the GTRGAMMA nucleotide substitution model and 1000 rapid bootstraps [59, 60]. The
tree was visualized using the web version of iTOL [61, 62].
2.3.5 Actinobacteria-fungal Petri plate bioassay

Nineteen isolates were chosen for fungal bioassays based on initial morphological
diversity. They were challenged with two strains of entomopathogens, Fusarium oxysporum and
Metarhizium anisopliae, in addition to the general fungi Aspergillus niger and Trichoderma
reesei, as per Cafaro et al. and Poulsen et al. [63, 64]. A small loopful of each Actinobacteria
isolate was point inoculated in quadruplicate into the center of 8.5 cm Petri dishes containing
YMEA without antifungals and incubated for 10 days at 28°C. Test fungi were then point
inoculated 2.5 cm away from the edge of the bacterial colony, alongside control plates without

Actinobacteria. Bioassays were incubated at 28°C and inspected daily until the fungus in the
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fungus-only control plates had grown to completely to the opposite side of the plate. Each

bioassay plate was photographed and their zones of inhibition (ZOI) were measured.
2.3.6 Cellulose degradation assay

The same nineteen isolates described above were also tested for their ability to degrade
cellulose. Isolates were inoculated in duplicate into tubes containing 5 ml of autoclaved M63
medium and 5 mL of trace elements solution (SPV-4) [65]. A strip of 1 cm x 10 cm Whatman #1
filter paper was added to each tube as a cellulose source. Tubes were incubated with constant
agitation at 331 RPM at 28°C for a maximum of 22 days and examined daily for visual evidence
of filter paper degradation. An additional 25 isolates having the same morphology on YMEA as
Streptomyces sp KhCrAH244 were subsequently assayed for cellulose degradation, and their 16S
rRNA genes sequenced.
2.4 Results

In total, we screened for Actinobacteria in 96 samples from P. penetrator/Tachigali, 99
samples from P. phylax/L. africana, and 44 samples from C. margaritae/K. hispida. From all
three ant-plant mutualisms, Actinobacteria were isolated from all types of insect samples,
including workers, pupae, larvae, queens, and alates (Table 2.2). Actinobacteria were cultured
from all fungal patches from P. phylax/L. africana including all three storage techniques, and
from P. penetrator/Tachigali fungal patches stored in PBS (Table 2.2). In total, Actinobacteria
were isolated from 27% of samples from P. penetrator/Tachigali, 55% of P. phylax/L. africana
samples and 100% of C. margaritae/K. hispida samples (Table 2.1). Average putative
Actinobacteria CFUs per sample varied across the three systems; P. penetrator/Tachigali
samples contained 1.1 CFUs, P. phylax/L. africana samples contained 3.6 CFUs, and C.

margaritae/K. hispida samples contained 9.7 CFUs (Table 2.1). P. phylax alates, and P.
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penetrator and C. margaritae workers yielded the most CFUs, 8.3, 3.1, and 10.4, respectively

(Table 2.2).

A portion of the isolates morphologically identified as Actinobacteria were chosen for
16S rRNA gene sequencing: 60 out of 109 isolates from P. penetrator/Tachigali, 104 out of 353
isolates from P. phylax/L. africana, and 121 out of 399 isolates from C. margaritae/K. hispida.
The remaining isolates were not sequenced or used for assays. After removing non-
Actinobacteria, low quality, and duplicate sequences (see Supplemental Table 2.1 for list of
duplicate sequences), 46 P. penetrator/Tachigali, 69 P. phylax/L. africana, and 107 C.
margaritae/K. hispida sequences were used for phylogenetic analysis (Figure 2.1, Supplemental
Table 2.1), revealing five major clades of Actinobacteria isolated from these ant-plant
associations. Clade I comprises 36, 14, and 68 of the actinobacterial 16S rRNA gene sequences
from P. penetrator/Tachigali, P. phylax/L. africana, and C. margaritae/K. hispida, respectively,
and form a clade with the Streptomyces albidoflavus species group (Figure 2.1). Clade I contains
the majority of ant-plant sequences in this tree and is the only well-supported clade associated
with isolates from all three sampled ant-plant mutualisms. Clade II includes 10 isolates from P.
phylax/L. africana, 21 from C. margaritae/K. hispida, the S. griseus species group, and the insect
isolates S. griseus XylebKG1 (isolated from an ambrosia beetle), Streptomyces sp AV109 (from
a fungus-farming termite), and Streptomyces sp SA3 actE (from S. noctilio) [36, 41, 43]. Clade
III comprises 2 isolates from P. phylax/L. africana, 17 isolates from C. margaritae/K. hispida
and the type strain S. drozdowiczii. Clade IV comprises 10 isolates from P. phylax/L. africana,
and the type strains S. recifensis, S. griseoluteus and S. seoulensis. Lastly, clade V contains 20 P.
phylax/L. africana isolates and is sister to Nocardioidies luteus and N. albus. Clades I-V are

supported by bootstrap values of 70%, 80%, 94%, 52%, and 93%, respectively. The remaining
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14 isolates represent singletons, those infrequently isolated, and minor clades. Only clade II

contained Actinobacteria isolated from other insects (as described above), as did a minor clade
containing 2 isolates from P. phylax/L. africana that were related to isolates from D. frontalis
and S. noctilio [43, 53].

All 19 strains tested for antifungal activity decreased the growth of at least one of the
tested fungi, but only eight isolates exhibited distinct ZOI (Table 2.3). Streptomyces sp
PsTaAH124, Streptomyces sp PsTaAH130, and Streptomyces sp LaPpAH322 inhibited all four
fungi tested, while Streptomyces sp KhCrAH320 inhibited M. anisopliae and T. reesei.
Streptomyces sp PsTaAHS and Streptomyces sp KhCrAH316 inhibited only T. reesei, while
Streptomyces sp KhCrAH308 and Streptomyces sp LaPpAH224 inhibited only M. anisopliae. Of
the tested fungi, M. anisopliae was inhibited the least with only one of four replicates from six
strains exhibiting a clear ZOI, while T. reesei was inhibited in all replicates from six isolates.

Only one of the nineteen original isolates tested, strain Streptomyces sp KhCrAH244,
degraded cellulose averaging 9 days until filter paper breakage (Figure 2.2). Of the eighteen
additional isolates with the same culture morphology as Streptomyces sp KhCrAH244 tested to
further confirm this phenotype, nine isolates degraded filter paper, as did all of the seven
additional isolates from clade III. Only isolates from clade III degraded cellulose, taking between
7 and 22 days (Figure 2.2). On average, isolates capable of degrading cellulose took 9.26 days to
break the filter paper.

Colony morphology was found to be a poor predictor of phylogenetic placement,
especially for Streptomyces strains. This was particularly evident in the additional isolates
screened for cellulose degradation, described above. Of the eighteen, only nine were identified as

members of clade III after 16S rRNA gene sequencing. The eleven remaining strains, despite
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having similar colony morphology to Streptomyces sp KhCrAH244, did not degrade cellulose

and were not members of clade III.
2.5 Discussion

We investigated three ant-plant mutualisms as niches for Actinobacteria and their
potential roles as nutritional or defensive symbionts within these symbioses. Our results show
that Actinobacteria with the ability to degrade cellulose and inhibit fungi were obtained from the
following: 1) three phylogenetically disparate ant species, 2) from two geographically distant
locations, 3) from all three ant-plant symbioses explored, and 4) from all types of samples of
each system examined. These Actinobacteria may play a variety of roles including aiding in
acquisition of nutrients and mediating host/niche defense.

Isolation of 861 putative Actinobacteria from P. penetrator/Tachigali, P. phylax/L.
africana, and C. margaritae/K. hispida suggests that these symbiotic systems are indeed niches
for Actinobacteria. Indeed, all C. margaritae/K. hispida samples contained culturable
Actinobacteria while a portion of P. penetrator/Tachigali and P. phylax/L. africana contained
culturable Actinobacteria (Tables 2.1 and 2.2). Every life stage across all three systems were also
associated with Actinobacteria, including workers, alates, larvae, pupae, and queens (Table 2.2).
The range of Actinobacteria CFUs found here is consistent with those found in other insect-
Actinobacteria association studies. S. noctilio were found to have an average of 11.5 CFUs,
which dropped to 3.12 when two outliers were removed [43]. Similarly, most D. frontalis were
associated with at least one CFU of Streptomyces, with an average of 7.69 CFUs across 110
beetles sampled [53]. Additionally, solitary mud daubers (Sceliphron caementarium and
Chalybion californicum) were found to average 0.78-3.1 Actinobacteria morphotypes based on

whole insect, or specific body parts [44].
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Isolation of Actinobacteria from fungal patches was more inconsistent than from other

material types, though this may have been partially a factor of storage technique. All three
storage techniques for the fungal patches from P. phylax/L. africana yielded Actinobacteria,
while only fungal patches stored in PBS from P. penetrator/Tachigali did. Similarly, Seipke et
al. also surmised that storage and transport conditions likely biased their results in looking for
Actinobacteria associated with Allomerus [42]. The possibility remains that fungal patches from
P. penetrator/Tachigali were more fastidious and did not survive transport in glycerol or with no
storage solution.

Our results suggest that the three symbioses explored here associate with only a few
species of culturable Actinobacteria. Clades I-IV were identified as Streptomyces while clade V
was identified as Nocardioides (Figure 2.1). Clade I was the only clade isolated from all three
ant-plant symbioses explored, and could represent a Streptomyces symbiont important to the
tripartite symbiosis between ants, plants, and fungi, regardless of geographic location [11]. Two
clades (II and III) were associated with both of the systems from Cameroon, while the remaining
two clades (IV and V) were specific for P. phylax/L. africana. This arrangement of clade
association could indicate geographic (clades II and III), host (clades IV and V), and ant-plant-
niche specificity (clade I).

With one exception, clade II, our isolates represent clades that were not previously
known to include strains from other insects. Interestingly, other insect isolates in clade II are also
from insect systems that associate with fungus, including an ambrosia beetle, a fungus-farming
termite, and S. noctilio (Figure 2.1) [36, 41, 43]. However, because clade II groups with the S.
griseus species group, a group of Streptomyces that has been isolated from many different

niches, this may be more indicative of the ubiquity, and lack of 16S rRNA gene resolution, of
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this species group [66]. Likewise, other insect isolates might clade with our strains, but the

lack of near full-length 16S rRNA gene sequences from those isolates in public databases
precluded their inclusion in our phylogenetic tree. Including those shorter sequences would
likely have required trimming our sequences to a length where most of the phylogenetic
resolution would have been lost. Additionally, while other genera from the phylum
Actinobacteria are represented in our dataset, isolates were predominately identified as
Streptomyces. Frequent isolation of Streptomyces may be due to bias in culturing technique and
media choice, so may not be indicative of the absence of other types of Actinobacteria from
these systems.

A wide range of antifungal activity was found in bioassays challenging potentially
pathogenic fungi with phylogenetically diverse Actinobacteria isolated from all three systems
(Table 2.3). All of the tested Actinobacteria isolates exhibited some level of antifungal capacity,
with the Streptomyces strains performing better than the Nocardioides isolates. However, only
eight isolates produced measurable ZOIs (Table 2.3). T reesei, a generalist fungal pathogen, was
the most inhibited fungus, with three isolates from clade I and three singletons producing large
ZOls. M. anisopliae, the only strict insect pathogen used here, was the least inhibited, with one
isolate each from clades I and II, and four singletons, producing small ZOIs. While in vitro
activity is not indicative of in vivo activity, Streptomyces are particularly well known producers
of antimicrobials and the activity of these strains likely differs between artificial bioassays in
Petri dishes and challenges with pathogens in the host system [67]. Additionally, in vivo activity
can be difficult to demonstrate. To date, the only reports showing in vivo antifungal activity of

Actinobacteria in insects include attine ants and beewolves [33, 68]. Lastly, while M. anisopliae
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is a known entomopathogen, the fungi tested here are not specific to these ant-plant systems,

as no work has been done on pathogens, fungal or otherwise, in these systems.

Unlike antifungal activity, the ability to degrade cellulose was found in only one clade of
isolates from the ant-plant systems from Cameroon (clade III; Figures 2.1 and 2.2). As these ants
are arboreal, these cellulose-degrading bacteria could be playing any of several roles. Cellulose-
degrading bacteria have been isolated from other plant associated insects and have been shown to
contribute nutritionally to their host [43, 46—49]. While the fungi in these ant-plant systems was
not found to penetrate the plant tissue inside the domatia [11], cellulose-degrading bacteria could
still co-occur with these ants and may be releasing by-products from cellulose degradation that
are used by the ants. There is also the possibility that these cellulose degrading isolates could
represent pathogens to a component of the Cameroonian systems, taking advantage of the access
to a new niche opened by the ants to internal plant structures.

Taxonomically diverse insects have convergently evolved similar solutions for nutrient
acquisition by associating with fungal symbionts [18]. Likewise, insects have also evolved
similar mechanisms for the protection of themselves, their brood, and their food source [69].
Many parallels can be drawn between the recently recognized fungal cultivating ant-plant
mutualisms, other Hymenoptera, and other fungus-farming insects. Attine ants are perhaps the
most explored and understood in this regard, hosting unique clades of Pseudonocardia that
produce antifungal compounds that aid in the protection of the fungal cultivar [32]. Likewise,
female beewolves (Hymenoptera) apply ‘Candidatus Streptomyces philanthi’ to brood cells to
aid in protection of their offspring [37]. Consistent co-occurrence of isolates from clade I, and
others, suggests that the ant-plant-fungus systems explored here associate with more than one

clade of Actinobacteria and may also use the metabolic potential found in this phylum of



28
bacteria. Our work describes the isolation of Actinobacteria from P. penetrator/Tachigali, P.

phylax/L. africana, and C. margaritae/K. hispida, and demonstrates the potential roles for these
bacteria. Future work is needed to determine if the strains isolated here are novel Actinobacteria
species, and to determine if these bioactive Actinobacteria isolates serve the roles described here
in vivo.
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Table 2.1. General collection and bacterial isolate information.

Ant/Plant | P.penetrator/  P.phylax/  C.margaritae/

Tachigalisp. L. africana K. hispida
Country of Origin French Guiana ~ Cameroon Cameroon
Total number of samples 96 99 41
Samples with Actinobacteria (percent) 26 (27%) 54 (55%) 41 (100%)
Average Actinobacteria CFUs per sample® 1.14 3.57 9.73
Total putative Actinobacteria isolates obtained 109 353 399
Total isolates 16S rRNA gene sequenced 66 117 128
Total isolates identified as Actinobacteria 60 104 121
Total sequences represented in Fig. 2.1 45 69 105

‘Average putative Actinobacteria CFUs per sample, including samples that produced no
Actinobacteria colonies on culture media. See Table 2.2 for a breakdown by sample type.
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Table 2.2. Summary of sampled ant-plants and Actinobacteria isolation rate.

Ant/Plant | P. penetrator/Tachigali sp. P.phylax/L. africana C.margaritae/K. hispida
# Avg # Avg # Avg
Sample samples CFUs CFUs" | samples CFUs CFUs" | samples CFUs CFUs*
Workers 23 71 3.09 61 162 2.66 34 346 10.18
Alates - - - 7 58 8.29 - - -
Pupae 9 18 2.00 5 21 4.20 3 32 10.67
Larvae 25 3 0.12 12 65 542 2 3 1.50
Queens 3 2 0.67 - - - - - -
Scale Insects 7 2 0.29 - - - 2 18 9.00
Fungal patch — PBS 10 13 13 5 19 3.8 - - -
Fungal patch — Gly® 9 0 0 5 14 2.8 - - -
Fungal patch — dry 10 0 0 4 13 3.25 - - -

* Average Actinobacteria CFUs per sample type including samples that yielded no Actinobacteria
colonies on culture media. * Glycerol.
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Table 2.3. Bioassay evaluation of the antifungal activity of the Actinobacteria isolates
from ant-plant symbioses.

S
~ ~
=y
s 553
o | % o § S
gl 3 = 2
O|l< & S &
Streptomyces sp PsTaAHS I
Streptomyces sp KhCrAH316 I
Streptomyces sp KhCrAH320 I
Streptomyces sp KhCrAH246 11
Streptomyces sp KhCrAH308 11

Streptomyces sp KhCrAH244 1II

Streptomyces sp LaPpAH163 v
Streptomyces sp LaPpAH180 v

Nocardioides sp LaPpAH12 \Y%
Nocardioides sp LaPpAH20 \Y%
Nocardioides sp LaPpAH209 \Y%
Nocardioides sp LaPpAH242 \Y%

Streptomyces sp PsTaAH124 na
Streptomyces sp PsTaAH130 na

Streptomyces sp PsTaAH137 na
Streptomyces sp PsTaAH146 na
Actinobacteria sp LaPpAH190 na
Streptomyces sp LaPpAH224 na

Streptomyces sp LaPpAH322 na

Antifungal properties of Actinobacteria in petri plate bioassays against four fungi. Boxes
represent average ZOI (n=4) of a given pairing and different symbols indicate the degree of
inhibition. White no inhibition, light gray 0.01-1.0 mm, medium gray 2.01-3.0 mm, dark gray
3.01-4.0 mm, black >4.01 mm. Major clade designation, if there is one, is included in the column
next to each isolate name (na: no major clade).
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Leaf colors: Major Clades:
P. penetrator/Tachigali Clade |
O P 9 [ ] Other insect isolate N B cClade Iv
P. phylax/L. africana Clade Il
L] P-phy [ ] Type Strain L [] Clade Vv
[] C. margartiae/K. hispida I clade il

Figure 2.1. Phylogenetic tree of Actinobacteria isolated from three ant-plant systems,
related type strains, and other Actinobacteria isolated from arthropods. Leaves are color-
coded based on isolate origin, including P. penetrator/Tachigali (orange), P. phylax/L. africana
(yellow), C. margaritae/K. hispida (green), other insects (pink), and type strains (grey). The
outer color stripes represent the five major clades of isolates associated with the three ant-plant
systems explored here, including type strains and other insect isolates that fall within these
clades. From left to right these include clade I (red), clade II (blue), clade III (green), clade IV
(purple), and clade V (orange).
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KhCrAH343
KhCrAH342
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KhCrAH338

& KnCrAH337
%‘ KhCrAH334
Z KhCrAH244
LaPpAHO95
KhCrAH43
KhCrAH36
KhCrAH30
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Days
Figure 2.2. Average number of days until evidence of filter paper degradation. Forty-four
isolates were tested for their ability to degrade filter paper; isolates that did not degrade filter
paper are not included here. Likewise, isolates that did degrade cellulose but were found to be
duplicates from the same sample by 16S rRNA gene sequencing were removed. All the isolates
represented are Streptomyces from clade I11. Error bars represent standard error.
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Chapter 3. The microbiota of Cecropia-obligate Azteca ants in Costa Rica

Manuscript in preparation: Alissa S. Hanshew and Cameron R. Currie

Coauthors contributed in the following ways: ASH and CRC designed experiments. ASH carried
out the experiments and wrote the paper. CRC provided lab material and support.

3.1 Abstract

The factors determining the structure of microbial communities in social insects across different
host species in the same genera and across geographic distance remain poorly understood. Here
we characterize and compare the microbiota of Cecropia-obligate Azteca ants. Despite this
symbiotic system’s ubiquity in Neotropical environments and status as a model for animal-plant
mutualisms, no study has investigated the microbial community of this symbiotic system. Using
454 pyrosequencing of the 16S rRNA gene (V5-V8 regions) we obtained 165,570 high quality
bacterial sequences from 36 samples derived from 18 colonies representing 4 species of Azteca,
2 species of Cecropia, from 2 geographically distant locations in Costa Rica. Proteobacteria were
dominant in nearly every sample, while Actinobacteria, Bacteroidetes, and Firmicutes were also
consistently found. The most commonly found bacterial orders in the microbiota of Azteca ants
regardless of host ant or tree species were Actinomycetales, Burkholderiales, Enterobacteriales,
Pseudomonadales, Rhizobiales, and Xanthomonadales. Our results indicated that bacterial
communities in these ants are not correlated with geographic location within Costa Rica,
Cecropia species, or Azteca species. Azteca queens were more likely to have similar bacterial
communities to each other, while the communities associated with Azteca workers were more
diffuse. Only two colonies had high abundances of Wolbachia, while Ralstonia and an
unidentified Enterobacteriaceae were found in nearly every sample. This description of the

bacteria associated with Cecropia-obligate Azteca ants adds to the growing body of research
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demonstrating that insects rely on symbiotic bacteria for a number of functions, and that

geographic location may not be an important factor contributing to the structure of the microbial
communities harbored within this symbiotic system.
3.2 Introduction

With more than 12,000 currently described species, ants are ubiquitous and often
dominant arthropods in many ecosystems, yet our knowledge of their biology remains
incomplete. Indeed, it is impossible to fully understand the biology of ants without
comprehensive knowledge of their associated microorganisms (11). It is generally assumed that
bacterial mutualists found associated with ants fall into one of two functional categories,
nutritional or protective, but most microbes associated with ants currently have unknown roles.

Many ants consume nutrient poor diets that are thought to be insufficient to meet their
nitrogen needs (8). To overcome this, many ants are thought to associate with nitrogen-fixing or
-recycling bacteria (8). For example, the bacteria Pantoea and Klebsiella actively fix nitrogen in
fungus-growing ant gardens (31). Likewise, the bacteria Blochmannia floridanus engages in urea
recycling, which makes nitrogen biologically available in the ant Camponotus floridanus (15).
Bacteria in the order Rhizobiales are also thought to aid in nitrogen acquisition in Cephalotes
ants, though while the presence of nifH genes seems to support this hypothesis, acetylene
reduction assays failed to demonstrate nitrogen fixation in these ants (36).

In addition to nutritional challenges, ants are vulnerable, by virtue of their social lifestyle,
to infection by pathogens, as ants often live in tight quarters with genetically homogenous
nestmates in humid conditions (20). Some Hymenoptera, including ants, have co-opted the
production of secondary metabolites by Actinobacteria as defense against microbial pathogens

(20, 22). Ectosymbiotic bacteria in the genus Pseudonocardia play an active role in protecting
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the fungus gardens of fungus-growing ants from attack from the coevolved fungal pathogen

Escovopsis (6, 7). A similar role for Streptomyces has been proposed in Allomerus ants, though
as yet, only the presence of bacteria is known, not their specific function (41). Indeed, to date
most bacteria found associated with ants have no currently-described role, including Wolbachia,
which is known to affect sex ratios in other insects (37).

Modern molecular techniques have added greatly to our understanding of the microbial
community composition associated with ants. The recent application of next generation
sequencing techniques to elucidate microbial communities has led to a significant increase in our
knowledge of ant-associated bacteria. The bacterial community of invasive Solenopsis ants in
Texas was found to be incredibly similar to that found in native Solenopsis ants (18). Similarly,
differences in bacterial communities associated with Cephalotes varians were minimal and the
identified bacterial taxa tended to cluster with previously found ant-specific lineages (2, 21).
Likewise, at the phylum level, similar bacterial communities were found on the cuticles of
Allomerus and Tetraponera ants despite originating from two different continents (40). This is
perhaps not surprising, as many insect-associated microbial communities are dominated by taxa
from only a handful of bacterial phyla (19).

Much remains to be determined about the bacteria associated with ants, including their
ecological role and their importance in ant-plant mutualisms. Ant-plant mutualisms are
conspicuous members of tropical ecosystems, yet despite a long history of interest from natural
historians and, for systems such as the mutualism between Cecropia trees and Azteca ants, a
wide body of literature on their natural history, they remain under-explored in terms of microbial
associations (3). Cecropia are conspicuous members of forest gaps, secondary forests, and

roadside flora in the Neotropics (25). In their native range, which extends from Mexico to
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Argentina, Cecropia inhabited by Azteca represent seven tree species and thirteen ant species

(23, 26, 27). Different Azteca species are not tied to any specific Cecropia species as host trees,
and the pairings between ant and tree species appear to be more limited by local climate than by
any barrier between the ant and the tree (25, 27). While these trees can be inhabited by other ant
species, Cecropia trees with active Azteca colonies grow taller, show fewer signs of herbivore
attack, and survive longer than uninhabited trees (9, 39, 43). In return for hollow trunks and
branches that serve as domatia (nesting space), and glycogen-rich Miillerian bodies, created by
the tree as a primary food source for the ants, Azfeca colonies protect their host trees from
encroaching vegetation and herbivores, particularly the dominant herbivore in the Neotropics,
leaf-cutting ants (23, 33). Additional work suggests that resident Azteca also remove fungal
spores from their host tree and that the trichilia (the patch where Miillerian bodies are produced)
of unoccupied Cecropia are often covered in fungal growth (34, 35).

We used 454 pyrosequencing of the 16S rRNA gene to elucidate the bacterial community
associated with four species of Azteca ants inhabiting two species of Cecropia trees across a
geographic gradient in Costa Rica. This report of the bacteria associated with Cecropia-obligate
Azteca ants serves to highlight the importance of specific bacterial community members in
Neotropical ant-plant symbioses. We describe and compare the microbiota of (i) A. xanthochroa
in C. obtusifolia, (i) different Azteca-Cecropia species pairing, (iii) multiple life stages of
Azteca, and (iv) Azteca colonies over geographic distance.

3.3 Materials and Methods
3.3.1 Ant colony collection and identification
Eighteen colonies of Cecropia-obligate Azteca ants were collected in May 2011 in Costa

Rica in one of three locations, specifically La Selva Biological Station (La Selva), Carara
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Biological Reserve (Carara), and along Highway 27 near the town of Orotina (Figure 3.1,

Table 3.1). Samples were collected from Cecropia trees 1-3 m tall with externally active Azteca
colonies. Tree sections roughly 0.25 m in length were placed into zip-top bags, transported at
ambient temperature, and dissected in sterile conditions. The following sample types were
collected from each domatia (when present): workers, larvae, pupae, and queens. Due to the
colony structure of Azteca, finding this material was not possible for all colonies. Azteca species
were identified based on queen morphology (29). For colonies where the queens were not
located, colonies were identified based on worker morphology (28). Cecropia species were
determined based on leaf morphology (24). In two cases, the Cecropia species was not identified
and the colonies from these trees were marked as coming from “Cecropia sp.”. Pools of five
workers, five larvae, or five pupae, with queens kept as single samples, were placed in 95%
ethanol for transportation to the laboratory at the University of Wisconsin-Madison for DNA
extraction and amplicon pyrosequencing. Samples were named based on colony number and life
stage (Table 3.2). For example, the pools of larvae, pupae and workers from colony 31 were
named ’31larvae’, ‘31pupae’, and ‘31workers’.
3.3.2 DNA extraction

All samples were removed from ethanol and dried briefly at 37°C to complete the
removal of ethanol. Whole insects were placed in 2 ml screw-top tubes with a single 3 mm steel
bead and 500 pl of extraction buffer from an EpiCenter MasterPure Complete DNA and RNA
Purification Kit (Illumina, Madison, WI). Samples were shaken in a Mini-beadbeater (Biospec
Products, Bartlesville, OK) for 2.5 min. After bead beating, the samples were processed

following the remainder of the DNA extraction kit protocol.
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3.3.3 Amplicon preparation and 454 pyrosequencing

Preparation of 16S rRNA bacterial amplicons for 454 pyrosequencing were performed
following the method of Hanshew et al. with the following parameters: forward primer 799F-
mod6 at 250 nM final concentration, reverse primer 1392R at 250 nM final concentration, 35 ng
of DNA for each sample, and both rounds of PCR performed using Herculase II DNA
polymerase (Agilent Technologies, Santa Clara, CA) (17). PCR was performed in two rounds,
the first with regular primers, and the second with primers with the 454 pyrosequencing A- and
B-adapters and multiplex identifiers (MIDs) for each sample (Roche, Indianapolis, IN). 454
pyrosequencing with Lib-L Titanium chemistry was conducted on a Roche GS Junior following
manufacturer’s guidelines for amplicon sequencing with shotgun processing, with modifications
given in (17).

3.3.4 Data processing and analysis

Sequence processing was performed using the bioinformatics program suite mothur (v
1.31.1) with standard amplicon processing pipeline with default parameters (38). Alignment of
processed sequences was done against the combined bacterial, archaeal, and eukaryotic Silva-
derived database implemented in mothur, and chimeras were removed using the program
UCHIME (13, 32). Sequences were binned into operational taxonomic units (OTUs) at 95%
similarity. OTUs identified as chloroplasts, eukaryotes, or unclassifiable at the kingdom level
were removed after initial data assessment. Rare reads were defined as OTUs comprising less
than 1% of total sequences in a sample, and removed for downstream analysis. Clearcut,
implemented in mothur, was used to create a relaxed neighbor joining tree of community

structure and for the creation of UniFrac distance matrices (14, 30). Beta diversity was assessed
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using non-metric multidimensional scaling (NMDS) analysis in PRIMER (v 6) using UniFrac

and Bray-Curtis distance matrices (4, 30).
3.4 Results and Discussion
3.4.1 Analysis of 454 pyrosequencing data

A total of 165,785 16S rRNA gene sequences were obtained from 36 samples from 18
colonies of Costa Rican Cecropia-obligate Azteca ants after all quality filtering steps (Tables 3.1
and 3.2; Figure 3.1). Despite the presumed herbivorous nature of these ants, which would be
expected to result in a high percentage of chloroplast-derived sequences, we detected only 202
chloroplast sequences in total, with less than 4% of sequences for any given sample (Table 3.2);
the low percentage of chloroplast contamination is assumed to be due to the usage of the 799F-
mod6 primer shown previously to reduce chloroplast amplification (17). 165,570 sequences
remained after removal of chloroplast and other non-bacterial sequences (Table 3.2). The number
of sequences per sample ranged from 724 to 18,255 (mean 4,599.2 + 702.9 SE; Table 3.2) before
the removal of rare reads. The average sequence length was 267.1 bp after quality trimming and
removal of primer sequences and MIDs.

At the phylum level, samples had little diversity, with 4 phyla and 7 classes representing
at least 87.8% of reads in each sample: Actinobacteria (Actinobacteria), Proteobacteria (Alpha-,
Beta-, and Gammaproteobacteria), Firmicutes (Bacilli), and Bacteroidetes (Flavobacteria and
Sphingobacteria) (Figure 3.2). These results are similar to those found in other studies comparing
bacterial communities in multiple insect taxa suggesting that arthropod bacterial communities are
often represented by these particular bacterial phyla (12, 19).

Between 1 and 25 OTUs were identified at the 95% similarity level in individual samples

after removal of rare sequences (12.6 £ 1.0 SE; Table 3.2), representing a total of 85 OTUs
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(Figure 3.3). Eight OTUs were found in more than half of all Azteca samples (Table 3.3).

These common OTUs represented 1.2-100% of the sequences (55.1% =+ 5.0 SE), with some
samples dominated by single uncommon OTUs. For example, all of the samples from colony 46
were dominated by a single OTU identified as Wolbachia. This OTU was only found in 2 other
samples (39workers, 92.3%; and 47queen, 2.2%). While Wolbachia has previously been found in
ants, research is still inconclusive on the effects of this bacterium (1, 16, 37, 44, 45). The typical
mechanisms by which Wolbachia influences sex ratios are thought to be unlikely in ants (37, 45).
Additionally, recent work in Acromyrmex octospinosus suggests that Wolbachia might even play
a nutritional role based on its location and density in the ants (1).

3.4.2 A. xanthochroa workers and the effect of host plant species

One of our primary aims was to explore the presence of a core microbial community
associated with A. xanthochroa workers. After rare sequences were removed, sequences from A.
xanthochroa workers were binned into 67 OTUs at 95% similarity, representing at least 92% of
total sequences. On average, individual samples contained 17.0 + 1.5 (SE) OTUs (Figure 3.3).
There were eleven common OTUs in more than half of A. xanthochroa worker samples,
representing 22.4-84.7% of total sequences in each sample (Table 3.3). All A. xanthochroa
workers contained one OTU in common (Table 3.3). This OTU represented 2.4-12.9% of
sequences within each of the eleven 4. xanthochroa worker samples.

Within the eleven common OTUs, three were in the order Rhizobiales, three were
Burkholderiales, two were Actinomycetales, and all with one OTU each, Enterobacteriales,
Sphingobacteriales, and Xanthomonadales. The presence of Rhizobiales was previously
correlated with herbivory in ants (36). Every A. xanthochroa worker had at least one OTU

classified as a Rhizobiales, while six of the eleven were associated with all three Rhizobiales
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OTUs. Only one of these common OTUs was confidently identified at the genus level as

Methylobacterium, bacteria thought to be ubiquitous on leaf surfaces, but also found previously
in ants and implicated in nitrogen fixation (10, 42). Neither of the two remaining common
Rhizobiales OTUs could confidently be classified beyond the family level. These bacteria could
be true members of the A. xanthochroa microbial community as suggested in previous
herbivorous ant work (36), or they could be transients picked up by ants from their environment
or diet.

Surprisingly, Ralstonia was one of the OTUs found in all but one A. xanthochroa worker
samples. While species of Ralstonia can be isolated from soil and water, this genus also includes
many serious plant pathogens, yet here, the host trees were not under obvious pathogen attack
(5). While we cannot eliminate the possibility that the Ralstonia found here are indeed
pathogens, we cannot also rule out that they might be playing some other nonpathogenic role in
this system.

Nonmetric multidimensional scaling (NMDS) plots show that the microbiota of A.
xanthochroa workers are not correlated with their host tree species (Figure 3.4A). The bacterial
community associated with 49workers, a colony found in C. insignis, is more similar to
40workers, a colony found in C. obtusifolia, than 34workers, also in C. insignis. Overall, the
bacterial communities associated with 4. xanthochroa, while they share some similarities, do not
cluster tightly. Unweighted UniFrac, which measures community membership by presence
versus absence, showed the dissimilarity between most A. xanthochroa worker samples, and
again that host tree species was not a factor in what bacterial OTUs were or were not present

(Figure 3.4B). This is likely due to the large number of OTUs that are not shared between
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samples. In weighted UniFrac, which takes into account the abundance of all community

members, the sample pattern remained diffuse (Figure 3.4C).
3.4.3 Azteca workers and (the lack of) geographic signal

Across all Azteca workers, 77 OTUs were identified representing at least 68.5% of total
sequences after removal of rare sequences. Surprisingly, the driving force behind the microbiota
of these ants did not appear to be the Azteca or Cecropia species, nor was it the geographic
location. Indeed, in some cases, two samples from both different Azteca and Cecropia species
were more similar to each other than two samples from the same Azteca and the same Cecropia
species (Figure 3.5). For example, 51workers, despite being an A. constructor colony in C.
insignis from Carara was more similar to many of the 4. xanthochroa/C. obtusifolia communities
from La Selva, and less similar to 52workers, which was also an A. constructor colony in C.
insignis from Carara (Figure 3.5). When examined by geographic location, similar numbers of
OTUs were found in samples from La Selva as those found on the Pacific coast (Figure 3.3).
Likewise, some samples from the Pacific coast were actually more similar to samples from La
Selva than were samples from the same location within LSBS, despite being different Azteca
species inhabiting different Cecropia species (Figure 3.5).

More than half of the worker samples contained seven OTUs in common, representing
2.2-76.8% of total sequences in each sample (Table 3.3). Of these seven OTUs, two were found
in almost all of the workers, regardless of Azteca species, as had been found in A. xanthochroa
workers, including Ralstonia, and Rhizobiales (Ochrobactrum).

3.4.4 Azteca life stages and (the lack of) geographic signal
One difficulty in studying microbial community composition across life stages in

Cecropia-obligate Azteca ants is the difficulty in locating all the life stages in a single tree. We
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targeted trees 1-3 meters tall in an attempt to get most of the colony components for each

colony. However, this sampling technique proved to be insufficient, as we were able to locate all
life stages (workers, larvae, pupae, and the queen) in only four colonies. This may have been due
to the fact that different Azteca species have different internal structuring of their colonies; some
Azteca species are more likely to concentrate their queen and brood in one internal, well
protected, location (23). Other Azfeca species are more likely to disperse their brood away from
the domatia containing the queen (23). It is possible that we missed collection of some life stages
due to not sampling these young trees close enough to the ground.

We found nine colonies with at least one life stage in addition to workers. Like much of
the rest of the comparative work here, there seemed to be only a few common themes across life
stages. Workers on average had more OTUs than pupae, larvae, or queens (Figure 3.3). The
increased diversity is possibly a factor of the workers contacting the outside of the tree, while
larvae, pupae, and queens are kept sequestered inside the domatia. Additionally, larvae, pupae,
and queens from the same colony were not necessarily more similar to their worker nestmates,
and sometimes workers from other colonies were more similar to other life stages from other
colonies (Figure 3.6). This held true regardless of Azteca species (Figure 3.6A), Cecropia species
(Figure 3.6B), or geographic location (Figure 3.6C).

However, queens, regardless of Azteca species, Cecropia species, or location, were more
similar to each other than other life stages (Figure 3.6D). Similarly some of the brood samples
clustered closer to queens than to their worker nestmates. Workers on the other hand appear to
have more diffuse relationships, which may be explained by the fact that workers on average

carried more OTUs, as described above.
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3.5 Summary

Here we characterized and compared the bacterial communities in 18 colonies of Cecropia-
obligate Azteca ants. Surprisingly, the composition and abundance of community members was
not correlated with any specific Azteca species, Cecropia species, nor geographic location.
However, Azteca queens, regardless of the previously mentioned factors, were more similar to
each other than any other life stage. A few common taxa were found in nearly all samples
including Ralstonia and a few Rhizobiales OTUs. While Ralstonia has no known function in
ants, Rhizobiales are postulated to be important in herbivorous ants. Bacteria in this order are
thought to be involved in nitrogen acquisition in other species of ants, and could be serving in
that role here as well. The possibility remains that Azteca may not have a single core microbial
community, or that it is dependent on some other factor that we cannot account for here. While
Azteca are generally known to be herbivorous, insect parts have been found in their domatia, and
perhaps could represent occasional additions to their diet. This could have an effect on the
microbial community of the colony, and may account for the variation seen here.
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Table 3.1. General collection information for the 18 colonies collected for this study.
Included are colony codes, identification information for both Azteca and Cecropia species,
collection location, and a plus sign for the component types collected from each colony.

Colony Azteca Cecropia
code species species Location Workers Larvae Pupae Queen

31 alfari obtusifolia A + + + +
32 xanthochroa  Cecropia sp. A +

33 xanthochroa  obtusifolia A + +

34 xanthochroa  insignis A + +
37 xanthochroa  obtusifolia A + +
38 xanthochroa  obtusifolia A +

39 constructor obtusifolia A + +
40 xanthochroa  obtusifolia A +

42 xanthochroa  obtusifolia A +

43 xanthochroa  obtusifolia A +

44 xanthochroa  obtusifolia A +

46 constructor Cecropia sp. A + + + +
47 xanthochroa  obtusifolia A + + +
49 xanthochroa  insignis A + + + +
50 coerulepennis insignis B + + + +
51 constructor insignis B +

52 constructor insignis B +

53 alfari insignis C +

A: La Selva Biological Station; B: Carara Biological Reserve; C: Highway 27 near Orotina.



Table 3.2. General sequence metrics for each sample. Included are the total number of
sequences in each sample, percent chloroplast in each sample, total bacterial sequences in each
sample, number of observed OTUs, and sequences remaining after removal of rare sequences.

Sample # sequences % chloroplast bacterial sequences S, Abundant sequences

31larvae 2901 3.65 2795 12 2669

31queen 2745 0 2745 11 2447

33workers 1438 0 1438 10 1325

34workers 6988 0.01 6987 15 5650

37workers 1605 0 1605 15 1382

38workers 11218 0 11218 16 9667

39queen 1555 0.13 1553 14 1418

42workers 2586 0 2586 17 1988

44workers 728 0.55 724 20 655

46larvae 7982 0 7982 4 7505

46queen 1601 0 1601 2 1570

47pupae 6614 0 6614 20 4849

49workers 5341 0.06 5338 20 4791

49pupae 2082 0.05 2081 11 1828

S0workers 1304 0 1304 10 970

50pupae 1370 0 1370 16 1181

S51workers 12168 0 12168 21 11370

53workers 10270 0.02 10268 14 9415

average 4605.1 0.23 4599.2 12.64 3915.7
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Figure 3.1. Map of collection locations in Costa Rica. A: La Selva Biological Station; B:
Carara Biological Reserve; C: Highway 27 near Orotina.
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Figure 3.4. NMDS ordinations of the bacterial communities associated with A. xanthochroa

workers. NMDS analyses based on (A) Bray-Curtis similarity matrix, (B) unweighted Unifrac
(B) and (C) weighted Unifrac. The key in (A) is applicable for (B) and (C).
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Figure 3.5. NMDS ordinations of the bacterial communities associated with Azteca workers.
NMDS analyses based on Bray-Curtis similarity matrix, viewed by Azteca species (A), Cecropia

species (B), and location (C).
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Chapter 4. Host species and diet of arboreal ants shape their microbial communities
Manuscript in preparation: Alissa S Hanshew and Cameron R Currie

Coauthors contributed in the following ways: ASH designed and carried out the experiments, and
wrote the paper. CRC provided lab material and support.

4.1 Abstract

Host factors, including phylogeny and trophic level, are thought to drive microbial
community composition in animals. These factors influence many insect-associated microbial
communities, but comparisons amongst ant species with different diets and life histories remains
understudied. We collected 73 samples representing seven species of ants spanning three
subfamilies of Formicidae, two different nesting strategies, and various trophic levels. We used
454 pyrosequencing to characterize and compare the bacterial communities of these ants. Our
findings reveal that (i) the microbiota harbored by different ant species differs, (ii) that some of
this variation is explained by the host’s trophic level, and (iii) the microbial consortia are not
influenced by nesting strategy. Our results support the hypothesis that herbivorous ants have a
different bacterial consortium than omnivorous or predatory ants. This may be due to the
herbivorous ant’s need for additional sources of nitrogen that can be provided by microbes.
While Wolbachia was a common taxon found in many of our samples, the abundance of
sequences identified as Rhizobiales correlated with ant trophic level. These results suggest that
while host species is the major driving force in microbial community composition, host diet is
also significant, and that phylogenetically disparate ant species consuming similar diets have

similarly structured microbial communities.
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4.2 Introduction

Animals, including insects, rely on mutualistic bacteria for a variety of functions
including, but not limited to, acquisition of nutrients. For example, pea aphids harbor the primary
symbiont Buchnera aphidicola, one of the best described nutritional symbionts. B. aphidicola is
directly involved in the production of essential amino acids for these phloem feeding insects that
they cannot acquire from their diet [1, 2]. Similarly, Sulcia muelleri and Baumannia
cicadellinicola are two bacterial endosymbionts in xylem feeding glassy-winged sharpshooters
that produce amino acids, vitamins, and cofactors for their insect host [3—5]. Numerous insects
are thought to require microbial symbionts to supplement nutrient poor food sources, including
ants, in addition to other roles bacteria may serve in insects [6, 7].

Ants are dominant members of arboreal communities in the topics, yet much of their
biology remains understudied [8]. Many ants were previously thought to be general carnivores,
but the larger presence of ants in arboreal fogging samples than potential prey items suggests that
ants are closer to the base of the trophic pyramid [9, 10]. Nitrogen isotope studies support this
hypothesis, indicating that many ants are cryptic and functional herbivores, and perhaps
complement their diet with animal protein when it is readily available [9, 10]. Herbivorous diets
are often low in nitrogen and cannot account for the nitrogen needs of many insects [11].
Microbial symbionts have been suggested to provide this nutrient by either fixing or recycling
nitrogen for their ant host.

Our understanding of the role of nutritional symbionts in ants is expanding, especially in
regards to acquisition of nitrogen. The bacteria Blochmannia floridanus has been shown to
recycle nitrogen, from urea to ammonia, for their ant host Camponotus floridanus [12]. Other

ants in the tribe Camponotini also harbor Blochmannia that may serve the same purpose [13].
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Nitrogen fixation has also been demonstrated in the fungus gardens of A#ta and Acromyrmex

ants, where the resulting usable nitrogen from Pantoea and Klebsiella was later detected in the
ants [14]. Likewise, putative nitrogen fixers and recyclers have been found in other ants such as
Pseudomyrmex ferrugineus and a number of different species of Tetraponera [15-17].
Additional research suggests that the need for nitrogen fixers and recyclers may also be tied to
trophic level. In the guts of ants, a correlation has been found between herbivory and the
presence of bacteria in the order Rhizobiales, many species of which are involved in nitrogen
acquisition [18].

In addition to the function of specific bacteria in insects, the composition of bacterial
communities is thought to be shaped by host phylogeny and diet. Native and invasive fire ants
(Solenopsis geminata and S. invicta) have minimal differences in their bacterial communities,
despite a different life history for the invasive S. invicta [19]. Host species was found to be more
significant than location for the bacterial communities in the mycangia of ambrosia beetles, and
phylogenetically related beetles did not necessarily have similar bacterial communities [20].
Similarly a study across the diversity of insects found that diet was a poor predictor of bacterial
community composition, while more phylogenetically related hosts were more likely to have
similar bacterial communities [21]. However, in this study, Jones et al. acknowledge that the
effects of diet may be better resolved by focusing on more closely related hosts [21].

In this study we sought to address the influence of ant species, nesting strategy (obligate
ant-plant or carton nester), and trophic level on the bacterial communities associated with
arboreal ants. We characterized and compared the bacterial communities of seven species of
arboreal ants at La Selva Biological Station in Costa Rica including Azteca xanthochroa,

Crematogaster longispina, Myrmelachista flavocotea, Nylanderia caeciliae, Pheidole bicornis,
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P. fiorii, and Tapinoma ramulorum inrectum. We hypothesized that hosts that are more

phylogenetically related have similar bacterial communities, but that communities are also
influenced by diet and life history.

4.3 Materials and methods

4.3.1 Colony collection

Five colonies each of Crematogaster longispina, Myrmelachista flavocotea, Nylanderia
caeciliae, Pheidole bicornis, Pheidole fiorii, and Tapinoma ramulorum inrectum were collected
from La Selva Biological Station in Costa Rica in July 2011 (Table 4.1). Five workers or five
brood per colony were sterilely collected, pooled, and placed directly into 95% ethanol for
transportation to the laboratory at the University of Wisconsin-Madison for DNA extraction.
4.3.2 DNA extraction, PCR, and 454 pyrosequencing

DNA extractions were performed as found in [22, 23]. Briefly, samples were removed
from ethanol and ants were placed in 2 ml screw-top tubes with a single 3 mm steel bead and 500
ul of extraction buffer from an EpiCenter MasterPure Complete DNA and RNA Purification Kit
(Illumina, Madison, WI). Samples were shaken in a Mini-beadbeater (Biospec Products,
Bartlesville, OK) for 2.5 min. Following bead beating, DNA was extracted following the
remainder of the DNA extraction kit instructions.

Preparation of 16S rRNA bacterial amplicons for 454 pyrosequencing were performed
following the method of Hanshew et al. with the following parameters: forward primer 799F-
mod6 at 250 nM final concentration, reverse primer 1392R at 250 nM final concentration, 20 ng
of DNA for each sample, a total PCR volume of 25 pl, and performed with Herculase II DNA
polymerase (Agilent Technologies, Santa Clara, CA) [22, 23]. Two-step PCR was performed, the

first without primer modifications, and the second with primers with the 454 pyrosequencing A-
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and B-adapters and 5 bp multiplex identifiers for each sample (Roche, Indianapolis, IN). 454

pyrosequencing with Lib-L Titanium chemistry was conducted on a Roche GS Junior following
manufacturer’s guidelines for amplicon sequencing with shotgun processing, using modifications
described in [22, 23].
4.3.3 Data processing and statistical analysis

Sequence processing was performed using the bioinformatics program suite mothur (v
1.31.1) with standard amplicon processing pipeline with default parameters [24]. Worker and
brood sequences from A. xanthochroa from La Selva Biological Station were included for
comparison from previous work [22]. Alignment of processed sequences was done against the
combined bacterial, archaeal, and eukaryotic Silva-derived database implemented in mothur, and
chimeras were removed using the program UCHIME [25, 26]. Sequences identified as
chloroplasts, eukaryotes, or unclassifiable at the kingdom level were removed after initial data
assessment. Sequences were binned into operational taxonomic units (OTUs) at 95% similarity
and any OTU with 2 or less reads in a sample was removed. Samples were standardized to 900
by randomly selecting sequences per sample prior to downstream analyses. Observed number of
OTUs (Sobs), Good’s coverage, Chaol, Simpson’s Diversity, and Shannon’s Evenness were
computed in mothur. Clearcut, implemented in mothur, was used to create a relaxed neighbor
joining tree of community structure, which was used for the creation of weighted and
unweighted UniFrac dissimilarity matrices, also subsampled to 900 sequences [27, 28].
Differences between samples was assessed using non-metric multidimensional scaling (NMDS)
analysis in PRIMER (v 6) using UniFrac dissimilarity matrices and a Bray-Curtis similarity
matrix [27, 29]. Statistical differences in the overall community composition in workers was

assessed using ant species, nesting strategy, and trophic level as factors using both the



79
Permutational multivariate analysis of variance (PERMANOVA) package in PRIMER and

weighted UniFrac in mothur [30].
4.4 Results and Discussion
4.4.1 Analysis of 454 pyrosequencing data

We characterized the microbiota of seven species of arboreal ants in six genera and three
subfamilies, totaling 73 samples (Table 4.1, Supplemental Table 4.1) from La Selva Biological
Station in Costa Rica. 454 pyrosequencing provided a total of 232,256 sequences after all quality
filtering steps and removal of nonbacterial sequences. The number of sequences per sample
ranged from 994 to 18,234 (mean 3,181.6 + 344.9 SE; Table 4.2; Supplemental Table 4.1) before
the removal of rare reads. Sequences were on average 267.326 bp long. At the phylum level,
samples had minimal diversity, with four phyla representing at least 84% of total sequences in
each sample (Figure 4.1). While most of the sequences were identified as Actinobacteria,
Proteobacteria, Firmicutes, and Bacteroidetes, some ants also had a small portion of their total
sequences that were classified as Acidobacteria, Planctomycetes, a bacterial group unclassifiable
at the phylum level, and other low abundance phyla (Figure 4.1).

Alpha diversity varied between the ant species. Samples had on average 50.7 (£ 5.7 SE)
OTUs (Figure 4.2, Table 4.2, Supplemental Table 4.1). Good’s coverage approached one for all
samples indicating that they were sequenced to a sufficient depth (Table 4.2; Supplemental Table
4.1). Richness and evenness, measured by Chaol, and Shannon’s and Simpson’s indices, in
samples also varied across ant species (Table 4.2; Supplemental Table 4.1). Some species, such
as P. bicornis, were dominated by single OTUs, while others, such as C. longispina, were more
diverse. The consistency of the microbiota of arboreal ants is possibly skewed here by our

sampling technique. As we were interested in all bacteria associated with these ants, both
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external and internal, whole insects were used. There is the potential that transient ectobionts

are included in our data, and could influence the richness of the actual bacterial community
members associated with these ants.
4.4.2 Comparisons across ant species and nesting strategy

Unweighted UniFrac, based solely on community membership, showed that the bacterial
communities varied across the various ant species (Figure 4.3A). This is likely a product of the
fact that 37% of OTUs after subsampling were only detected in single ant samples. However,
when abundance was taken into account using weighted UniFrac, the separation between ant
species became more apparent (Figure 4.3B). Similarly, when the communities were assessed
using a Bray-Curtis similarity matrix, some ant species, P. bicornis and most samples of 7.
inrectum, became nearly indistinguishable, while others remained more diffuse (Figure 4.4).
Nevertheless, the bacterial communities were significantly more similar within ant species than
across species (Figure 4.4).

We used PERMANOVA to test the null hypothesis that no differences existed between
the bacterial communities found in the workers of different ant species or nesting strategies.
Results demonstrated that the bacterial communities are unique to individual ant species
(P=0.001; Table 4.3). Pair-wise PERMANOVA showed significant differences in microbiota
structures across only some of the ant species (Table 4.4, lower portion). This was further
supported by weighted UniFrac (Table 4.4, upper portion). Surprisingly, samples within the same
subfamily did not have similar bacterial communities. The two species in the subfamily
Dolichoderinae, A. xanthochroa and T. inrectum, were significantly different from each other.
This was also the case for the three species in the subfamily Formicinae, M. flavocotea, P.

bicornis, and P. fiorii. This suggests that the driving force for microbial community composition
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is not related to the phylogeny of the host. Similarly, PERMANOVA and weighted UniFrac

demonstrated that bacterial communities did not correlate with nesting strategy (Table 4.3)
4.4.3 The effect of trophic level on arboreal ant bacterial communities

Diet may also be a factor in determining the microbiota of these ants, which is suggested
to influence the composition of gut communities in other animals (Table 4.1) [18]. Amongst the
three obligate ant-plant systems studied here, only M. flavocotea occupies a plant, Ocotea, which
does not provide it with specialized food bodies or extrafloral nectar. These ants have relatively
high nitrogen signatures, suggesting that these ants might be predators and not rely on their host
tree for food, as found in many other ant-plant systems [10, 31]. The omnivore P. bicornis
consumes the eggs and early life stages of insects found on their host Piper tree in addition to
consuming pearl bodies produced by the plant [32]. Cecropia-obligate Azteca ants are thought to
be predominately herbivorous, consuming Miillerian bodies produced by their host Cecropia
tree, supplemented by honey dew produced by coccids in the domatia [33]. Less is known about
the dietary choices of the carton nesters. C. longispina and P. fiorii are thought to be
herbivorous, while almost nothing is known about the dietary choices of N. caeciliae and T.
inrectum (J. Longino, personal communication) [34, 35].

Previously it was shown that herbivorous ants are more likely to harbor Rhizobiales than
either omnivorous or predatory ants [18]. It has been suggested that these bacteria may be
integral in nitrogen acquisition for ants that consume nitrogen-poor substrates. The presence of
high levels of Rhizobiales in A. xanthochroa (12.8%), C. longispina (7.1%), N. caeciliae (8.4%),
and P. fiorii (9.1%), suggests that these ants are all herbivores (Figure 4.5). In contrast, the
microbial communities of the known predator and omnivore, M. flavocotea and P. bicornis,

contained very low levels of Rhizobiales, 0.7% and 0.6% of total sequences, respectively (Figure
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4.5). T. inrectum, with 1.9% Rhizobiales, is unlikely to be an herbivore, and likely consumes

substances with higher nitrogen content than that found in the extrafloral nectar they have been
observed to consume [35].

Members of the family Enterobacteriaceae are also known to fix and recycle nitrogen in
ants [12—14]. The presence of known insect-associated nitrogen fixers, such as Pantoea and
Klebsiella, was inconsistent across our samples, and only found in abundances greater than 1%
in five A. xanthochroa and two T. inrectum samples. However, there were two unclassified
groups of Enterobacteriaceae associated with our samples, henceforth termed Entericl and
Enteric2 (Figure 4.5). Entericl was present in one third of 4. xanthochroa (5/15) and T. inrectum
(3/10) samples. Enteric2 however was found in every sample and in high abundance in M.
flavocotea. While Blochmannia was not identified in any of our ant samples using the Silva
derived database, a blastN search with Enteric2 suggests this Gammaproteobacteria is closely
related to Baumannia or Blochmannia, both bacteria associated with production of nutritive
compounds in other insects [3, 13]. Adding the presence of Enteric2 with the high nitrogen
signature of M. flavocotea suggests that these predators might consume the phloem-feeding
Hemiptera that have been observed in their domatia [10, 31].

A single Wolbachia OTU was present in 85% of samples (62/73). The role of Wolbachia
in ants remains unknown. While this bacterium is known to skew sex ratios in several insects,
reproductive manipulation is unlikely in ants due their reproductive strategies [36, 37]. P.
bicornis and most of the T. inrectum samples were almost completely dominated by Wolbachia,
while M. flavocotea had more moderate levels (mean 21.5% + 5.5). While this could be tied to
the absence of Rhizobiales and perhaps tied to a non-herbivorous diet, C. longispina, a proposed

herbivore, also had moderate levels of Wolbachia, but higher levels of Rhizobiales. Recent work
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in Acromyrmex octospinosus, a leaf-cutting ant, suggests that Wolbachia could have a

nutritional role as the bacteria are found predominately extracellularly in the gut [38]. We cannot
exclude the possibility that the presence of Wolbachia may also be associated with trophic level.
4.5 Conclusion

The cross-Formicidae analyses presented here represent the broadest comparison of
whole microbial communities in ants to date. The bacterial communities of these arboreal ants
were host specific, but diet was also found to be a significant factor. Ants within the same
trophic level were more likely to be similar than ants within the same subfamily, or even within
the same genus. We also found trends in the abundance of certain bacterial groups that have been
suggested to be associated with trophic level. These data support the hypotheses that bacterial
communities are selected for by the environment of the host, but are also directly associated with
dietary needs.
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Table 4.1. List of ant species analyzed in this paper and basic natural history information.

Ant Subfamily Nesting Trophic Diet
site Level
Azteca xanthochroa Dolichoderinae Cecropia  Herbivore =~ Muellerian bodies,
trees Hemipteran honeydew
Crematogaster Myrmicinae Carton Herbivore  Fruits, and pulp and
longispina nests seed arils, extrafloral
nectar, floral nectar
Mpyrmelachista Formicinae Ocotea Predator Carnivores
Sflavocotea trees
Nylanderia caeciliae  Pseudomyrmecinae Carton Unknown®  No published
nests information®
Pheidole bicornis Formicinae Piper Omnivore  Pearl bodies, insect
trees eggs and young insects
Pheidole fiorii Formicinae Carton Herbivore  Seeds
nests
Tapinoma ramulorum Dolichoderinae Carton Unknown®  Extrafloral nectar?”
inrectum nests

* The current assessment of the diets of N. caeciliae and T. inrectum are based on personal

observations (J. Longino, personal communication).
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Table 4.2. Average number of sequences, number of observed OTUs, sequence coverage,
richness and evenness of bacterial communities in each ant species.

Average No. Sons Good’s Chao Shannon Simpson
Sequences coverage

A. xanthochroa 58954 60.36 0.98 73.32 2.6 0.22
C. longispina 3361.8 85.8 0.97 113.47 2.28 0.37
M. flavocotea 2488.2 17.1 1.00 19.07 0.97 0.3

N. caeciliae 22559 75.33 1.00 85.15 2.61 0.55
P. bicornis 2040.4 5.33 1.00 543 0.09 0.97
P. fiorii 2020 74 .89 0.99 80.2 2.71 0.25
T. inrectum 3009.7 329 0.99 39.95 1.02 0.67
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Table 4.3. PERMANOVA results of ant species and nest strategy using Bray-Curtis
similarity matrix for workers.

Factor d.f. SS MS Pseudo-FF P

Ant species 6 67745 11291 5.3634 0.001
Nest strategy 1 66409  6640.9 1.9126 0.07

d.f, degrees of freedom; SS, sum of squares; MS, mean squares.
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Table 4.4. Comparison of bacterial communities in workers using Pairwise PERMANOVA
and weighted UniFrac. PERMANOVA values appear in the lower half; UniFrac in the upper
half.

A.xanthochroa  C.longispina M. flavocotea  N. caeciliae  P.bicornis  P. fiorii T. inrectum
A. xanthochroa - 0.83692 0.934771 0.805992 0.873447 0.87256 0.82608
C. longispina 0.002 - 0.895907 0.928359 0375733  0.829703 0.37555
M. flavocotea 0.001 0.005 - 0.914955 0911413  0.771276 ~ 0.890949
N. caeciliae 0.003 0.007 0.008 - 0.95236 0.862628 0.95236
P. bicornis 0.003 0.069 0.018 0.011 - 0.861839  0.221996
P. fiorii 0.003 0.031 0.162 0.008 0.026 - 0.86154

T. inrectum 0.001 0.19 0.019 0.013 0.491 0.024 -
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Supplemental Table 4.1. Number of sequences, observed OTUs, sequence coverage,

richness and evenness of bacterial communities in each sample.

Sample Life Bacterial Good's

Code Ant species Stage Sequences S, coverage Chao Shannon Simpson
Ax-W32  A.xanthochroa workers 1263 22 1.00 25.00 143 0.44
Ax-W33  A.xanthochroa workers 1438 24 1.00 24.00 2.16 0.18
Ax-L33 A. xanthochroa brood 1385 1 1.00 1.00 0 1.00
Ax-W34  A. xanthochroa workers 6934 72 0.98 81.00 2.86 0.12
Ax-W37  A.xanthochroa workers 1604 39 1.00 39.75 2.74 0.11
Ax-W38  A.xanthochroa workers 11234 61 0.98 7191 2.89 0.11
Ax-W40  A.xanthochroa workers 10713 76 0.98 95.09 3.38 0.05
Ax-W42  A.xanthochroa workers 2584 82 0.98 97.00 3.08 0.12
Ax-W43  A.xanthochroa workers 11190 143 0.94 183.83 4.14 0.03
Ax-W47  A. xanthochroa workers 18234 123 0.95 166.24 3.70 0.05
Ax-P47 A. xanthochroa brood 6335 98 0.97 131.21 3.49 0.08
Ax-W49  A. xanthochroa workers 5297 50 0.99 56.43 2.53 0.19
Ax-L49 A. xanthochroa brood 2247 24 1.00 24.00 1.94 0.29
Ax-P49 A. xanthochroa brood 2078 30 1.00 30.00 2.08 0.27
Cl-w1 C. longispina workers 2647 27 0.98 40.00 0.49 0.84
CI-B1 C. longispina brood 1474 74 1.00 74.55 3.40 0.07
Cl-w2 C. longispina workers 4242 74 0.97 87.80 1.77 0.46
Cl-B2 C. longispina brood 3442 186 0.93 235.88 431 0.04
Cl-w3 C. longispina workers 9478 176 0.90 29742 3.08 0.24
CI-B3 C. longispina brood 4180 109 0.95 160.25 3.15 0.14
Cl-w4 C. longispina workers 2325 100 0.97 118.91 2.77 0.24
Cl-B4 C. longispina brood 2010 49 0.99 51.50 1.24 0.60
Cl-W5 C. longispina workers 1929 27 0.99 31.00 0.67 0.79
CI-B5 C. longispina brood 1891 36 0.99 37.36 1.92 0.27
Mf-W1 M. flavocotea workers 994 13 1.00 13.00 1.19 0.38
Mf-B1 M. flavocotea brood 1846 19 0.99 20.67 0.87 0.11
Mf-W2 M. flavocotea workers 1900 11 1.00 11.25 0.84 0.97
Mf-B2 M. flavocotea brood 1787 2 1.00 2.00 0.41 0.63
Mf-W3 M. flavocotea workers 1850 12 1.00 12.50 0.95 0.07
Mf-B3 M. flavocotea brood 1497 6 1.00 6.00 0.60 0.13
Mf-W4 M. flavocotea workers 5541 10 1.00 10.00 0.93 0.04
Mf-B4 M. flavocotea brood 3415 17 0.99 28.25 0.87 0.07
Mf-W5 M. flavocotea workers 2928 21 1.00 22.20 1.45 0.15
Mf-B5 M. flavocotea brood 3124 60 0.98 64.79 1.57 048
Ne-W1 N. caeciliae workers 1976 48 0.99 51.11 1.88 0.62
Ne-B1 N. caeciliae brood 1714 58 1.00 58.17 3.08 0.50
Nc-W2 N. caeciliae workers 2182 5 1.00 5.00 0.09 0.75




Nc-B2 N. caeciliae brood 1061 na na na na na

Nc-B3 N. caeciliae brood 1618 83 1.0 83.5 3.6 0.6

Nc-B4 N. caeciliae brood 2890 130 1.0 144.0 4.1 0.5

Nc-BS N. caeciliae brood 2992 115 1.0 144.7 30 0.5

Pb-W2 P. bicornis workers 1294 27 1.0 279 0.6 0.8

Pb-W3 P. bicornis workers 1415 2 1.00 2.00 0.01 1.00

Pb-W4 P. bicornis workers 1820 3 1.00 3.00 0.02 0.99

Pb-W5 P. bicornis workers 4073 4 1.00 4.00 0.04 0.99

Pf-W1 P. fiorii workers 1326 18 1.00 18.25 1.72 0.29

Pf-W2 P. fiorii workers 2203 19 1.00 19.00 0.36 0.89

Pf-W3 P. fiorii workers 3273 10 1.00 10.00 0.92 0.51

Pf-W4 P. fiorii workers 1489 78 1.00 78.08 3.14 0.14

Pf-W5 P. fiorii workers 2589 159 0.96 179.09 4.54 0.02

Ti-W1 T. ramulorum inrectum workers 1658 18 0.99 20.50 0.33 0.90

Ti-W2 T. ramulorum inrectum workers 1057 51 1.00 51.00 2.74 0.14

Ti-W3 T. ramulorum inrectum workers 1432 13 1.00 16.00 0.39 0.86

Ti-W4 T. ramulorum inrectum workers 2843 26 0.99 3243 0.57 0.81

Ti-W5 T. ramulorum inrectum workers 2752 8 1.00 11.00 0.10 0.97

Total 232,256 1556

na: not available. These samples had less than 900 sequences after removal of rare reads, and
were removed from further analyses.
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Chapter 5. Summary and Future Directions
In this dissertation I explored the microbial ecology of tropical arboreal ants. In Chapter 2
I presented data on the presence and abundance of culturable Actinobacteria in three ant-plant-
fungi mutualisms. Pseudomyrmex penetrator/Tachigali sp. from French Guiana, Petalomyrmex
phylax/Leonardoxa africana and Crematogaster margaritae/Keetia hispida, both from
Cameroon, all contained culturable Actinobacteria that spans the phylogeny of the phylum.
Isolates from all three systems had antifungal properties, with the Streptomyces isolates
producing larger zones of inhibition than the Nocardiodes isolates. Streptomyces isolates from P.
phylax/L. africana and C. margaritae/K. hispida were capable of degrading cellulose in vitro.
Together, this suggests that these ant-plant-fungi systems are niches for Actinobacteria, and that
these bacteria could be playing protective or nutritional roles. In Chapter 3, using 454
pyrosequencing I described for the first time the bacteria communities associated with Costa
Rican Cecropia-obligate Azteca ants. Actinomycetales, Burkholderiales, Enterobacteriales,
Pseudomonadales, Rhizobiales, and Xanthomonadales were common bacterial orders in these
samples regardless of host ant or tree species. There was high variability between bacterial
communities, but this variation does not correlate with Azteca species, Cecropia species, nor
geographic location. The variability of the bacterial communities could be associated with life
stage, as queens were more similar to each other than any other life stage, or it might correlate
with the primary food source colonies are capable of acquiring. In Chapter 4 I explored the
impact of trophic level, nesting strategy, and phylogeny on the bacterial communities in seven
arboreal ant species from La Selva Biological Station. Using 454 pyrosequencing I showed that

hosts from the same genera, or even subfamily, did not necessarily have similar bacterial
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communities. Likewise, nesting strategy in the form of ant-plant mutualisms versus carton

nesters did not explain the variation we saw in community structure. Diet is likely a major factor
in deterring bacterial community structure and can partially be explained by the nitrogen needs
of functionally herbivorous ants.

There are numerous experiments that I can envision would add greatly to our knowledge
about the roles of bacteria in arboreal ants, and the factors that explain the presence and absence
of certain bacteria. To expand on the data I presented in Chapter 2, I think it would be interesting
to better explore the antifungal properties of the strains I isolated. Testing these bacteria against
the known fungal symbiont (Chaetothyriales) would provide the first clue on whether these
Actinobacteria are indeed mutualists and not just transients or potential pathogens in these
systems. Likewise, testing against more applicable pathogens from these systems would serve
better to indicate if these bacteria do indeed serve as protective symbionts.

The use of 454 pyrosequencing, especially in describing the microbial communities of
arthropods, is still in its infancy. With a better handle now on what we can do with and get from
next-gen sequencing, I think it is now becoming important to ensure proper sampling techniques,
and to start to add in additional support for the conclusions many draw from their data. While I
made a modest effort to collect sufficient sample sizes of the ant species that were subjected to
454 pyrosequencing here, I do think repeat sequencing of Azteca alfari, A. coerulepennis, and A.
constructor would be informative. Recent work suggests that was closely related species are
reproductively separate due in large part to the difference in their microbial consortia. A similar
scenario could be at play in Cecropia-obligate Azteca ants, as some of these ant species are so
similar, they are nearly impossible to tell apart by workers. Perhaps the differences in microbial

communities could be keeping the species reproductively isolated.
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Additionally, collecting samples from the same colonies for both N isotope studies and

sequencing at the same time would be more indicative of the link between trophic level and
microbial community composition. Many ants, including a few species used here, are facultative
predators. Likely some of the variation we observed in community structure is due to this
variation in diet, which likely also varies over time as the diet of the colony as a whole shifts
based on season and availability of potential prey items. Studying multiple indicators of diet at
the same time would be more informative, and provide better evidence to the idea that host
communities are intimately linked to life style in insects and not just a random assortment of

bacteria that they happen to encounter during their life cycle.
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Appendix 1. Minimization of chloroplast contamination in 16S rRNA gene
pyrosequencing of insect herbivore bacterial communities

Manuscript published as: Hanshew AS, Mason CJ, Raffa KF, Currie CR (2013) Minimization of
chloroplast contamination in 16S rRNA gene pyrosequencing of insect herbivore bacterial
communities. Journal of Microbiological Methods

Coauthors contributed in the following ways. *These authors contributed equally to this work.

ASH and CIM designed the experiments, performed all the experiments, and wrote the
manuscript. CRC and KFR provided lab material and support.

Al.1 Abstract

Chloroplast sequence contamination in 16S ribosomal RNA gene (16S) analyses can be
particularly problematic when sampling microbial communities in plants and folivorous
arthropods. We previously encountered high levels of plastid contamination in herbivorous insect
samples when we used the predominant 454 pyrosequencing 16S methodologies described in the
literature. 799F, a primer previously found to exclude chloroplast sequences, was modified to
enhance its efficacy, and we describe, in detail, our methodology throughout amplicon
pyrosequencing. Thirteen versions of 799F were assessed for the exclusion of chloroplast
sequences from our samples. We found that a shift in the mismatch between 799F and
chloroplast 16S resulted in significant reduction of chloroplast reads. Our results also indicate
that amplifying sequences from environmental samples in a two-step PCR process, with the
addition of the multiplex identifiers and 454 adapters in a second round of PCR, further
improved primer specificity. Primers that included 3' phosphorothioate bonds, which were
designed to block primer degradation, did not amplify consistently across samples. The different
forward primers do not appear to bias the bacterial communities detected. We provide a
methodological framework for reducing chloroplast reads in high-throughput sequencing data

sets that can be applied to a number of environmental samples and sequencing techniques.
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A1.2 Introduction

The advent of next-generation sequencing technologies has revolutionized methods for
studying microbial ecology and symbiosis. Barcoded amplicon pyrosequencing has enabled
researchers to multiplex samples and generate a tremendous amount of data in a variety of
systems (Hamady et al., 2008; Weinstock, 2012). Microbial communities associated with
arthropods and plants have received increased attention during this time. Studies on insects such
as those describing establishment of a core microbiome (Moran et al., 2012), microbial
transmission (Sudakaran et al., 2012), community dynamics through development (Wong et al.,
2011), phylogenies (Hulcr et al., 2012), and across populations (Jones et al., 2011) have been
made possible from these technological advancements. Additionally, these advances have
improved our understanding of the mechanisms and ecological consequences of bacterial
community acquisition in plants (Bengtsson et al., 2012; Gottel et al., 2011; Koopman et al.,
2010; Redford et al., 2010).

While these studies utilize a diversity of model insects and plants, their investigations
lack information on bacterial communities of folivorous insects. There are major methodological
obstacles in addressing questions pertaining to foliage-feeding herbivores as several of the
published primer pairs used in bacterial 16S ribosomal RNA gene (henceforth abbreviated 16S)
pyrosequencing are not feasible for projects studying these systems. The homology between
bacterial 16S, chloroplast 16S, plant nuclear and mitochondrial 18S rRNA genes (18S), and
arthropod 18S leads to challenges in choosing the appropriate primer pairs. For example, the
commonly used universal bacterial primers 926F and 1392R are sufficiently similar to arthropod
18S, resulting in the amplification of these non-bacterial sequences (Dams et al., 1988). The

universal 16S primers targeting hypervariable regions V1-V3 (27F, 338R, 519R), V3-V6 (534F,
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926F, 1114R), and V6-V8 (926F, 1392R), used in other insect systems (Andreotti et al.,

2011; Fagen et al., 2012; Hail et al., 2012, 2011; Hulcr et al., 2012; Jones et al., 2013, 2010;
Lalzar et al., 2012; Moran et al., 2012; Osei-Poku et al., 2012; Palavesam et al., 2012; Reid et al.,
2011; Wang et al., 2011; Wong et al., 2011) are homologous to chloroplast 16S (Dams et al.,
1988; Lane, 1991; Rastogi et al., 2010). Many of the phytophagous insects covered in the
pyrosequencing literature consume substrates other than leaves, such as phloem, wood, xylem,
and seeds, that contain low abundances of chloroplasts (Fagen et al., 2012; Hail et al., 2012,
2011; Kohler et al., 2012; Reid et al., 2011; Salem et al., 2013; Sudakaran et al., 2012).
However, in several pyrosequencing studies focusing on insects, authors have reported
unintended chloroplast contamination of varying degrees (Hulcr et al., 2012; Kelley and Dobler,
2011; Moran et al., 2012; Reid et al., 2011; Russell et al., 2013).

For the study of maize roots, Chelius and Triplett (2001) designed 799F, a primer
intended to amplify bacterial 16S sequences while avoiding chloroplast 16S sequences, by using
a two base pair mismatch on the 3’ end of the primer (Chelius and Triplett, 2001). This primer,
and other versions designed from it (799F2, 783R, 783Rabc), have been sufficient for some plant
systems (Edwards et al., 2007; Rastogi et al., 2010; Sakai et al., 2004; Sun et al., 2008), but it has
not been entirely effective in eliminating amplification of chloroplast 16S sequences in all
samples (Bodenhausen et al., 2013; Bulgarelli et al., 2012; Leveau and Tech, 2011; Sagaram et
al., 2009; Shade et al., 2013). Others have made no direct comments on the presence or absence
of chloroplast sequences in their data sets ( Jones et al., 2013; Lundberg et al., 2012; Rastogi et
al., 2012; Redford and Fierer, 2009; Redford et al., 2010). To our knowledge, this primer has not

been applied in arthropod systems.
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Chloroplasts are evolutionarily descended from bacteria, so it is not surprising that

the 16S genes are nearly homologous between the two. One of the only regions appropriate for
primer design that allows broad bacterial 16S amplification while potentially blocking
chloroplast 16S exists between positions 783-799 of the 16S gene (E. coli numbering system).
Chloroplast 16S genes have two base pair mismatches at positions 798 and 799 that Chelius and
Triplett took advantage of in designing 799F and two additional mismatches at positions 783 and
784 (Chelius and Triplett, 2001). Mismatches between the 3’ end of the primer and the targeted
sequence are commonly thought to block amplification (Klindworth et al., 2013; Kumar et al.,
2011; Lane, 1991; Nossa et al., 2010; Rastogi et al., 2010; Sipos et al., 2007; Wang and Qian,
2009). As noted by Chelius and Triplett, these minor differences can be exploited in an attempt
to avoid chloroplast 16S sequences (Chelius and Triplett, 2001; Sakai et al., 2004). Primer design
may also have a major influence on data analysis and interpretation of bacterial community data
sets. There is an extensive literature debating which of the various primer combinations are best
suited for 16S pyrosequencing projects, but much of this work has been done using marine
ecosystems (Klindworth et al., 2013) or the Human Microbiome Project (Kumar et al., 2011;
Nossa et al., 2010) as models.

Additional complications in primer design include length of the primer, and potential
exonuclease activity from error correcting polymerases. Primers that are too short will anneal to
non-targeted sequences while primers that are too long will be overly specific which may
incorporate additional biases in pyrosequencing (Sergeant et al., 2012). Moreover, exonuclease
activities observed in error correcting polymerases can degrade primers, causing unintended

amplification of undesired targets (Ahn et al., 2012). Modifications on the 3’ ends of primers,
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such as phosphorothioate bonds, create highly stable primers that are not degraded by

polymerase exonuclease activities and may be used to circumvent this polymerase issue.

We found that following the current methodology in the published insect bacterial 16S
literature was inadequate for our samples, resulting in significant loss of sequencing reads to
chloroplast or arthropod sequences, rendering our data useless. Here we test modifications that
improve upon the previously published primer, 799F, and show how these modifications perform
in 454 pyrosequencing of herbivorous insect samples (Chelius and Triplett, 2001). We tested
these primers in two distantly related arthropods that consume plant substrates with high
chloroplast abundances, gypsy moth (Lymantria dispar) and the herbivorous ant Azfeca
constructor, along with a mock community consisting of 50% chloroplast 16S and 50%
Streptomyces 16S. We designed 13 modifications to 799F for use in pyrosequencing, with the
objective of complete elimination of chloroplast 16S reads in our arthropod systems. Our results
indicate that 799F does reduce chloroplast abundance relative to other published primers, but
primer length and various 3’ modifications appear to be more effective at further minimizing
plastid contamination. These primer modifications are appropriate for use in folivorous arthropod
bacterial community analysis and in other samples that may contain chloroplasts, such as plants
and algae.

A1.3 Materials & Methods
A1.3.1 Sample collection, preparation, and DNA extraction

Two herbivorous insects and a mock mixture of chloroplast and bacterial 16S were used
for the analysis. Five Azteca constructor workers were collected sterilely from a Cecropia
insignis tree at Carara Biological Reserve, Costa Rica, May 2011, pooled, stored in 99% ethanol,

and transported to the laboratory in Madison, WI, for DNA extraction. Gypsy moth (Lymantria
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dispar) larvae were reared in petri dishes from egg masses obtained from a wild population

in Temperance, MI. Larvae were fed white birch (Betula papyrifera) obtained from WI-DNR
(Wilson Nursery, Boscobel, WI), with diet being replaced daily. At fifth instar, ten larvae were
starved for 24 hours, and then anesthetized by placing at -20°C for 15 min. Larvae were surface
sterilized in 70% ethanol for 30 s, air-dried for 1 min, and midguts were dissected with flame
sterilized instruments. Midguts were pooled and stored at -80°C until DNA extraction.

DNA was extracted from both insect tissues with the Epicenter Master Pure Complete
DNA and RNA Purification Kit (Illumina, Madison, WI) with modifications. Tissues were
homogenized in 2.0 mL screw-cap vials with one 3 mm diameter steel bead in 500 pL T&C
buffer, samples were centrifuged at 500 x g for 3 min, supernatant was collected, and the
remaining manufacturer’s directions were followed. DNA was resuspended in TE and stored at -
20°C until use.
A1.3.2 Construction of mock mixture

To test the effectiveness of the newly designed primers, a mock mixture was constructed
to contain half chloroplast 16S and half Streptomyces 16S. The chloroplast 16S was cloned from
an Azteca alfari larvae sample found to contain 99% chloroplast reads from a previous 454
pyrosequencing run (data not shown). A near-full length sequence of the 16S was PCR amplified
in 50 pL total volume, containing 100 ng template DNA, 0.5 uL. Herculase II DNA polymerase
(Agilent Technologies, Santa Clara, CA), 1.0 nM dNTPs, 1.25 uL. DMSO, 10 pL buffer, 250 nM
each of the primers 27F (5’AGAGTTTGATCNTGGCTCAG) and 1492R (5°
TACGGYTACCTTGTTACG). Reaction conditions were as follows: 95°C for 2 min, 32 cycles
of 95°C for 20 s, 55°C for 20 s, 72°C for 1:30 min, and a final elongation of 72°C for 3 min. PCR

products were cleaned using Promega Wizard SV gel and PCR clean-up system as per
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manufacturer’s directions (Promega, Madison, WI). One pL of cleaned PCR product was

used in Novagen Perfectly Blunt Cloning kit with the pT7 Blue Blunt vector, performed as per
manufacturer’s directions (EMD Millipore, Billerica, MA). Colonies were selected based on
blue/white screening and colony PCRs were performed, with a total volume of 20 uL. containing
4 uL of boiled and centrifuged colony supernatant, 0.4 uL. Herculase II DNA polymerase, 1.0
nM dNTPs, 0.5 pL DMSO, 4 pL buffer, and 100 nM of each of the primers MI13F
(8’GTTTTCCCAGTCACGAC) and MI3R (5°CAGGAAACAGCTATGAC). Reaction
conditions were as follows: 95°C for 2 min, 35 cycles at 95°C for 20 s, 55°C for 20 s, 72°C for 2
min, and a final elongation of 72°C for 3 min. Three colonies were positive and selected for
sequencing using Big Dye chemistry. A 10 pL total volume PCR contained 1 pL Big Dye, 1.5
pL Big Dye buffer, 100 nM primer (27F or 1492R), 0.5 uL. DMSO, and 0.5 pL. PCR template.
Reaction conditions were as follows: 96°C for 2 min, 36 cycles of 96°C for 10 s, 52°C for 15 s,
60°C for 3 min, and a final elongation of 72°C for 2 min. Products were cleaned with Agencourt
CleanSeq beads (Beckman Coulter, Brea, CA), as per manufacturer’s directions, and sequenced
at the University of Wisconsin-Madison Biotechnology Center. Sequences were edited and
aligned in Sequencher v4.5 (Gene Codes Corporation, Ann Arbor, MI), and confirmed via NCBI
blastN to be chloroplast (Altschul et al., 1990).

A laboratory strain of Streptomyces spp. was used as the bacterial 16S, and amplified as
described above using 27F and 1492R. The PCR products from both chloroplast and
Streptomyces were quantified by Invitrogen Qubit Fluorometer (Life Sciences, Grand Island,

NY) and mixed in equal concentrations to create the 50:50 mock mixture.
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A1.3.3 Cross-phyla small subunit ribosomal DNA alignment

A framework by Dams et al (1988) was used for the alignment between bacterial 16S,
chloroplast 16S, arthropod 18S, plant nuclear 18S, and plant mitochondrial 18S consensus
sequences (Dams et al., 1988). The 16S consensus sequence for bacteria from Baker et al (2003)
was used here with no modifications (Baker et al., 2003). A chloroplast 16S consensus sequence
was created from the chloroplast sequenced above, the top 15 full length Blast matches to that
sequence representing different genera within the rosids clade (DQ226511, JN884817,
JQO041763, AP012207, HQ336405, HQ664605, JF317356, HQ244500, HQ664560, HQ664552,
FJ895895, HQ664600, EF207453, HQ664619, EU431223), and 5 partial Betula chloroplast 16S
sequences (GQ284846-50). Sequences were aligned in MEGA 5.2.1 using default ClustalW
parameters, and the chloroplast consensus sequence was manually made (Tamura et al., 2011)
(Chloroplast consensus sequence in Supplemental Text A1.1). Azteca ovaticeps 18S (EF012842)
and L. dispar 18S (DQ186972.1) were used as representatives of arthropod 18S. A plant
mitochondrial 18S consensus sequence was created, as described for the chloroplast 16S
consensus, using two near full length rosid sequences, Oenothera berteriana (X61277) and
Arabidopsis thaliana (Y08501). A plant nuclear 18S consensus sequence was created, as
described for the chloroplast 16S consensus, using Arabidopsis thaliana (X16077), Betula
pendula (GU476453), and three sequences from the same family as Cecropia (Urticaceae), Pilea
cadierei (JF317373.1), Debregeasia saeneb (JF317363), and Boehmeria nivea (AF206870). All
sequences were assessed for the presence of universal bacterial primers, including the forward
primers 27F, 338F, 534F, 799F, 926F, and 1114F, in addition to the reverse primers 338R, 519R,

1114R, 1392R, and 1492R (Table A1.1).
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A1.3.4 Primer design and assessment

The primers used in this study were developed to minimize chloroplast contamination
and amplify the V5-V8 region of the 16S. Chloroplast and bacterial 16S are, as expected, highly
conserved, severely limiting the number of potential primer mismatches (Table Al.l,
Supplemental Table A1.1). Besides the four mismatches around 799F, no other conserved region
of the bacterial 16S appropriate for primer design contains sufficient mismatches to chloroplast
16S. Consensus sequences of chloroplast and bacterial 16S were aligned along with the
previously published 799F (Chelius and Triplett, 2001). 799F was modified on both the 5' and 3'
ends, resulting in 9 different versions of the primer (Table A1.2). 799F-mod2, -mod4, and -mod7
were also synthesized with phosphorothioate bonds on the 3' end, resulting in 13 total versions of
799F (Table A1.2). Primers were synthesized by Integrated DNA Technologies (Coralville,
IA).

All versions of 799F, including 799F-tags which includes the 454 B adapter, were
assessed for their ability to amplify chloroplast 16S, bacterial 16S, the 50:50 mock mixture, and
environmental samples, in addition to their predicted coverage rate using probe match in the
Ribosomal Database Project (RDP) (Cole et al., 2009). 19.2 ng of chloroplast 16S, bacterial 16S
and 50:50 mock mixture was used as template, while 50 ng of environmental DNA was used. A
50 pL total volume PCR contained 0.5 pL Herculase II DNA polymerase, 1.0 nM dNTPs, 1 pL
DMSO, 10 pL buffer, 300 nM 1392R (5 ACGGGCGGTGTGTRC) and 300 nM forward primer.
Reaction conditions were as follows: 95°C for 3 min, 30 cycles of 95°C for 20 s, 45°C for 30 s,
72°C for 30 s, and a final elongation of 72°C for 3 min. PCR products were visualized and
assessed on a 2% agarose gel. Primers not capable of amplifying the Streptomyces 16S (799F-

mod35, -mod9, and -mod4thio) were excluded from further testing. Likewise, primers unable to
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amplify either environmental sample (799F-mod4, -mod8 and -mod2thio) were removed. In

addition to 799F and 799F-tags, the modified versions 799F-mod2, -mod3, -mod6, -mod7, -thio
and -mod7thio were included in further assessment.
A1.3.5 PCR for 454 Pyrosequencing

With two exceptions, PCRs were carried out using a two-step PCR procedure, utilizing a
gel extraction of the 16S band between the first and second steps (Berry et al., 2011). The first
PCR was done with primers that lacked the 454 adapters or multiplex identifiers (MIDs), while
the second added the required 454 A- and B-adapters along with a 5 bp MID for each respective
sample. PCRs with the primer pairs 799F-tags/1392R and 27F/519R were tagged in the first
round of PCR, and were not done in a two-step process. All tested versions of the forward primer
799F (799F, 799F-tags, 799F-mod2, 799F-mod3, 799F-mod6, 799F-mod7, 799F-thio, and 799F-
mod7thio) were paired with the reverse primer 1392R.

PCRs were done in triplicates containing 30-50 ng template DNA, 0.5 pL. Herculase 11
DNA polymerase, 1.0 nM dNTPs, 1.0 uL. DMSO, 10 pL buffer, 300 nM of forward and reverse
primers, and water amounting to a final volume of 50 pL. Reaction conditions were as follows:
95°C for 2 min, 30 cycles of 95°C for 20 s, 48-50°C for 30 s, 72°C for 30 s, and a final elongation
of 72°C for 3 min. The optimal annealing temperature differed between the two environmental
samples, 50°C for A. constructor, and 48°C for L. dispar. Triplicate reactions were pooled and an
aliquot was used for gel extraction. The ~600 bp band expected from the 16S amplicon was
extracted from a low-melt agarose gel using a Zymoclean Gel DNA Recovery Kit (Zymo
Research, Irvine, CA) by visualizing on a blue light transilluminator (Clare Chemical Research,
Dolores, CO). A second PCR was done on all primers pairs, except 799F-tags/1392R and

27F/519R, using 2 pL of the extraction product using primers that included the A- and B-
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adaptors along with the MIDs. All conditions for the second PCR step were identical except

that thermocycling was done for 10 cycles instead of 30. Five pL of the second PCR product was
loaded on a 2.0% agarose gel to verify the presence of a ~700 bp fragment while lacking one at
~600 bp. PCR products were cleaned with three rounds of cleanup using Agencourt AMPure XP
beads (Beckman Coulter, Brea, CA) as per manufacturer’s directions. PCR products were
quantified with a Qubit, and, according to Roche 454 pyrosequencing protocols, diluted and
pooled at 10° DNA molecules/pl.
A1.3.6 454 pyrosequencing and long read modifications

The expected fragment size from 799F and 1392R, including 454 adapters and MIDs
(~700 bp), is longer than recommended for 454 pyrosequencing (Roche, Indianapolis, IN) on a
GS Junior with FLX Titanium chemistry. Therefore, emPCR was modified to accommodate the
longer fragment. The modifications were based on suggestions in technical bulletin TCB-11001
“Amplicon Sequencing on GS FLX System with Various emPCR Conditions” and from Roche
technical support (personal communication). Modifications included increased Amp mix to 297
puL, Amp Primer to 104 pL, and decreased water to 359 pL. Thermocycler conditions were
changed to: 94°C for 4 min, 50 cycles of 94°C for 30 sec, 60°C for 10 min, and storage at 10°C.
No other modifications were made to the manufacturer’s protocols. The 50:50 mock mixture and
environmental sample amplified with 27F/519R were run separately, but with the identical
protocols.
A1.3.7 Data Analysis

Raw data were processed using mothur (v. 1.23.1) (Schloss et al., 2009). Sequences were
analyzed, allowing for no differences in the primers or MIDs, and with a minimum length of 200

bp. The data set was simplified using unique.seqs and aligned to the Silva-derived reference



111
database (v. 102 as implemented for mothur) (Pruesse et al., 2007). Chimeras were removed

using UCHIME (Edgar et al., 2011). For the first data analysis to evaluate how many chloroplast
reads were present, all processed reads were kept. After the command classify.seqs to a nogap
version of Silva containing bacterial, archaea, and eukaryotic sequences, each sample was
assessed for the percent of chloroplast. For the second data analysis, to compare what bacteria
were detected for each primer pair for the two arthropod samples, all eukaryotic reads were
removed, as were OTUs with less than 2 reads. Weighted and unweighted Unifrac distance
matrices were constructed in mothur and analyzed with non-metric multidimensional scaling
(MDS) plots in PRIMER (v6) (Clarke and Gorley, 2006; Lozupone et al., 2011).
A1l.4 Results

All but three primers readily amplified bacterial 16S and produced a low-intensity band
after PCR with pure chloroplast 16S. The additional modifications to 799F not used in the
pyrosequencing analysis failed these initial quality controls. All primers successfully amplified
the L. dispar sample, but the 3’ phosphorothioate modifications, 799F-thio and 799F-mod7thio,
failed to amplify the A. constructor sample. The 50:50 mock mixture yielded a clean, single band
with all primers, but the environmental samples had variable numbers of bands present,
including the ~900 bp fragment from amplification of plant mitochondria 18S (Chelius and
Triplett, 2001; Dams et al., 1988). Within a sample the multiple bands detected did not differ
between the various forward primers.

The 454 GS Junior runs resulted in 143,260 raw reads. After removal of short reads and
chimeras, 136,270 reads remained. 1364 non-chloroplast Eukaryote reads were removed from
one sample, resulting in 134,906 high quality reads (Table A1.3). Across all primer

combinations, both environmental samples had on average less than 1.0% chloroplast reads with
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the 50:50 mock mixture having 2.5% chloroplasts or less with any of the various versions of

799F. The primer combination 799F-tags, including the 454 B adapter, along with 1392R with
the 454 A adapter and 5 bp MIDs, had the highest percentage of chloroplasts in all three cases
with 2.47% for the mock mixture, 1.95% for the A. constructor sample, and 6.87% for the L.
dispar sample. 799F-mod3, -mod6, and -mod7 resulted in no chloroplast reads in both
environmental samples. In the L. dispar sample, 799F-thio also had no chloroplast reads. A
previous 454 run with 27F/519R using the A. constructor and L. dispar environmental samples
yielded 67% and 39.4% chloroplasts, respectively, while the 50:50 mock mixture resulted in
55% chloroplast reads.

Relative abundances of taxa at the order taxonomic level were minimally impacted by the
different forward primers (Figure Al.1, Supplemental Table A1.2). A MDS of weighted Unifrac
also showed minimal differences in the various forward primers (Figure A1.2). The unweighted
Unifrac MDS was most affected by the various forward primers, which was most likely due to
rare reads present in the analysis (Figure A1.2).

A1.5 Discussion

Chloroplast and other plastids of bacterial origin present problems unique to certain
environments in 16S pyrosequencing (Bulgarelli et al., 2012; Chelius and Triplett, 2001;
Lundberg et al., 2012; Rastogi et al., 2010; Sakai et al., 2004). Although this issue is potentially
widespread in insects and plant samples, it has been understudied in next-generation sequencing.
We tested a series of primers to eliminate plastid contamination in herbivorous insects, and
found that our primers, specifically 799F-mod 3, -mod6, and —mod7, paired with the universal
primer 1392R, drastically reduced these interfering sequences. Subsequent independent

experiments using these modifications reduced chloroplast contamination from as much as
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99.9% in insect and plant samples to between 0-10% (CJ Mason, unpublished data; AS

Hanshew, unpublished data).

799F has been used extensively in the literature to minimize chloroplast contamination in
plant samples (Bulgarelli et al., 2012; Chelius and Triplett, 2001; Redford and Fierer, 2009;
Redford et al., 2010). While this primer has been successful in some cases (Sun et al., 2008), it
has performed poorly in others (Sagaram et al., 2009). Our results show that 799F is capable of
reducing chloroplast sequence contamination in our insect samples, but three of our modified
versions of 799F appear to be more effective. The differences between 799F and 799F-mod3, -
mod6, and -mod7 are the positions of the 3° mismatch between bacterial and chloroplast 16S, in
addition to mismatches at the 5’ end. Shifting the position of these mismatches 1 or 2 base pairs
in the primer may reduce the likelihood of chloroplast sequence amplification greater than in
T99F.

Bias is a well-documented problem with all primers used in 16S PCR (Wang and Qian,
2009). 799F-mod3, -mod6, and —mod7 all maintain the ability to detect many of the bacterial
phyla, but potentially bias against Chloroflexi and Verrucomicrobia (Supplemental Table A1.1).
These phyla tend to be in minimal abundances in many animal microbial communities (Colman
et al., 2012; Jones et al., 2013; Lozupone et al., 2012). In our study, we were able to detect these
phyla, but at very low abundance, and they have been detected in subsequent analyses using
these primers (N Davis, E Houck, K Dill-McFarland, personal communications). Cyanobacteria
have a shared evolutionary history with Chloroplast that makes it challenging to have confidence
in separating these two DNA sources in culture independent analyses in known plastid-abundant

samples. While a biasing of community membership may occur with our primers, this is a long-
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standing issue that exists for all 16S primers and the reduction of chloroplast sequences in

samples similar to ours greatly outweighs this shortcoming.

To our knowledge, this is the first study using these primers in insect samples. Similar to
799F use with plant samples, we found our samples produced multiple banding patterns
(Bulgarelli et al., 2012; Chelius and Triplett, 2001). Unlike previous studies, banding patterns
differed from plant samples in that A. constructor had 3-4 bands while L. dispar had 7-9 bands.
Changes in annealing temperature and other aspects of the PCR protocol did not reduce these
patterns. Thus, utilizing gel extraction between the two-step PCR was necessary and effective in
targeting our band of interest. As universal bacterial primers are capable of amplifying non-
bacterial sequences, it is not surprising that these complex samples resulted in multiple bands
from PCR. These other bands may represent plant mitochondrial 18S, which also has homology
to 799F and 1392R, but produces a band roughly 1.5 times as long as that for 16S. It is unlikely
this primer amplifies arthropod 18S or plant nuclear 18S, but there may be other non-target
sequences amplified by these primers. Indeed, the 1364 eukaryotic reads present in one sample
were likely a result from including an additional band during gel extraction by mistake. The two-
step PCR separated by a gel extraction also circumvents the concern of primer length causing
non-specific amplification and biases (Berry et al., 2011). In our results, the primer pairs
including the 454 adapters and MIDs were less efficacious as opposed to a two-step PCR
method. The two-step PCR method produced results with fewer unwanted sequences, as well as
increased consistency.

Throughout our experiments, we tested a number of polymerases with different
exonuclease activities, many of which are used extensively in the literature (data not shown).

With few exceptions, many were unable to produce amplicons from our samples. Our samples
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contain a myriad of sources of DNA, including at a minimum bacterial, insect, and plant

DNA. Therefore, we think that the complexity of our samples may have reduced the
effectiveness of amplification. In order to minimize primer degradation by polymerase
exonuclease activities, we incorporated 3’ phosphorothioate modifications into four versions of
our primers to attempt to preserve the mismatches to chloroplast 16S on the 3’ end of the
primers. We found that the phosphorothioate primers performed inconsistently between samples.
These modifications worked as well as the unmodified versions in the L. dispar sample, but
failed to amplify in the A. constructor sample. Therefore, this primer modification should be
used on a case-by-case basis.

Recently, 16S amplicon sequencing on high-throughput platforms has had increased use
across a number of environmental samples, including insects and plants. Investigating bacterial
communities in these systems with standard protocols can present challenges that previous
studies have not yet encountered. The methods outlined in this study provide a much-needed
methodological framework for addressing issues pertaining to unwanted sequence
contamination. Our methods enable comparison of microbial communities in systems that were
previously intractable to bacterial community analyses that can be modified to other PCR-based
platforms. Many systems, including herbivorous hosts, can be chloroplast-laden and our methods
establish a way of contending with this issue.
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Table A1.2 Sequence and coverage rate of forward primers.

Primer Length % RDP predicted coverage”

Primer Name Primer Sequence (5 = 37) (bp) M=0 M=1 M=2
799F AACMGGATTAGATACCCKG 19 81.8 88.1 959
799F-mod1 AACMGGATTAGATACCCKGG 20 81.6 88.1 95.8
799F-mod2 AACMGGATTAGATACCCKGGT 21 814 88.0 95.7
799F-mod3 CMGGATTAGATACCCKGG 18 82.1 88.2 959
799F-mod4 GGATTAGATACCCKGG 16 824 95.5 99.3
799F-mod5 ATTAGATACCCKGG 14 82.7 95.7 99.5
799F-mod6 CMGGATTAGATACCCKGGT 19 81.9 88.1 959
799F-mod7 GGATTAGATACCCKGGT 17 82.2 954 99.3
799F-mod8 ATTAGATACCCKGGT 15 82.5 95.6 994
799F-mod9 TAGATACCCKGGT 13 85.8 958 99.6
799F-thio AACMGGATTAGATACCCKG 19 81.8 88.1 959
799F-mod2thio AACMGGATTAGATACCCKGGT 21 814 88.0 95.7
799F-mod4thio GGATTAGATACCCKGG 16 824 95.5 99.3
799F-mod7thio GGATTAGATACCCKGGT 17 82.2 954 99.3

Underlined bases are bonded with phosphorothioate bonds. The number of mismatches (M),
zero, one, or two, allowed between the primer and target region in a RDP search.



Table A1.3 Total number of sequence reads and percent aligning to chloroplasts with the
various forward primers.

50:50 Mock mixture A. constructor L. dispar

Primer combination #reads %chloroplast #reads %chloroplast #reads %chloroplast
27F/519R 661 554 1839 67 374 394
799F/1392R 7966 1.66 10759 0.37 2208 0.36
799F-tags/1392R 9764 247 3176 1.95 1675 6.87
799F-mod2/1392R 4390 1.09 8586 0.02 2798 0.11
799F-mod3/1392R 8657 0.88 8772 0 2307 0
799F-mod6/1392R 6717 0.76 8548 0 2115 0
799F-mod7/1392R 6370 0.63 6638 0 1795 0
799F-thio/1392R 10133 2.34 N/A N/A 254 0
799F-mod7thio/1392R 5196 2.1 N/A N/A 865 0
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Figure A1.2 MDS plot illustrating the differences between the bacterial communities in two
arthropod samples sequenced with 8 primer pairs. Pairwise community distances determined
using the unweighted Unifrac algorithm (A) and the weighted Unifrac algorithm (B). These two
panels show that while there may be more bacterial taxa detected with different primers (A),
when abundance is taken into account, the communities in each respective insect are nearly
indistinguishable (B).



126
Supplemental Text A1.1 Chloroplast 16S consensus sequence

TCTCATGGAGAGTTCGATCCTGGCTCAGGATGAACGCTGGCGGCATGCTTAACACAT
GCAAGTCGGACGGGAAGTGGTGTTTCCAGTGGCGGACGGGTGAGTAACGCGTAAGA
ACCTGCCCTTGGGAGGGGAACAACAGCTGGAAACGGCWGCTAATACCCCGTAGGCT
GAGGAGCAAAAGGAGGAATCCGCCYGAGGAGGGGCTCGCGTCTGATTAGCTAGTTG
GTGAGGCAATAGCTTACCAAGGCGATGATCAGTAGCTGGTCCGAGAGGATGATCAG
CCACACTGGGACTGAGACACGGCCCAGACTCMTACGGGAGGCAGCAGTGGGGAAT
TTTNCCGCAATGGGCGAAAGCCTGACGGAGCAATGCCGCGTGGAGGTAGAAGGCCY
ACGGGTCRTGAACTTCTTTTCCCGGAGAAGAARCAATGACGGTATCYGGGGAATAA
GCATCGGCTAACTCTGTGCCAGCAGCCGCGGTAATACAGAGGATGCAAGCGTTATC
CGGAATGATTGGGCGTAAAGCGTCTGTAGGTGGCTTTTTAAGTCCGCCGTCAAATCC
CAGGGCTCAACCCYGGACAGGCGGTGGAAACTACCAAGCTGGAGTACGGTAGGGG
CAGAGGGAATTTCCGGTGGAGCGGTGAAATGCGTAGAGATCGGAAAGAACACCAA
CGGCGAAAGCACTCTGCTGGGCCGACACTGACACTGAGAGACGAAAGCTAGGGGA
GCRAATGGGATTAGATACCCCAGTAGTCCTAGCCGTAAACGATGGATACTAGGCGC
TGTGCGTATCGACCCGTGCAGTGCTGTAGCTAACGCGTTAARTATCCCGCCTGGGGA
GTACGTTCGCAAGAATGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGG
AGCATGTGGTTTAATTCGATGCAAAGCGAAGAACCTTACCAGGGCTTGACATGCCG
CGAATCCTCTTGAAAGAGAGGGGTGCCTTCGGGAACGCGGACACAGGTGGTGCATG
GCTGTCGTCAGCTCGTGCCGTAAGGTGTTGGGTTAAGTCCCGCAACGAGCGCAACCC
TCGTGTTTAGTTGCCACCGTTGAGTTTGGAACCCTGARCAGACTGCCGGTGATAAGC
CGGAGGAAGGTGAGGATGACGTCAAGTCATCATGCCCCTTATGCCCTGGGCGACAC
ACGTGCTACAATGGMCGGGACAAAGGGTCGCGATCCCGCGAGGGTGAGCTAACYC
CAAAAACCCGTCCTCAGTTCGGATTGYAGGCTGCAACTCGCCTRCATGAAGCCGGA
ATCGCTAGTAATCGCCGGTCAGCCATACGGCGGTGAATTCGTTCCCGGGCCTTGTAC
ACACCGCCCGTCACACTATGGGAGCTGGCCATGCCCGAAGTCGTTACCTTAACCGCA
AGGRGGGGGATGCCGAAGGCMGGGCTAGTGACTGGAGTGAAGTCGTAACAAGGTA
GCCGTACTGGAAGGTGCGGCTGGATCACCTCCTTT



Supplemental Table A1.2 Relative abundances of all bacterial phyla sequenced with the
tested forward primers.
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Appendix 2. The epiphytic microbiota of the globally widespread macroalga
Cladophora glomerata (Chlorophyta, Cladophorales)

Previously published: Zulkifly SB, Hanshew A, Young EB, Lee P, Graham ME, Graham ME,

Piotrowski M, and Graham LE (2012). The epiphytic microbiota of the globally widespread
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macroalga Cladophora glomerata (Chlorophyta, Cladophorales). American Journal of Botany

99: 1541-1552. doi:10.3732/ajb.1200161

ASH contributed in the following ways: Assisted in design and setup of 454 pyrosequencing and

data analysis. Contributed to writing the manuscript.

A2.1 Abstract

*  Premise of the study: The filamentous chlorophyte Cladophora Kiitz. produces abundant

nearshore populations in marine and freshwaters worldwide, often dominating periphyton

communities and producing nuisance growths under eutrophic conditions. High surface

area and environmental persistence foster such high functional and taxonomic diversity

of epiphytic microfauna and microalgae that Cladophora has been labeled an ecological

engineer. We tested the hypotheses that: 1) Cladophora supports a structurally and

functionally diverse epiphytic prokaryotic microbiota that influences materials cycling

and 2) mutualistic host-microbial interactions occur. Because previous molecular

sequencing-based analyses of the microbiota of C. glomerata found as western Lake

Michigan beach drift had identified pathogenic associates such as Escherichia coli, we

also asked if actively growing lentic C. glomerata harbors known pathogens.

*  Methods: We used 16S rRNA gene amplicon pyrosequencing to examine the microbiota

of C. glomerata of Lake Mendota, Dane, Co., WI during the growing season of 2011, at

the genus- or species-level to infer functional phenotypes. We used correlative scanning

electron and fluorescence microscopy to describe major prokaryotic morphotypes.
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* Key results: We found microscopic evidence for diverse bacterial morphotypes, and

molecular evidence for about 100 distinct sequence types classifiable to genus at the 80%
confidence level or species at the 96-97% level within 9 bacterial phyla, but not E. coli or
related human pathogens.
* Conclusions: We inferred that lentic C. glomerata bacterial epiphytes display diverse
materials cycling functions, including traits that indicate the occurrence of mutualistic
interactions with the algal host.
A2.2 Introduction

The green algal genus Cladophora Kiitzing (1843) (Ulvophyceae) produces conspicuous
and persistent growths on hard substrata along shorelines of pristine to nutrient-rich marine,
estuarine, brackish, and lentic and lotic freshwaters of temperate and tropical, high and low-
altitude biomes worldwide (reviewed by Whitton, 1970; Dodds and Gudder, 1992; Higgins et al.,
2008; Graham et al.,, 2009; Zulkifly, 2012). While many of the factors contributing to
Cladophora’s abundance and persistence are understood and summarized next, associated
communities of bacteria—the microbiota—and their functional effects are not well known.

Attributes contributing to Cladophora’s success include rapid growth rate. Auer and
Canale (1982) showed that at optimum irradiance and temperature, Lake Huron C. glomerata
achieved a net growth rate of 0.6 day” when P was not limiting, i.e. could increase its mass by
about 60% per day. Cladophora can use dissolved carbon dioxide or bicarbonate as an inorganic
carbon source (Choo et al., 2002), and is able to rapidly acclimate to changes in irradiance
(Ensminger et al., 2000a,b; Bautista and Necchi-Junior 2008). Laboratory experiments indicate
that optimum irradiances for freshwater C. glomerata are 300-600 pmol photons m™ sec™ for

freshwater C. glomerata (Graham et al., 1982), consistent with field observations that this alga
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commonly occupies littoral areas ranging from 0 to 10 or more meters depth, depending on

water clarity. In the Laurentian Great Lakes, invasive planktivorous dreissenid mussels enhance
the growth of Cladophora-dominated periphyton by clarifying the water column, thereby
increasing benthic irradiance (reviewed by Auer et al., 2010).

Resistance to herbivory also contributes to ecological abundance and persistence (Canale
and Auer, 1982), possibly due to complex branching that deters herbivores, and/or chemical
constituents that render C. glomerata distasteful (Patrick et al., 1983). Environmental abundance
of Cladophora is aided by continuous production of asexual zoospores in filament tips (Graham
et al., 2009), resistance to hydrodynamic drag (Dodds and Gudder, 1992; Bergey et al., 1995),
and high body tensile strength (9-35 MPa) (Johnson et al., 1996), as well as holdfast attachment
features and the cellulosic cell wall, whose highly crystalline structure (reviewed by Mihranyan,
2011) resists microbial attack (Paalme et al., 2002; Birch et al., 1983). Once Cladophora has
been able to colonize a solid substratum, a population may continue in that location for years,
overwintering in the form of robust basal parts that regenerate multicellular bodies when growth
conditions allow and provide a consistent inoculum and substratum for epiphytes.

Global abundance arising from the above-described features, together with distinctive
structure, fosters high functional and taxonomic diversity of associated microfauna (Kraufvelin
and Salovius, 2004). Consequently, Ward and Riccardi (2010) characterized Cladophora as an
autogenic ecological engineer, an organism that creates, modifies, and maintains habitat by
means of its own physical structure (Jones et al., 1994). Cladophora likewise provides habitat for
numerous microalgal species, primarily diatoms; Stevenson and Stoermer (1982), found 245
diatom taxa on Cladophora collected from Lake Huron near Harbor Beach, MI, and Mpawenayo

and Mathooko (2005) found 60 diatom species associated with Cladophora in a highland stream
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(the River Njoro) in Kenya. The role of Cladophora as habitat for microfauna and

microalgae arises from an extraordinarily high surface area; Jansson (1967) estimated that a one-
month-aged, 0.78 g dry weight biomass of C. glomerata occupying 1 dm® of substratum had a
surface area of 50 dm”’.

Such high surface area, together with abundant secretion of metabolizable organic
compounds such as glycolate (Cheney and Hough 1983), offers the potential for Cladophora to
also support a large and diverse bacterial community (Lowe et al., 1982) that may display
materials cycling functions and the capacity to foster host growth. For example, microscopic
evidence indicates that bacteria associated with Lake Michigan C. glomerata express alkaline
phosphatases that may foster the growth of Cladophora (and microalgal epiphytes) in P-limiting
conditions (Young et al. 2010). Further, Cladophora glomerata has been shown to require
vitamin B, (Gerloff and Fitzgerald, 1976, Hoffmann and Graham, 1984; Hoffmann, 1990), and
algae can gain this nutrient from associated bacteria (Croft et al., 2005, 2006). Despite the
essential functional roles bacteria likely play in materials cycling in periphytic communities and
in fostering algal growth, a detailed analysis of the microbiota associated with actively growing
C. glomerata has not been reported.

Recent studies of decomposing Cladophora glomerata in beach drift along western Lake
Michigan shorelines have revealed the presence of potentially pathogenic bacteria such as
Escherichia coli, Salmonella, Shigella, and Campylobacter (Byappanahalli, et al. 2003; Whitman
et al., 2003; Ishii et al., 2006; Olapade et al., 2006; Englebert et al., 2008a,b; Badgley et al.,
2011). For this reason it is important to determine if actively growing Cladophora likewise
functions as a reservoir for pathogenic bacteria that would present a human health issue.

We sampled C. glomerata from Lake Mendota, Dane Co., WI to address the following



132
key questions: 1) Can genotypes within the C. glomerata bacterial epiflora be related to key

materials cycling processes such as nitrogen fixation, methane oxidation, or cellulose
degradation? 2) Does evidence exist for mutualistic algal-bacterial interactions? 3) Does actively
growing C. glomerata host E. coli or other enteric mammalian pathogens?

To answer these questions, we conducted a 16S rRNA gene amplicon pyrosequencing
analysis of the prokaryotic genera or species associated with C. glomerata sampled from Lake
Mendota during the growth season of 2011. Such sequence data are widely assumed to reflect the
taxonomic composition of the prokaryotic communities sampled, and generic- and species-level
identification facilitates inference of functional phenotype. We also performed correlative
fluorescence microscopy and scanning electron microscopy to characterize the major bacterial
morphotypes associated with Cladophora.

A2.3 Materials and Methods
A2.3.1 Study site

Lake Mendota, Dane Co., WI was chosen as a study site because this hardwater
hypereutrophic lake supports robust populations of Cladophora, has been the subject of many
classic studies (summarized by Brock, 1985), and is part of the North Temperate Lakes Long
Term Ecological Research site. Cladophora-dominated periphyton occurs throughout the mostly
rocky 35.2 km long shoreline. Lake Mendota shoreline is mostly rocky because the lake occupies
a glacial basin that is a product of the final glaciation event in southern Wisconsin; thus, most of
the shoreline displays Quaternary glacial deposits (Brock, 1985). To the south Lake Mendota is
connected to a chain of lakes by the Yahara River, which discharges to the Rock River, a
tributary of the Mississippi River. Lake water level is controlled by the county to reduce the risk

of flooding, so Lake Mendota Cladophora is not subject to large fluctuations in water level
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during the growth season.

The specific study site, 43°4.5°N, 89°35.5’W, locally known as Picnic Point, was chosen
because periphyton growths were readily accessible, yet were relatively isolated from
disturbances resulting from activities at boat docks or swimming areas that occur elsewhere
along the shore. The Picnic Point site was unshaded by overhanging vegetation, which can
decrease the abundance of Cladophora-dominated periphyton (Whitton, 1970).

A2.3.2 Periphyton sampling, collecting, and cleaning

Triplicate samples of Cladophora-dominated periphyton were collected from emergent
and submerged rocks located within 10 feet of shore and 0-0.5 m depth during the months of
June, July, August, and September of 2011. Samples were put into Nasco Whirl-Packs (Fort
Atkinson, Wisconsin) filled with lake water.

Immediately after sampling, periphyton samples were transported to the lab, transferred
to sterile plastic dishes, and washed with sterile SD11 medium to remove loosely associated
materials such as silt, zooplankton, bacterioplankton, and phytoplankton. SD11 medium is a
modification (Arancibia-Avila et al., 2000) of D11, a medium optimized for growth of
Cladophora (Gerloff and Fitzgerald, 1976) that maintains the osmotic strength of natural Lake
Mendota water. Portions of the Cladophora body nearest holdfasts were selected for microbial
community analysis because these are the oldest regions and thus had accumulated denser
microbial communities. Personnel handling C. glomerata collections consistently wore latex
gloves as a protection from potential pathogens and to prevent contamination of the samples with

bacterial DNA from human skin.
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A2.3.3 DNA extraction, amplification, and preparation for pyrosequencing

DNA extraction was accomplished using the MoBio Ultra Clean Soil DNA Isolation Kit
(MOBIO Laboratories, Carlsbad, CA), modified by adding 100 pl of lysozyme (10mg/ml) in the
initial step. Lysozyme attacks the peptidoglycan walls of bacteria, so this modification allowed
us to avoid grinding to break bacterial cell walls, a process that would also have increased
breakage of host and attached microalgal cell walls. We avoided damaging host and microalgal
walls to prevent swamping bacterial community DNA with eukaryotic DNA. 16S rRNA gene
amplicons were used to assess prokaryotic community composition because the 16S marker has
become a standard. This sequence region is present in all cellular organisms, has a low rate of
horizontal gene transfer and recombination, has sufficient genetic variation to distinguish among
closely related species, and is represented by many reference sequences in public databases
(Clarridge, 2004).

We utilized Roche 454 GS Junior technology to perform amplicon sequencing by
synthesis: polymerase-catalyzed extension of a primed template that adds single nucleotides in
each cycle, thereby releasing inorganic phosphate used in formation of ATP, which powers light
emission by luciferin (Metzker, 2010). Extracted DNA was PCR amplified using universal
bacterial 27F (5’-AGA GTT TGA TCC TGG CTC AG-3’) and 909 R(5’-CCC CGY CAA TTC
MTT TRA GT-3’) primers to amplify 16S rRNA gene regions V1-3 (Baker, 2003; Wang and
Qian, 2009), according to
my.jgi.doe.gov/general/protocols/SOP_16S18S rRNA PCR Library Creation.pdf. Primers
were designed to avoid amplifying host 18S rRNA genes and to generate sequences 200-600
base pairs in length, to determine generic or species level bacterial identifications for high-

resolution inference of bacterial functional properties.
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For each environmental sample PCR was performed using Phusion high-fidelity DNA

polymerase (Finnzymes, Espoo, Finland), with 100ng/uL of DNA template, and 1puL of forward
and 1pL of reverse primer. The thermal cycling program was based on a modified version of the
recommended JGI protocol (940 C for 2 minutes; 30 cycles of 94" C for 30 seconds, 50 C for 45
seconds, 68 C for 90 seconds, and a final extention of 68 C for 10 minutes). Forward primers
were fused with Roche 454-Titanium adapter A and five base barcodes (Multiplex Identifiers)
and reverse primers were fused with only the Roche 454-Titanium adapter B. (Barcodes were
used to differentiate the 3 replicates for each of 4 sampling dates for epiphytic bacterial
community dynamics analyses at family and higher taxonomic levels that are not described in
this article, which instead focuses on genera and species present at any time during the growth
period.) Amplicon samples were then subjected to three rounds of purification using Agencourt
AMPure XP beads and Agencourt SPRI magnetic plate (Beckman Coulter, Massachusetts).
Individual samples were diluted to 1 X 10’ molecules/pl, titrated to contain 0.25, 0.5, 1 and 1.5
copies of DNA per bead, pooled and sequenced using GS FLX Titanium Sequencing Kit XLR79
on a Roche 454 GS Junior located in the Rennebohm instructional laboratory in the Department
of Bacteriology, UW-Madison.
A2.3.4 Sequence data processing and archiving

The entire set of fasta files for all reads contained 34,570 sequences. This set of
sequences represents a pool of replicate samples taken monthly at four times during the growth
season. According to Roche Technical Bulletin No. T2011-001TTT, the number of sequences we
obtained was likely somewhat lower than if we had utilized primers giving shorter amplicon
lengths, but we elected to pursue longer reads in view of evidence that pyrosequencing read

length matters in assessing microbial communities (Wommack et al. 2008).
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The use of pyrosequencing in 16S rRNA gene analyses of bacterial communities has

the potential to introduce biases (misrepresentation of abundances of microbial populations) and
errors (mistakes in actual sequence), and chimeric sequences can form when incomplete PCR
products function as primers and amplify related sequences, all of which can affect perceived
biodiversity (Schloss et al., 2011). Therefore, the entire set of fasta files were first quality-
filtered. The set of sequences having Qual scores above 25 with correct assigned barcodes was
19,215.

The RDP (Ribosomal Database Project) SeqMatch command line utility program and
RNA Classifier version 2.3 (Wang et al., 2007) were used to classify a subset of quality-filtered
11,670 sequences that were 200-600 bp length using a non-redundant curated reference dataset
of 16S rRNA bacterial sequences. A custom perl script was used to parse the dataset of sequence
classifications generated by RDP SeqMatch for unique genera having confidence values > 80%.
In this process, a random subset of “words” (short sequence regions) for each sequence is used in
a probability calculation repeated in 100 bootstrap trials. The number of times a genus is most
likely generates a confidence estimate for that assignment. Sequences classifiable to genus at the
80% level of confidence would not be expected to include chimeras that impact classification.
All hits to Enterobacteriaceae (the family into which E. coli and other coliform pathogens are
classified) and several other sequences of interest were linked to species by using BLASTN
against the NCBI 16S Bacteria and Archaea database. To infer structural and functional
phenotypes, we employed one or more recent literature article per genus or species to focus on
phenotypic characters consistent within that taxon.

In accordance with database policy, following publication of this article, raw and

processed sequences and other information related to the pyrosequencing run will become
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publically accessible from the NSF-supported Long Term Ecological Research North

Temperate Lakes Microbial Observatory (LTER NTL MO) database, which contains additional
Lake Mendota microbial sequencing data.
A2.3.5 Bacterial morphotype characterization

For morphological characterization samples of C. glomerata collected on July 8, 2011
were fixed with a 0.5% solution of glutaraldehyde (EM grade, Polysciences Inc., Warrington,
PA) just prior to treatment with a 50 pg/ml solution of the DNA-specific fluorochrome DAPI
(4',6-diamidino-2-phenylindole). At this point in the growing season, an extensive community of
microalgal epiphytes had not yet developed on C. glomerata, which allowed us to more easily
image bacterial elements of the epiphyton. A Zeiss Axioplan fluorescence microscope equipped
for UV excitation (G365 FT395 LP420) and digital image capture (Nikon DM300, Camera
Control Pro software) was used to image bacterial morphotypes. No image modifications were
made except for the addition of labels. We also used DAPI staining to check that our washing
technique (described above) had effectively removed loosely attached material while leaving
intact bacterial epiphytes for molecular analyses. Whitton (2002) was used as a taxonomic
reference to determine the cyanobacterial species Chamaesiphon incrustans based on
characteristics visible with light microscopy.

Samples of Cladophora glomerata collected on the same day were fixed in 2%
glutaraldehyde (EM grade, Polysciences Inc., Warrington, PA) in 0.05 M phosphate buffer,
dehydrated in an ethanol series, then transported to the University of Wisconsin-Milwaukee
Electron Microscopy Laboratory, where samples were critical-point dried, then metal-coated for
scanning electron microscopy, using a Hitachi S-4800 Ultra High Resolution Cold Cathode Field

Emission Scanning Electron Microscope (FE-SEM) operated at 5 kV.
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A2.4 Results

Our analysis of bacterial epiphytes on Cladophora glomerata revealed the occurrence of
diverse genotypes and several distinctive morphotypes. We employed 11,670 quality-filtered
sequences of 200-600 bp length to infer bacterial genus- or species-level identifications for 99
unique bacterial genera (at the 0.80 confidence level) or species (at the 0.96 or 0.97 confidence
level). We then used the results of an extensive literature search to infer specific phenotypes for
each taxon (Table A2.1), thereby providing a substantial base of community function
information.

A2.4.1 Prokaryotic genotypes

The majority of the 99 unique bacterial genera or species whose presence on surfaces of
C. glomerata we inferred from sequence data were classified into Class Betaproteobacteria (21),
Class Alphaproteobacteria (17), Class Gammaproteobacteria (12), or Class Deltaproteobacteria
(9) in Phylum Proteobacteria; or Class Sphingobacteria (16), Class Flavobacteria (7), or Class
Bacteroidia (1) in Phylum Bacteriodetes; Phylum Planctomycetes (4), or Phylum
Verrucomicrobiae (4, including 1 member of class Opitutae). Other prokaryotic genera that could
be identified by sequence database comparisons fell into Phylum Deinococcus-Thermus (3),
Phylum Lentisphaerae (1), Phylum Fusobacteria (1) or Phylum Nitrospirae (1) (Figure 1). Six
unique sequences were classified as Phylum Cyanobacteria and into Groups I, IIa, IV, VI, XI,
and XIII, but could not be further classified into genera or species using the RNA Classifier,
possibly due to limited database information for these taxa. Eukaryotic chloroplast sequences
linked to Chlorophyta (green algae) and Bacillariophyta (diatoms) were also detected. In
addition, at least one proteobacterial sequence that could not be identified to genus occurred in

>100 reads, and may be new to science if the presence of artifact can be discounted.
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We found no sequence evidence for the occurrence of Phylum Proteobacteria, Class

Epsilonproteobacteria, into which the pathogenic genus Campylobacter is classified, and only a
few reads were classifiable to Enterobacteriaceae (of Class Gammaproteobacteria). We found no
sequence evidence for the presence of Escherichia or Salmonella (Enterobacteriaceae), though 4
reads of a sequence that was 97% identical to a NCBI 16S reference sequence for the putative
pathogen Plesiomonas shigelloides were observed.
A2.4.2 Bacterial morphotypes

In a snapshot sample collected at the beginning of our study on July 8, 2011, and imaged
with epifluorescence microscopy and SEM we distinguished several prokaryotic morphotypes
among the microbial epiphytes consistently present on randomly surveyed areas of the surface of
the host Cladophora glomerata. First, DAPI staining showed relatively common occurrence of
the exospore-producing cyanobacterium Chamaesiphon incrustans appearing as pink clubs
(color caused by combination of red chlorophyll autofluorescence with the blue-white DAPI-
DNA complex) (Fig. A2.2A). In SEM view, C. incrustans was distinctively greater in width
(about 4 pm) than co-occurring bacterial cells (Figure A2.2B). Segmented, unbranched bacterial
filaments of intermediate width were likely cyanobacteria of uncertain identity (see Fig. A2.2B).

A second common prokaryotic morphotype was long, narrow filaments that stood erect
from the host surface or were flattened against it (Fig. A2.3A). These long filaments did not
appear to be segmented in either fluorescence or SEM (Fig. A2.3B) views, were < 1 pum in
diameter, and did not exhibit chlorophyll autofluorescence, indicating that they were not
cyanobacteria. Short rods that did not display chlorophyll autofluorescence occurred commonly
on the surface of Cladophora (see Figs. A2.2A and A2.3A).

Bushy colonies of tiny cocci or very short rods were consistently present (Fig. A2.3A). In
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SEM view, the lobed nature of these bushy colonies was distinctive and the diameter of the

cells could be seen to be much < 1 um (Fig. A2.3B). Somewhat less common was a distinctive
morphotype consisting of fairly long cylindrical axes with short branchlike appendages (Figs.
A2.4A,B).

A2.5 Discussion

This is the first detailed molecular sequence survey of the prokaryotic epiphytes
occupying the surface of actively growing samples of the periphytic green alga Cladophora
glomerata in samples taken over a growth season, together with correlative fluorescence and
scanning electron microscopic observations made near the beginning of that season. Our
inference from molecular sequence data that at least 99 bacterial genera (at the 80% confidence
level) or species (at the 96-97% level) were present at some time during the sampling period was
consistent with our SEM and fluorescence microscopic results indicating the occurrence of
diverse microbial morphotypes. More than half of the genera inferred from sequence information
were previously known to occur in aquatic habitats (see Table A2.1 and Supplementary Table
A2.1), an observation consistent with the study habitat, a hypereutrophic lake.

Our compilation of the extent of genetic, functional, and structural diversity of the
microbial community (in Table A2.1, Supplementary Table A2.1) enables us to address specific
questions regarding host-epiphyte relationships: 1) Can genotypes within the C. glomerata
bacterial epiflora be related to key functional processes such as nitrogen fixation, methane
oxidation, or cellulose degradation? 2) Does evidence exist for mutualistic algal-bacterial
interactions? 3) Does actively growing C. glomerata host E. coli or other enteric mammalian
pathogens? In addition the data allow us to compare the C. glomerata microbiota with bacterial

communities observed on other green algae and to putatively link prokaryotic morphotypes
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observed with microscopy with particular genotypes.

A2.5.1 Sequence data indicate that the Cladophora glomerata prokaryotic epiflora displays
diverse ecological function

Complexly structured Cladophora-dominated periphyton communities—which often
include several other filamentous algal genera, hundreds of microalgal species, diverse
microfauna, and a large number of prokaryotic taxa—are microscopic forests providing many
ecological niches. It is therefore not surprising that pyrosequencing indicated diverse prokaryotic
ecological functions. Our detailed functional analysis of C. glomerata bacterial epiflora, based
on recent literature bearing on the phenotypic traits of genera or species (see Supplementary
Table A2.1), provides information important in understanding the ecology of periphyton
communities. The results also aid the application of Cladophora communities to wastewater
remediation and the potential for industrial production of renewable biofuel feedstocks (Hoover
etal., 2011).

Inferred autotrophic functions included anoxygenic photoautotrophy—indicated by the
presence of sequences related to Rhodoferax, Erythromicrobium, Sandarakinorhabdus, and
Blastomonas—and chemolithoautotrophy, indicated by the presence of sequence related to
Thiobacter. Diverse capacities for mineral redox reactions were inferred from sequences related
to specific taxa: nitrogen fixation (Dechloromonas, Blastobacter, Devosia), Fe(Ill) reduction
(Ferribacterium, Geobacter), U(IV) reduction (Geobacter), sulfate reduction (Desulfobulbus),
Fe(Il) oxidation (Leptothrix), nitrite oxidation (Nitrospira), and H-oxidation (Hydrogenophaga).
Presence of the sulfur-cycle chemolithoheterotroph Limnobacter was also inferred. Sequence
data also suggested the presence of taxa having diverse chemoheterotrophic capacities including

degradation of methane (Methylotenera, Methylibium, Methylobacter) and cellulose (Sorangium,
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Byssovorax, Opitutus, Cellvibrio, as well as alkanes (Alkanindiges) and other organic

pollutants (4Anaeromyxobacter, Dechloromonas, Sphingomonas, Ideonella). Bdellovibrio, a
genus that consumes other bacteria, could be inferred from sequence analysis (see Table A2.1).
Nitrogen-fixation, methanotrophy, and cellulose degradation are addressed next in more detail.
A2.5.2 The inferred C. glomerata microbiota includes nitrogen fixers, methanotrophs, and
chitin and cellulose degraders

Nitrogen fixers. Evidence for the occurrence of heterotrophic nitrogen-fixing bacteria
associated with Cladophora comes from sequences inferred to represent Dechloromonas,
Blastobacter, and Devosia. Diazotrophic capacity of Dechloromonas is putative and based on the
presence in the D. aromatica genome of genes known to be associated with N-fixation in other
bacterial species (Salinero et al., 2009). Blastobacter denitrificans, closely related to
Bradyrhizobium, is a confirmed diazotroph that occurs in root nodules of the flood tolerant
legume Aeschynomene indica (van Berkum and Eardly, 2002). We were not able to link
Blastobacter-like sequences (which were >500 bp in length) to database species sequences,
though Cladophora-associated Devosia sequences were 96% similar to D. insulae. Devosia
neptuniae (closely related to Rhizobium) is a diazotrophic symbiont in root nodules of the aquatic
legume Neptunia natans (Rivas et al., 2002), but the nitrogen-fixing capacity of D. insulae is
uncertain. Hypereutrophic Lake Mendota often displays large populations of nitrogen-fixing
planktonic cyanobacteria, so that Cladophora-dominated periphyton is likely not often N-
limited.

Though we obtained sequence evidence for presence of six types of cyanobacteria, many
of which have nitrogen fixation capability, we did not find microscopic evidence for the common

presence of heterocyte- (heterocyst)-bearing cyanobacteria on C. glomerata. In a related study
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focused on microalgae present in Lake Mendota Cladophora-dominated periphyton

(Zulkifly, 2012), we did not find diatom taxa (Epithemia or Rhopalodia species) known to harbor
N-fixing cyanobacterial endobionts. This is consistent with observations that Epithemia species
bearing N-fixing endobionts are more abundantly associated with Cladophora in N-limited
habitats (Bergey et al., 1995).

Methanotrophs. Lakes are “hot spots” of methane production generated by a benthic
community of methanogens, and waterbodies such as Lake Mendota that are >1 km” in area are
particularly important in global methane cycling (Bastviken et al., 2004, 2011). We observed the
occurrence of several Cladophora-associated sequences that are related to known methanotrophs
(Methylotenera, Methylibium, and Methylobacter), which use oxygen to metabolize methane. We
speculate that if methanotrophic (and respiratory) consumption of oxygen produced by the algal
host occurs at a high enough level, photorespiration and consequent host glycolate excretion
might decrease. Reduction in glycolate excretion could foster algal growth by preventing loss of
photosynthate. By harboring methanotrophs and producing copious amounts of the O, they need
to combust methane, globally abundant Cladophora might function like Sphagnum moss and
other aquatic plants having methanotrophic symbionts that reduce the amount of methane
emitted from aquatic systems that would otherwise enter Earth’s atmosphere. Such function is
regarded as an important ecological service because, on a per molecule basis, over the past 100
years atmospheric methane has had 21 times the climate warming impact of CO,
(Intergovernmental Panel on Climate Change, 2012)

Cellulose degraders. Cladophora is known for its cellulose-rich cell walls that have
diverse technological applications (Hoover, et al., 2011; Mihranyan, 2011). Therefore, we

expected to find sequence evidence for cellulose degraders associated with Cladophora-
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dominated periphyton. Cellulose-degrading bacteria and the cellulase enzyme complexes

they produce are not only ecologically significant, but also have potential technological
applications in processing cellulosic feedstocks for the renewable biofuels industry (Voget et al.,
2006). We observed sequences inferred to represent two bacterial genera frequently associated
with cellulose degradation, Byssovorax and Sorangium and several other genera for which
genome sequences (completed for some species) indicate that cellulases may be produced. The
Cellvibrio japonicus genome contains 21 cellulase genes, the Sorangium cellulosum genome 17
and the Opitutus terrae genome 14 (Medie et al., 2012). Genome sequences for certain species in
a few other genera whose presence we inferred from sequence data display fewer cellulase
genes: Leadbetterella byssophila (3) Legionella longbeachae (2), Rhodoferax ferrireducens (2),
Planctomyces brasiliensis (2), Deinococcus geothermalis (2), Rhodopirellula baltica (1),
Truepera radiovictrix (1), and multiple strains of Pseudomonas (1-2) (Medie et al., 2012). We
did not detect some bacterial genera or species known to occur in freshwaters and also degrade
cellulose, such as Clostridium cellulolyticum (Guedon et al., 1999), Bradybacterium (Zhang et
al., 2007), or Fibrobacter (McDonald et al., 2009; Suen et al., 2011). Some other known
cellulose degraders are classified in Phylum Actinobacteria (DeMenzes et al., 2008), which were
not observed among Lake Mendota Cladophora-associated sequences at the 80% confidence
level.
A2.5.3 Sequence evidence suggests the occurrence of mutualistic algal-bacterial nutritional
interactions

Marine bacterial epiphytes have been shown to provide vitamin Bj;, to microalgal
partners (Croft et al., 2005), and it has also been demonstrated that growth and reproductive

capacities of freshwater C. glomerata depend upon exogenous B, (Gerloff and Fitzgerald, 1976;
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Hoffmann and Graham, 1984; Hoffmann 1990). Using a factorial experimental design,

Hoffmann and Graham (1984) found that vitamins B, and Bj,, temperature, irradiance, and
photoperiod were all statistically significant factors in the production of zoospores and dry
weight by a laboratory culture of C. glomerata isolated from freshwater Lake Mendota, WI and
that zoosporogenesis was more sensitive than dry weight production to vitamin limitation and
photoperiod. These authors also noted that reduction in vitamin B levels significantly decreased
zoosporogenesis. Using radiolabeled vitamin Bj;, Hoffmann (1990) demonstrated the
dependence of C. glomerata photosynthesis and growth on this nutrient, inferring that the critical
concentration range was 0.3-0.5 ng per mg dry weight and that luxury storage occurs. This
author suggested that vitamin Bj, likely limits zoosporogenesis by constraining essential
energetic resources that would arise from photosynthesis in vitamin-replete cells. Hoffmann
(1990) states that despite intensive efforts, he was unable to obtain completely axenic cultures of
C. glomerata from Lake Mendota collections for his studies of Bj, requirements, suggesting
some degree of host dependency on one or more bacterial associates. The present study provides
evidence that some of the bacteria present in the Cladophora-dominated periphyton community
may provide the host with B-vitamins.

Cetobacterium (Fusobacteria) is known to produce vitamin B, (Sugita et al., 1994), as
does Plesiomonas (Sugita et al. 1991). Planktonic Flavobacterium (phylum Bacteriodetes)
isolated from eutrophic Lake Jeziorak (Poland) also produced several types of B vitamins
(Donderski, 1991). Our finding of sequences related to Flavobacterium, Cetobacterum, and
Plesiomonas shigelloides associated with L. Mendota Cladophora suggests that such bacteria
may supply By, to Cladophora and its microalgal associates. Under eutrophic conditions in

freshwater and marine systems, Cladophora can form nuisance level blooms bearing coverings
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of silica-rich diatoms so dense that they impact lake silica cycling (Malkin et al., 2009).

Bacterial vitamin production may foster both host and microalgal epiphyte proliferations. It is
known that most harmful phytoplankton bloom species are dependent on an exogenous supply of
vitamins B; and By, (Tang et al., 2010).)

In a mutualistic interaction Cladophora (and its microalgal epiphytes) may supply
epiphytic heterotrophic vitamin producers with organic exudates such as glycolate, which can be
used by heterotrophic bacteria as a substrate (Paver and Kent, 2010). Freshwater Cladophora
fracta, for example, has been observed to excrete as much as 90% of daily fixed carbon,
primarily at the time of greatest growth (not during die-off periods) (Cheney and Hough 1983). It
is possible that Cladophora exudates support not only vitamin producers, but also heterotrophic
nitrogen fixers and bacteria that efficiently harvest phosphate, thereby making additional
nutrients more available to the host and associated microalgae.

Microscopic evidence for abundant bacterial alkaline phosphatase activity in
Cladophora-epiphyte communities from Lake Michigan suggests that bacterial phosphorus
acquisition might aid Cladophora and algal epiphytes within the community, particularly in
chronically P-limiting conditions that occur in some lakes (Young et al. 2010). Our sequence
survey revealed evidence for Gemmatimonas, a polyphosphate-accumulator (Zhang et al., 2003),
suggesting that in P-rich conditions, Cladophora and its microalgal and bacterial epiphytes may
all be important in sequestering phosphate from the water column, a property potentially useful
in wastewater effluent remediation applications.

A2.5.4 Actively-growing Cladophora glomerata does not seem to be a natural host for E. coli
or other enteric mammalian pathogens

Previous sequencing studies had suggested that C. glomerata collected from beach drift
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hosts enteric human pathogens. E. coli and other enteric bacteria were detected in 97% of

Cladophora samples taken from 10 beach sites on Lake Michigan shorelines; when rehydrated
these bacteria rapidly grew after more than 6 months in the sun-dried condition followed by
storage at 4 °C (Whitman et al.,, 2003). Olapade et al. (2006) collected stranded mats of
Cladophora glomerata from three beach areas of Lake Michigan, used the DNA-localizing
fluorochrome dye DAPI to examine bacteria that were detached by sonication then filtered onto
micropore membranes, and generated 16S rRNA clone libraries. Though 40% of the Olapade et
al. (2006) sequences fell into the Cytophaga-Flavobacterium-Bacteroides cluster—previously
found to occur widely in aquatic biofilms, including the surfaces of freshwater green algae
(Fisher et al., 1998)—the Firmicutes Clostridium carboxidivorans, certain Actinobacteria, and
several types of Proteobacteria (including Enterobacteriaceae) were also observed. Because
human populations and agricultural operations strongly influence southern Lake Michigan, and
animal hosts are likely the primary habitat for various enteric bacteria, Ishii et al. (2006)
considered that beach drift Cladophora might be a secondary habitat for pathogenic bacteria, a
conclusion consistent with the presence of E. coli in beach sand in some shoreline areas of Lake
Michigan (Beversdorf, et al. 2007; Zehms et al., 2008).

Our results suggest that mammalian pathogens are probably not a general feature of the
microbiota of actively-growing lentic Cladophora, since we did not find sequence evidence for
the presence of E. coli, Salmonella, or other common enteric genera known to be mammalian
pathogens and sequence evidence for the presence of Enterobacteriaceae was sparse. We did find
sequence evidence for the presence of Plesiomonas shigelloides (Enterobacteriaceae), a gram-
negative bacillus occurring in freshwater and soil that is regarded as a commensal in diverse

animals; P. shigelloides can cause human illness, hence antibiotic sensitivities have been
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determined (Stock and Wiedemann, 2001). Although our sequence data indicated the

presence of Legionella and Pseudomonas, some species of which are human pathogens,
representatives of these genera are known to commonly occur in water samples. These data
indicate that the prospective technological application of Cladophora-dominated periphyton to
improve water quality and at the same time generate renewable biofuel feedstocks (Hoover, et
al., 2011) does not necessarily pose a threat of enteric bacterial infection to workers.
A2.5.5 The microbiota of C. glomerata shares some components with microbiotas of other
green algae, but has distinctive character

In an earlier molecular study of the bacterial epiphytes on periphytic charophycean algae
in low pH humic lakes (Fisher et al., 1998), cloned 16S rRNA gene sequences were reported to
group with the genera Sphingobacterium, Cytophaga, Flexibacter, Methylobacterium,
Brachyomonas, Comamonas, Variovorax, — Hydrogenoluteola,  Acinetobacter  and
Flavobacterium; of these, only Flexibacter and Flavobacterium were also found in the present
study of Lake Mendota C. glomerata. This difference suggests host-specific and/or environment-
specific differences in bacterial floras that should be further investigated by the application of
modern sequencing methods to the periphytic algae of humic lakes.

Sheath and Morison (1982) microscopically surveyed the microalgal epiphytes of Great
Lakes Cladophora, finding that the cyanobacterial species Phormidium diguetti, Leibleinia
epiphytica, and Chamaesiphon incrustans comprised 53-90% of the epiphytic cell density.
Filamentous cyanobacteria (Fischerella sp.) have also been noted microscopically on
Cladophora from nearshore Lake Michigan (Young et al. 2010). We observed large populations
of exospore-producing (budding) Chamaesiphon incrustans on C. glomerata from Lake Mendota

by using microscopic methods and had thought that it might be possible to consider this species a
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positive control for sequencing-based surveys. However, too little sequence was available in

databases to allow molecular detection of the species C. incrustans.

A recent study of the epiphytic bacterial community of the marine green alga Ulva
australis based on 16S rRNA gene libraries indicated: 1) the dominance of Alphaproteobacteria
and  Bacteroidetes, particularly the  Bacteroidetes  families = Rhodobacteriaceae,
Sphingomonadaceae, Flavobacteriaceae and Saprospiraceae; 2) that epiphytic communities could
be distinguished from those of surrounding seawater; and 3) that variability between libraries
was high (Burke et al., 2011). We likewise found dominance by Bacteroidetes and
Alphaproteobacteria. As more 16S rRNA gene based analyses of marine macroalgal bacterial
endophytes and epiphytes are accomplished (e.g. Hollants et al., 2011; Lachnit et al., 2011) it
may become possible to better parse the effects of host and environment on epiphytic community
composition.

Studies of marine ulvophycean algae have revealed that one or more bacterial epiphytes
related to the Cytophaga-Flavobacterium-Bacteroides group secrete chemical compounds that
influence algal development and body structure (Provasoli and Pintner, 1980; Tatewaki et al.,
1983; Nakanishi et al, 1996; Matsuo et al., 2005). Although the precise source taxa remain
uncertain, researchers have explored the morphological effects on ulvaleans of adding bacterial
isolates cultured from ulvalean algae (Marshall et al., 2006) or used molecular methods to
characterize the bacterial communities present on ulvalean algae (Tujula et al., 2010). While we
found evidence within the Cladophora glomerata microbiota for about 20 bacterial genera
known to occur in marine habitats (see Table A2.1), of these only Sphingopyxis, Sphingomonas,
and Pseudomonas overlapped with lists of bacterial genera found in recent analysis of marine

ulvaleans (Marshall et al., 2006; Tujula et al., 2010). The C. glomerata microbiota that we
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investigated also did not include the Flavobacteriaceae Costertonia aggregata, which occurs

in marine biofilms (Kwon et al., 2006). Because the vast majority of cladophoralean algae are
marine, Cladophora is thought to have secondarily invaded freshwaters (Graham, 1982),
possibly bringing along essential bacterial symbionts. Another explanation for the possible
occurrence of marine-adapted bacteria in the periphyton of Lake Mendota is that this lake
receives a certain amount of ion-rich runoff as a consequence of road-salting during the winter.

Future transcriptomic or metagenomic approaches could be used to test hypotheses of
microbiota function inferred in this study. Pyrosequences generated in this study will be used in
future work to compare the Lake Mendota C. glomerata microbiota to that of other aquatic
systems and to bacterioplankton communities of the same aquatic systems.
A2.5.6 Common bacterial morphotypes observed on the surface of Cladophora can
tentatively be linked to particular genotypes

We conjecture that long filaments (see Fig. A2.3A,B) that we observed microscopically
as epiphytes on C. glomerata might represent Leptothrix, which has 1-2 wide pm sheaths that
appear solid in SEM views (Fleming et al., 2011), the similarly sheathed Haliscomenobacter
(Daligault et al., 2011), or Flexibacter. Other candidates for the relatively long rod-shaped
bacterial morphotypes (see Fig. A2.3A,B) that commonly and consistently occurred on the
surface of Cladophora include Malikia granulosa, Anaeromyxobacter, Flavobacterium, and
Runella. We suggest that bushy aggregations of prokaryotic cells (see Fig. A2.4A,B) might be
myxobacterial fruiting bodies of such genera as Byssovorax or Sorangium. We hypothesize that
the branched prokaryotic filaments we observed (see Fig. A2.5A,B) might be members of the
actinobacteria, which are known for production of branched filaments. However, we did not

observe actinobacterial sequences that passed our 80% reliability criterion for generic
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identification. Fluorescence in situ hybridization (FISH) could be used to test these

hypotheses.

In summary, our sequencing and microscopy analyses of the microbiota epiphytic on
surfaces of Lake Mendota C. glomerata display previously unrecognized bacterial genetic and
morphological diversity and imply diverse functional attributes important in materials cycling
and fostering host growth. The inferred C. glomerata microbiota is also noteworthy for presence
of bacteria known for unusual environmental tolerances (Porphyrobacter, Altererythrobacter,
Sphingopyxis, Thiobacter, Deinococcus, Meiothermus, and Truepera). The latter three genera
might seem surprising because they are known for resistance to ionizing radiation, not likely to
be a selective influence in the littoral of Lake Mendota. However, Ragon et al. (2011) found that
biofilm communities growing in sunlight-exposed habitats rich in UV that are periodically
desiccated (such as a lake littoral zone), are able to cope with increased mutation rates and thus
are preadapted to cope with ionizing radiation. This observation helps to explain our observation
of deinococci in Cladophora-dominated periphyton communities of the exposed littoral zone.
Lake Mendota periphyton also seems to include several bacterial genera that display cellular
compartmentation (Verrucomicrobium, Prosthecobacter, Gemmata, Rhodopirellula, and
Pirellulla) (Lee et al., 2009a,b), and thus are of intense evolutionary interest. Cladophora
glomerata is not just a nuisance alga, but also represents a microscopic forest that provides many
ecological niches, fostering a diverse microbiota with important materials-cycling functionalities
such as autotrophy and mineral redox and organic degradation reactions.
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Table. A2.1. Bacterial genera inferred from 16S rRNA gene sequences associated with
Cladophora glomerata in replicate samples taken from Lake Mendota, WI, through the
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growth season of 2011. See Supplementary Table 1 for functionalities and literature references.

Domain Bacteria
Phylum Proteobacteria
Class Alphaproteobacteria

Class Betaproteobacteria

Class Deltaproteobacteria

Genus

Erythromicrobium
Hyphomicrobium
Porphyrobacter

Sandarakinorhabdus

Croceicoccus
Devosia insulae
Blastobacter
Pseudorhodobacter
Altererythrobacter
Sphingopyxis
Roseomonas
Sphingomonas
Novosphingobium
Rhodobacter
Brevundimonas
Blastomonas
Enhydrobacter
Leptothrix
Hydrogenophaga
Inhella
Methylotenera
Pseudorhodoferax
Rhodoferax
Ferribacterium
Chitinbacter
Methylibium
Dechloromonas
Macromonas
Vogesella
Thiobacter
Malikia
Mitsuaria
Curvibacter
Ideonella
Massilia
Undibacterium
Limnobacter
Aquabacterium
Byssovorax



Class Gammaproteobacteria

Phylum Bacteriodetes
Class Sphingobacteria

Class Flavobacteria

Enhygromyxa
Geobacter
Anaeromyxobacter
Kofleria
Sorangium
Bdellovibrio
Nannocystis
Desulfobulbus
Haliea
Pseudomonas
Silanimonas
Lysobacter
Alishewanella
Legionella
Luteimonas
Alkanindiges
Rheinheimera
Plesiomonas
Methylobacter
Cellvibrio

Sediminibacterium
Terrimonas
Aquiflexum
Emticicia
Flavisolibacter
Lactibacter
Leadbetterella
Arcicella
Filimonas
Ferruginibacter
Haliscomenobacter
Niabella
Segetibacter
Runella
Flectobacillus
Flexibacter
Crocinitomix
Flavobacterium
Wautersiella
Formosa
Fluviicola
Mariniflexile
Cloacibacterium
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Class Bacteroidia Porphyromonas
Phylum Planctomycetes

Planctomyces

Gemmata

Rhodopirellula

Pirellula

Zavarzinella
Phylum Verrucomicrobiae

Luteolibacter

Verrucomicrobium

Prosthecobacter

Opitutus
Phylum Deinococcus-Thermus

Meiothermus

Truepera

Deinococcus
Phylum Lentisphaerae

Lentisphaera
Phylum Nitrospirae

Nitrospira

Phylum Fusobacteria
Cetobacterium
Phylum Gemmatimonadetes Gemmatimonas
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Figure A2.1. Phylum (and major class-level) classification of bacterial genera or species
(listed in Table A2.1) that could be identified from quality-filtered pyrosequences 200-600
base pairs in length, amplified from the Lake Mendota Cladophora glomerata epiphyte
community sampled in replicate monthly from June through September, 2011.

Lentisphaerae 1
Nitrospirae 1

Fusobacteria 1
Gemmatlmonadetes 1—
Deinococcus-Thermus 3 —_
Verrucomicrobia 4 —~
Planctomycetes 5 —

Bacteroidetes

Proteobacteria
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Figure A2.2. Chamaesiphon incrustans epiphytic on Cladophora glomerata. A.
Epifluorescence microscopy view after staining with the DNA-specific fluorochrome DAPI, in
UV excitation. Characteristic exospores are present (arrow). Frustules of the flat, oval-shaped
pennate diatom genus Cocconeis (arrowheads). B. SEM showing Chamaesiphon (arrow),
Cocconeis, and a cluster of putative filamentous cyanobacteria (arrowheads).
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Figure A2.3. Elongate filament bacterial morphotype. A. Epiluorescence microscopy view
after staining with the DNA-specific fluorochrome DAPI, in UV excitation. The elongate
bacteria stand erect on the surface of the C. glomerata. B. SEM showing elongate bacteria lying
on the algal surface with numerous smaller bacteria, a Chamaesiphon incrustans cell with
exospore (arrow) and a Cocconeis diatom (arrowhead).

S4800 5.0kV 41.3mm x800 SE(M) 7/15/2011 16:28
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Figure A2.4. A bushy bacterial morphotype consisting of agglomerated tiny cocci. A. Lobed
colony viewed with epifluorescence microscopy. B. Lobed colony viewed with SEM (arrow).
Note that the cocci are smaller in diameter than the many nearby short rods and longer filament
morphotypes.

% Lok :
S4800 5.0kV 41.2mm x1.50k SE(M) 7/15/2011 16:16
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Figure A2.5. “Branched” rod bacterial morphotype (arrows). A. Viewed with DAPI
epifluorescence microscopy. B. Viewed with SEM (circled). Note that the diatom Cocconeis
does not accumulate a coating of bacterial cells, as does the macroalgal host Cladophora.
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Supplemental Table 2.1. Bacterial genera inferred from 16S rRNA gene sequences
associated with Cladophora glomerata in replicate samples taken from Lake Mendota, WI,
through the growth season of 2011, with referenced functionalities.

Domain Bacteria

Phylum Proteobacteria
Class Alphaproteobacteria

Class Betaproteobacteria

Genus

Erythromicrobium
Hyphomicrobium

Porphyrobacter

Sandarakinorhabdus

Croceicoccus
Devosia insulae

Blastobacter

Pseudorhodobacter
Altererythrobacter

Sphingopyxis

Roseomonas
Sphingomonas

Novosphingobium
Rhodobacter

Brevundimonas
Blastomonas
Enhydrobacter
Leptothrix

Hydrogenophaga

Habitat, phenotype

Photosynthetic (Yurkov et al., 1997)
Aquatic, soil, plant leaves, genome
(Vuilleumier et al., 2011)

Marine, hot springs, photosynthetic (Rainey
etal., 2003; Yoon et al., 2004)

Freshwater lakes, photosynthetic (Gich and
Overmann, 2006)

Deep sea sediments (Xu et al., 2009)

Soil; D. neptuniae is a N-fixing symbiont in
root nodules of aquatic legume Neptunia
natans, Nif gene on plasmid (Rivas et al.,
2002; Yoon et al., 2007)

Aquatic; one species is the nitrogen-fixer
symbiotic in nodules of the flood-tolerant
legume Aeschynomene indica, related to
Bradyrhizobium (van Berkum and Eardly,
2002)

Marine (Jung et al., 2012)

Desert sand, marine sediments (Matsumoto
etal., 2011; Xue et al., 2012)

Diverse habitats including cold marine,
proteome (Ting et al., 2010)

Freshwater sediments (Jiang et al, 2006)
Degrades refractory contaminants,
mycoantagonist, secretes gellan
exopolysaccharides (White et al., 1996;
Abrusci et al., 2011)

Pollutant degrader (Gupta et al., 2009)
Swine waste lagoon, photosynthetic, non-
sulfur, some have cellulose synthesis operon
(Do et al., 2003; Medie et al., 2012)

Soil (Yoon et al., 2007)

Freshwater, photosynthetic (Hiraishi et al.,
2000)

Water, eutrophic lake (Kawamura et al.,
2012).

Wetlands, Fe(Il) oxidation, sheath

long and 1-2 um wide (Fleming et al., 2011)
Water, soil, H-oxidation (Kim et al., 2010)



Class Deltaproteobacteria

Inhella

Methylotenera

Pseudorhodoferax

Rhodoferax

Ferribacterium
Chitinbacter

Methylibium
Dechloromonas

Macromonas
Vogesella
Thiobacter

Malikia
Mitsuaria

Curvibacter
Ideonella
Massilia
Undibacterium
Limnobacter

Aquabacterium
Byssovorax

Enhygromyxa
Geobacter

Anaeromyxobacter

Kofleria
Sorangium
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Freshwater (Song et al., 2009; Chen et
al., 2011)
Obligate methanotroph, proteome (Bosch et
al., 2009)
Produces secondary compounds (Bruland et
al., 2009)
Most species are photosynthetic
(Hochkoeppler et al., 1995)
Freshwater lake sediments, Fe(III) reducer
(Cummings et al., 1999)
Stream water, chitin-degrader (Yang, et al.,
2010)
Methanotroph (Stackebrandt et al., 2009)
Soil, aromatic degrader, putative N-fixation,
genome, metabolome (Salinero et al., 2009)
Lakes (Matsuyama, 2004)
Pond (Chou et al., 2009)
Subsurface hot aquifer,
chemolithoautotrophic (sulfur oxidizing)
(Hirayama et al, 2005)
Wastewater, long rod (Springer et al., 2005)
Plant associations, suppresses plant
pathogens, genome (Rong et al., 2012)
Wellwater (Ding and Yokota, 2004)
Chlorate-respiration (Bécklund et al., 2009)
Drinking water, soil (Zul et al., 2008)
Water (Eder et al., 2011)
Freshwater sediment,
chemolithoheterotrophic, thiosulfate oxiders
(Spring et al., 2001)
Water (Lin et al., 2009)
Cellulose-degrading myxobacterium
Reichenbach et al., 2006)
Marine myxobacterium (lizuka, et al., 2003)
Fe(III) oxide reduction, extracellular
reduction of U(IV) to tetravalent uranium
U(IV), electrically-conductive pili (Cologgi
etal., 2011)
Myxobacterium, long rod, aryl-halorespiring
facultative anaerobe, several species possess
cellulose synthesis operon (Sandford et al.,
2002; Medie et al., 2012)
Rods in slime sheet that swarms
Myxobacterium, bushy fruiting bodies, anti-
cancer drug epothilone B, S. cellulosum



Class Gammaproteobacteria

Phylum Bacteroidetes
Class Sphingobacteria

Bdellovibrio

Nannocystis

Desulfobulbus

Haliea
Pseudomonas

Silanimonas
Lysobacter
Alishewanella
Legionella

Luteimonas
Alkanindiges

Rheinheimera
Plesiomonas
Methylobacter

Cellvibrio

Sediminibacterium

Terrimonas
Aquiflexum
Emticicia
Flavisolibacter
Lactibacter
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degrades cellulose and genome encodes
17 cellulases, source of industrial enzymes,
genome (Schneiker et al., 2007; Cao et al.,
2011; Medie et al., 2012)
Predator on other bacteria (Rendulic et al.,
2004; Mahmoud and Koval, 2010; Lambert
etal., 2011)
Myxobacterium, produces secondary
metabolites of potential technological
application (Ohlendorf et al., 2008)
Aquatic sediments, sulfur cycling, genome
for D. proprionicus (Pagani et al., 2011)
Marine (Lucena et al., 2010)
Water, genomes of some species display
cellulose operons or encode cellulases
(Zablotowicz et al., 2001; Medie et al.,
2012)
Slightly thermophilic, alkaliphilic hot spring
(Lee et al., 2005)
Rice and pepper rhizospheres, antimicrobial
(Park et al., 2008; Aslam et al., 2009)
Tidal flat, lake (Roh et al, 2009; Tahrhiz et
al., 2011)
Water, live within ameobae, genome of L.
longbeachae encodes 2 cellulases (Huang et
al., 2011; Medie et al., 2012)
Marine, tidal flat (Park et al., 2011)
Alkane degrader isolated from oil fields,
activated sludge (Bogan et al., 2003; Klein
etal., 2007)
Alkaline lake (Brettar et al., 2006)
Vitamin B, producer (Sugita et al., 1994)
Arctic permafrost, methanotroph, genome
(Svenning et al., 2011)
Soils, genome of C. japonicus encodes 21
cellulases (Mergaert et al., 2003; Medie et
al., 2012)

Freshwater eutrophic reservoir (Qu

and Yuan, 2008)

Soil, freshwater spring (Sheu et al., 2010)
Marine (Brettar et al., 2004a)

Sludge (Saha and Chakrabarti, 2006)

Soil (Yoon and Im, 2007)

Aquatic



Class Flavobacteria

Class Bacteroidia

Phylum Planctomycetes

Phylum Verrucomicrobiae

Leadbetterella

Arcicella

Filimonas
Ferruginibacter

Haliscomenobacter

Niabella
Segetibacter
Runella
Flectobacillus
Flexibacter
Crocinitomix
Flavobacterium
Wautersiella
Formosa
Fluviicola

Mariniflexile

Cloacibacterium
Porphyromonas

Planctomyces

Gemmata
Rhodopirellula

Pirellula
Zavarzinella

Luteolibacter
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Said to degrade starch and gelatine but
not cellulose or chitin, though L. byssophila
genome encodes 3 cellulases (Abt et al.,
2011; Medie et al, 2012)
Streamwater, freshwater lake (Nikitin et al.,
2004; Sheu et al., 2010)
Freshwater (Shiratori et al., 2009)
Freshwater sediments (Lim et al., 2009)
Freshwater, “imprisoned rod” has a long
sheath, genome (Daligault et al., 2012)
Soil (Kim et al., 2007)
Soil (An et al., 2007)
Sludge, wastewater, long rod (Lu et al.,
2007)
Eutrophic pond (Hwang and Cho, 2006)
Aquatic, cells up to 100 um long
Polar, marine, small rods to
filaments >100 um long, produce catalase
(Bowman et al, 2003)
Water, long rod, some fish pathogens,
proteome (Dumpala et al., 2010)
Heterotrophic rod (Kédmpfer et al., 2006)
Marine, agariphilic, from Fucus and
Acrosiphonia, budding (Ivanova et al., 2004;
Nedashkovskaya et al., 2006)
River, genome (O’Sullivan et al., 2005;
Woyke et al., 2011)
Marine, degrades sulfated galactans from
brown algae (Jung et al., 2011)
Freshwater lake sediments (Cao et al., 2010)
Fish and human gut, obligate
anaerobe (van Kessel et al., 2011)
Freshwaters, genome for P. brasiliensis
encodes 2 cellulases (LaButti et al., 2010;
Jogler et al., 2011; Medie et al., 2012)
Compartmented (Lee et al., 2009)
Marine, attached, budding, R. baltica
genome encodes 1 cellulase (Winkelmann et
al., 2010; Medie et al., 2012)
Marine, genome (Glockner et al., 2008)
Acid Sphagnum bog, rosette, budding,
doesn’t consume cellulose (Kulichevskya et
al., 2009)
Marine from red algae, arctic tundra (Yoon
et al., 2008; Jiang et al., 2011)
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Verrucomicrobium  Compartmented, interacts with
eukaryotes (Sait et al., 2011)

Prosthecobacter Compartmented, degrades the Leptothrix
sheath (Jenkins et al., 2002; Pilhofer et al.,
2007)

Opitutus Uses plant-derived polysaccharides to make

proprionate and interact with methanogens,

O. terrae genome encodes 14 cellulases (van

Passell et al., 2011; Medie et al., 2012).
Phylum Deinococcus-Thermus

Meiothermus Hot springs, genome (Tindall et al., 2010;
Zhang et al., 2010)
Truepera Sarcinoid, extreme resistance to ionizing

radiation and high irradiance, genome of 7.
radiovictrix encodes 1 cellulase (Ivanova et
al, 2011; Medie et al., 2012)

Deinococcus Water, sediment, soil, sludge, compost;
strictly aerobic, high resistance to ionizing
radiation (Im et al., 2008)

Phylum Lentisphaerae Lentisphaera Marine, slime, genome (Cho et al., 2004;
Thrash et al., 2010)

Phylum Nitrospirae Nitrospira Nitrite oxidizer (Liicker et al., 2010)

Phylum Fusobacteria Cetobacterium Fish and human gut, obligate anaerobe,
Vitamin B, producer (van Kessel et al.,
2011)

Phylum Gemmatimonadetes Gemmatimonas Wastewater, polyphosphate-

accumulator (Zhang, et al., 2003)
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Appendix 3. Additional work
In addition to the work described in this dissertation, I performed research that will be

incorporated into the following three pending publications.

1. Houck E, Hanshew A, and Currie CR. In preparation. The microbial communities of
hemimetabolists versus holometabolists.

The undergraduate, Erik Houck, who works with me has been exploring how bacterial
communities change over the life cycle of insects, comparing the shifts in hemimetabolists to
those in holometabolists. I have assisted him in: design of experiments, collection of samples,
design and setup of 454 pyrosequencing, data analysis, and contributed to writing the
manuscript.

2. Grubbs K, Pinto-Tomas A, Dugenske R, Hanshew A, Scott J, Kontnik R, Currie C, and

Clardy J. In preparation. Apinimycin paper.

During my rotation in the Currie lab I was tasked with collecting flowers visited by
honeybees and culturing Actinobacteria from them. This is part of a larger project of Kirk
Grubbs looking at the role of Actinobacteria in honeybee hives.

3. Jewell KA, Strassman E, Hanshew A, McMahon K, Goodrich-Blair H, Currie C, and Suen

G. In preparation. Initial DNA polymerase selection alters 454 pyrosequencing of complex
microbial communities.

This is a collaboration between the Suen lab and I assessing the impact of polymerase choice
on the formation of chimeras during pyrosequencing. I have contributed in the following ways:
assisted in design of experiments, collection of insect samples, design and setup of 454

pyrosequencing, data analysis, and contributed to writing the manuscript.
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