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The evolution of metazoans has been accompanied by new interfaces with the
microbial environment that include biological barriers and surveillance by specialized
cell types. Increasingly complex organisms require increased capacities to confront
pathogens, achieved by co-evolution of recognition mechanisms and regulatory
pathways. Two distinct but interactive forms of immunity have evolved. Innate
immunity, shared by all metazoans, is traditionally viewed as simple and non-specific.
Adaptive immunity possesses the capacity to anticipate new infectious challenges
and recall previous exposures; the most well-understood example of such a system,
exhibited by lymphocytes of vertebrates, is based on somatic gene alterations that
generate extraordinary specificity in discrimination of molecular structures. Our
understanding of immune phylogeny over the past decades has tried to reconcile
immunity from a vertebrate standpoint. While informative, such approaches cannot
completely address the complex nature of selective pressures brought to bear by
the complex microbiota (including pathogens) that co-exist with all metazoans.

In recent years, comparative studies (and new technologies) have broadened our
concepts of immunity from a systems-wide perspective. Unexpected findings, e.g.,
genetic expansions of innate receptors, high levels of polymorphism, RNA-based
forms of generating diversity, adaptive evolution and functional divergence of gene
families and the recognition of novel mediators of adaptive immunity, prompt us
to reconsider the very nature of immunity. Even fundamental paradigms as to how
the jawed vertebrate adaptive immune system should be structured for “optimal”
recognition potential have been disrupted more than once (e.g., the discovery of the
multicluster organization and germline joining of immunoglobulin genes in sharks,
gene conversion as a mechanism of somatic diversification, absence of IgM or MHC |
in certain teleost fishes). Mechanistically, concepts of innate immune memory, often
referred to as “trained memory,” have been realized further, with the development
of new discoveries in studies of epigenetic regulation of somatic lineages. Immune
systems innovate and adapt in a taxon-specific manner, driven by the complexity
of interactions with microbial symbionts (commensals, mutualists and pathogens).
Immune systems are shaped by selective forces that reflect consequences of dynamic
interactions with microbial environments as well as a capacity for rapid change
that can be facilitated by genomic instabilities. We have learned that characterizing
receptors and receptor interactions is not necessarily the most significant component
in understanding the evolution of immunity. Rather, such a subject needs to be
understood from a more global perspective and will necessitate re-consideration
of the physical barriers that afford protection and the developmental processes that
create them.
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By far, the most significant paradigm shifts in our understanding of immunity and
the infection process has been that microbes no longer are considered to be an
automatic cause or consequence of illness, but rather integral components of
normal physiology and homeostasis. Immune phylogeny has been shaped not only
by an arms race with pathogens but also perhaps by mutualistic interactions with
resident microbes. This Research Topic updates and extends the previous eBook on
Changing Views of the Evolution of Immunity and contains peer-reviewed submissions
of original research, reviews and opinions.

Citation: Dishaw, L. J., Litman, G. W,, eds. (2019). Host and Microbe Adaptations
in the Evolution of Immunity. Lausanne: Frontiers Media SA.
doi: 10.3389/978-2-88963-022-6

Frontiers in Immunology 3 August 2019 | Human Pathways Affected by Retrotransposons


https://www.frontiersin.org/research-topics/5051/host-and-microbe-adaptations-in-the-evolution-of-immunity
https://www.frontiersin.org/journals/immunology
http://doi.org/10.3389/978-2-88963-022-6
https://www.frontiersin.org/research-topics/225/changing-views-of-the-evolution-of-immunity

Table of Contents

06

20

31

49

59

66

74

86

97

105

111

124

144

153

Profiling of Human Molecular Pathways Affected by Retrotransposons at
the Level of Regulation by Transcription Factor Proteins

Daniil Nikitin, Dmitry Penzar, Andrew Garazha, Maxim Sorokin, Victor Tkachey,
Nicolas Borisov, Alexander Poltorak, Vladimir Prassolov and Anton A. Buzdin
Regular Wounding in a Natural System: Bacteria Associated With
Reproductive Organs of Bedbugs and Their Quorum Sensing Abilities
Oliver Ott, Peter Deines, Katrin Hammerschmidt and Klaus Reinhardt
F-Type Lectins: A Highly Diversified Family of Fucose-Binding Proteins
With a Unique Sequence Motif and Structural Fold, Involved in
Self/Non-Self-Recognition

Gerardo R. Vasta, L. Mario Amzel, Mario A. Bianchet, Matteo Cammarata,
Chiguang Feng and Keiko Saito

Long Non-Coding RNAs: Emerging and Versatile Regulators in Host—Virus
Interactions

Xing-Yu Meng, Yuzi Luo, Muhammad Naveed Anwar, Yuan Sun, Yao Gao,
Huawei Zhang, Muhammad Munir and Hua-Ji Qiu

The Intra-Dependence of Viruses and the Holobiont

Juris A. Grasis

An Organismal Model for Gene Regulatory Networks in the Gut-Associated
Immune Response

Katherine M. Buckley and Jonathan P. Rast

Specific Pathogen Recognition by Multiple Innate Immune Sensors in an
Invertebrate

Guillaume Tetreau, Silvain Pinaud, Anais Portet, Richard Galinier,

Benjamin Gourbal and David Duval

The Value of a Comparative Approach to Understand the Complex
Interplay Between Microbiota and Host Immunity

Norma M. Morella and Britt Koskella

Neutrophil Evolution and Their Diseases in Humans

Jennifer W. Leiding

Alkaline Phosphatase, an Unconventional Immune Protein

Bethany A. Rader

Patterns of Early-Life Gut Microbial Colonization During Human Immune
Development: An Ecological Perspective

Isabelle Laforest-Lapointe and Marie-Claire Arrieta

The SpTransformer Gene Family (Formerly Sp185/333) in the Purple Sea
Urchin and the Functional Diversity of the Anti-Pathogen
rSpTransformer-E1 Protein

L. Courtney Smith and Cheng Man Lun

Evolution and Function of Thioester-Containing Proteins and the
Complement System in the Innate Inmune Response

Upasana Shokal and loannis Eleftherianos
Immunity in Protochordates: The Tunicate Perspective
Nicola Franchi and Loriano Ballarin

Frontiers in Immunology

4 August 2019 | Human Pathways Affected by Retrotransposons


https://www.frontiersin.org/research-topics/5051/host-and-microbe-adaptations-in-the-evolution-of-immunity
https://www.frontiersin.org/journals/immunology

169

182

192

201

216

223

237

Dscaml in Pancrustacean Immunity: Current Status and a Look to the
Future

Sophie A. O. Armitage, Joachim Kurtz, Daniela Brites, Yuemei Dong,

Louis Du Pasquier and Han-Ching Wang

Leaky Gut as a Danger Signal for Autoimmune Diseases

Qinghui Mu, Jay Kirby, Christopher M. Reilly and Xin M. Luo

Under Pressure: Interactions Between Commensal Microbiota and the
Teleost Immune System

Cecelia Kelly and Irene Salinas

The Recombinant Sea Urchin Immune Effector Protein,
rSpTransformer-E1, Binds to Phosphatidic Acid and Deforms Membranes
Cheng Man Lun, Robin L. Samuel, Susan D. Gillmor, Anthony Boyd and

L. Courtney Smith

Immunometabolic Phenotype Alterations Associated With the Induction
of Disease Tolerance and Persistent Asymptomatic Infection of
Salmonella in the Chicken Intestine

Michael H. Kogut and Ryan J. Arsenault

Evidence of an Antimicrobial Peptide Signature Encrypted in HECT E3
Ubiquitin Ligases

Ivan Lavander Candido-Ferreira, Thales Kronenberger,

Raphael Santa Rosa Sayegh, Isabel de Fatima Correia Batista and

Pedro Ismael da Silva Junior

Of Men not Mice: Bactericidal/Permeability-Increasing Protein Expressed
in Human Macrophages Acts as a Phagocytic Receptor and Modulates
Entry and Replication of Gram-Negative Bacteria

Arjun Balakrishnan, Markus Schnare and Dipshikha Chakravortty

Frontiers in Immunology

5 August 2019 | Human Pathways Affected by Retrotransposons


https://www.frontiersin.org/research-topics/5051/host-and-microbe-adaptations-in-the-evolution-of-immunity
https://www.frontiersin.org/journals/immunology

',\' frontiers
in Immunology

ORIGINAL RESEARCH
published: 30 January 2018
doi: 10.3389/fimmu.2018.00030

OPEN ACCESS

Edited by:

Larry J. Dishaw,

University of South Florida St.
Petersburg, United States

Reviewed by:

Harold Charles Smith,
University of Rochester School
of Mediicine and Dentistry,
United States

Yoshinao Kubo,

Nagasaki University, Japan

*Correspondence:
Anton A. Buzdin
buzdin@oncobox.com

Specialty section:

This article was submitted to
Molecular Innate Immunity,
a section of the journal
Frontiers in Immunology

Received: 19 October 2017
Accepted: 04 January 2018
Published: 30 January 2018

Citation:

Nikitin D, Penzar D, Garazha A,
Sorokin M, Tkachev V, Borisov N,
Poltorak A, Prassolov V and
Buzdin AA (2018) Profiling of
Human Molecular Pathways Affected
by Retrotransposons at the

Level of Regulation by
Transcription Factor Proteins.
Front. Immunol. 9:30.

doi: 10.3389/fimmu.2018.00030

®

Check for
updates

Profiling of Human Molecular
Pathways Affected by
Retrotransposons at the Level
of Regulation by Transcription
Factor Proteins

Daniil Nikitin'2, Dmitry Penzar®, Andrew Garazha?*, Maxim Sorokin*>¢, Victor Tkachev*,
Nicolas Borisov*°, Alexander Poltorak’, Vladimir Prassolov' and Anton A. Buzdin?%5*

"Engelhardit Institute of Molecular Biology, Russian Academy of Sciences, Moscow, Russia, ?D. Rogachev Federal Research
Center of Pediatric Hematology, Oncology and Immunology, Moscow, Russia, ° The Faculty of Bioengineering and
Bioinformatics, Lomonosov Moscow State University, Moscow, Russia, * OmicsWay Corp., Walnut, CA, United States,
5National Research Centre Kurchatov Institute, Centre for Convergence of Nano-, Bio-, Information and Cognitive Sciences
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Endogenous retroviruses and retrotransposons also termed retroelements (REs) are
mobile genetic elements that were active until recently in human genome evolution. REs
regulate gene expression by actively reshaping chromatin structure or by directly provid-
ing transcription factor binding sites (TFBSs). We aimed to identify molecular processes
most deeply impacted by the REs in human cells at the level of TFBS regulation. By using
ENCODE data, we identified ~2 milion TFBS overlapping with putatively regulation-
competent human REs located in 5-kb gene promoter neighborhood (~17% of all TFBS
in promoter neighborhoods; ~9% of all RE-linked TFBS). Most of REs hosting TFBS were
highly diverged repeats, and for the evolutionary young (0-8% diverged) elements we
identified only ~7% of all RE-linked TFBS. The gene-specific distributions of RE-linked
TFBS generally correlated with the distributions for all TFBS. However, several groups of
molecular processes were highly enriched in the RE-linked TFBS regulation. They were
strongly connected with the immunity and response to pathogens, with the negative
regulation of gene transcription, ubiquitination, and protein degradation, extracellular
matrix organization, regulation of STAT signaling, fatty acids metabolism, regulation of
GTPase activity, protein targeting to Golgi, regulation of cell division and differentiation,
development and functioning of perception organs and reproductive system. By con-
trast, the processes most weakly affected by the REs were linked with the conservative
aspects of embryo development. We also identified differences in the regulation features
by the younger and older fractions of the REs. The regulation by the older fraction of
the REs was linked mainly with the immunity, cell adhesion, cAMP, IGF1R, Notch, Wnt,
and integrin signaling, neuronal development, chondroitin sulfate and heparin metabo-
lism, and endocytosis. The younger REs regulate other aspects of immunity, cell cycle
progression and apoptosis, PDGF, TGF beta, EGFR, and p38 signaling, transcriptional
repression, structure of nuclear lumen, catabolism of phospholipids, and heterocyclic
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Human Pathways Affected by Retrotransposons

molecules, insulin and AMPK signaling, retrograde Golgi-ER transport, and estrogen
signaling. The immunity-linked pathways were highly represented in both categories,
but their functional roles were different and did not overlap. Our results point to the
most quickly evolving molecular pathways in the recent and ancient evolution of human

genome.

Keywords: endogenous retrovirus, transcription factor binding site, retrotransposon, retroelement, molecular
pathway, immunity, evolution, human genome evolution

INTRODUCTION

Retrotransposable elements (REs) are mobile genetic elements
that self-reproduce in the host DNA. For proliferation of their
copies, they use a specific molecular mechanism based on
RNA-dependent synthesis of DNA by an enzyme termed reverse
transcriptase (RT) (1). Taken together, REs occupy ~40% of
human DNA. They are represented by three major classes: human
endogenous retroviruses/LTR reprotransposons (HERV/LRs)
and LINE and SINE retrotransposons (2). The first group shaped
~8% of human genome, whereas LINEs and SINEs ~20 and 13%,
respectively. HERV/LRs are thought to be remnants of multiple
previous retroviral infections (3, 4). Unlike many common
infectious retroviruses, they became inheritable because their
insertions occurred in the ancestral germ cells (5). By contrast,
LINEs and SINEs are non-infective retrotransposons. HERV/LRs
and LINEs are called autonomous mobile elements because they
encode RT, and SINEs—non-autonomous because for their life
cycle they use foreign, LINE-encoded enzymes (6).

The studies of evolutionary dynamics of REs revealed that
they were actively proliferating in human DNA until the most
recent events in human speciation (7). All groups of REs include
transcription of their genomic copies as the necessary step in
their life cycle. Therefore, RE sequences are enriched in transcrip-
tion factor binding sites (TFBSs) and other regulatory motifs
(8-11). Moreover, most of the RE copies accumulated mutations
and could strengthen their regulatory repertoire. For example,
the HERV/LRs include promoters (12), enhancers (13, 14),
polyadenylation signals (5), chromatin folding reshapers (15),
and binding sites for various nuclear proteins (16). In human
genome, REs are represented by millions of individual elements
that can be found in the vicinity of any known gene. Therefore,
the REs are considered among the major factors of evolution of
gene expression regulatory networks. For example, ~30% of all
transcriptional factor p53 binding sites in the human genome
fall within the HERV/LR elements (17). We recently showed
that functional TFBS within the human-specific endogenous
retroviruses may control expression of schizophrenia-linked gene
PRODH in human hippocampus (14).

Transcription factor binding sites denote regulatory fragments
of DNA that can bind transcription factors and influence gene
expression. Congruently, mapping DNasel hypersensitivity sites
(DHS) became a golden standard for the identification of regula-
tory loci of an open chromatin (18). Recent studies evidence that
huge numbers of DHS and TFBS in the human genome are located
within the TEs. For example, totally, ~155,000 and ~320,000
HERV/LR-derived DHS and TFBS were identified, respectively

(19). For the HERV/LR elements, ~110,000 inserts (~15%) had at
least 2 TFBS and ~140,000 individual inserts (~19%)—at least 1
DHS, as shown in the previous report (19). Finally, at least ~31%
of all mapped human transcription start sites were identified
within the REs (20).

Like never before, high-throughput mapping of functional
genomic features such as TFBS, DHS, and different types of his-
tone binding sites provides opportunity to explore RE influence
on gene expression in a comprehensive way. Besides individual
affected genes, their functional groups can be assayed, including
gene families and molecular pathways. Intracellular molecular
pathways are involved in all major events in the living organisms.
The major groups are metabolic, cell signaling, cytoskeleton
reorganization, and DNA repair pathways (21, 22).

The pathways may include tens or hundreds of nodes and
aggregate up to several hundreds of different gene products (23,
24). Remarkably, each node in a pathway is typically built not by
just a single-gene product, but rather by their groups. Those can
be formed by the homologous families of similarly functionally
charged proteins, or by the various protein subunits which may be
all needed to execute a function required for the pathway activity
(25, 26).

For few decades, the molecular pathways are still on the
forefront of biomedical sciences (27-30). Hundreds of thousands
of molecular interactions and thousands of molecular pathways
have been discovered by the molecular biologists and cataloged
in different databases (31-37).

On the other hand, the gene products can be sorted accord-
ing to their functional role in the cell and with reference to the
molecular or supramolecular processes they are involved. This
way of data aggregation does not require knowledge of the
particular chains of molecular interactions, as for the above
group of the pathway databases. For example, the gene ontology
(GO) database provides functional and structural labels to the
gene products or their groups.! By uploading a specific set of
gene products, one can find it out whether this list is statistically
significantly enriched in certain types of functional gene families.
For example, in certain applications this enables to make a quick
overview of the differentially expressed and most frequently
mutated groups of genes (38).

In this study, we aimed to identify molecular processes most
deeply regulated by the RE inserts in the human cells. To this end,
we mapped the available TFBS data on the individual human REs
for K562 cells. We found that in the close gene neighborhood,

'www.geneontology.org.
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~17% of TFBS overlap with the RE sequences, of them 44%
belong SINEs, 33%—to LINEs, and 23%—to LR/ERVs. Most of
the REs hosting TFBS were highly diverged repeats, and for the
evolutionary young (0-8% diverged) elements we identified only
~7% of all RE-specific TFBS. Among them, SINEs hosted ~68%,
LINEs ~15%, and LR/ERVs ~17% of TFBS.

Depending on the number of RE-mapped TFBS in the vicini-
ties of the particular genes, we calculated a score for each gene
positively reflecting the RE impact on gene regulation. Based on
the scores for the individual genes, for the first time we could
identify the molecular processes most strongly impacted by the
RE regulatory features. To this end, we applied and modified
bioinformatic method Oncofinder that has been used before only
for the analysis of gene or microRNA expression profiles (39) and
could effectively reduce experimental noise caused by different
experimental platforms and batch effects (40, 41). In the initial
version, this method makes it possible to calculate the quantita-
tive value reflecting molecular pathway activation, called pathway
activation strength (PAS). The absolute value of PAS reflects the
extent of a molecular pathway perturbation. Negative PAS values
indicate downregulation of molecular pathways, positive values
mean upregulation, whereas 0 values represent non-significant
difference with the control samples (42). Previously PAS values
were calculated only based on the gene expression profiles (high-
throughput mRNA or protein levels). Here, we for the first time
applied this rationale to quantitatively measure the impact of REs
on the evolution of human molecular pathways with the input
data on TFBS distribution.

We found that the gene-specific distributions of the RE-linked
TFBS generally correlated with the distributions for all the TFBS.
However, several groups of molecular processes were highly
enriched in the RE-linked TFBS regulation. They were strongly
connected with the immunity and response to pathogens, with
the negative regulation of gene transcription, ubiquitination, and
protein degradation, extracellular matrix organization, regulation
of STAT signaling, fatty acids metabolism, regulation of GTPase
activity, protein targeting to Golgi, regulation of cell division
and differentiation, and with development and functioning of
perception organs and the reproductive system. By contrast, the
processes most weakly implicated by the REs were linked mainly
with the embryonic development.

We also found that both the gene- and pathway-specific
scores significantly correlated for the evolutionary young and
all RE-linked TFBS, thus evidencing that the major evolutional
trends in RE-linked TFBS regulation are largely conserved in the
evolution. However, we identified many differences in the regula-
tion features by the younger and older fractions of the REs. The
regulation by the older fraction of the REs was linked mainly with
the immunity, cell adhesion, Notch, Wnt, and integrin signaling,
neuronal development and sensing, chondroitin sulfate and
heparin metabolism, cAMP metabolism, endocytosis, and IGF1R
signaling.

By contrast, the younger REs were regulating the other aspects
of immunity, cell cycle progression and apoptosis attenuation,
PDGE TGF beta, EGFR, and p38 signaling, histone deacetyla-
tion and DNA methylation interplay, structure of nuclear lumen,
metabolism (primarily catabolism) of phospholipids and

heterocyclic nitrogen-containing molecules, insulin and AMPK
signaling, retrograde Golgi-ER transport, estrogen signaling,
and oocyte maturation. The immunity-linked pathways were
highly represented in both categories (recently and long-term
evolving), but their functional characteristics were different and
did not overlap. Our results shed light on the evolution of regula-
tory network in humans and point to the most quickly evolving
molecular pathways in higher primates.

RESULTS

Mapping of RE-Specific Human TFBS

From the ENCODE database, we extracted TFBS information
for the human myelogenous leukemia cell line K562. The TFBS
data for different transcription factor proteins were based on the
sequencing of immunoprecipitated DNA fragments (43, 44). The
cell line K562 was chosen because it was assayed for the maxi-
mum number of transcription factor proteins (225 versus only
120 in the next by abundance cell line GM12878). The TFBSs for
all available transcription factor proteins were then mapped onto
genomic sequences of the human REs. To identify a fraction of
TFBS most likely involved in the regulation of gene expression,
we took the elements located in the 5-kb neighborhood of the
transcription start sites of known protein-coding genes. A total
of 13,029,963 TFBS reads were identified close to transcription
start sites. Among them, 2,232,273 (~17%) overlapped with the
RE sequences and were referred as the RE-specific fraction of
TFBS. Among them, ~44% were attributed to SINEs; ~33%—to
LINEs, and 23%—to LR/ERVs. Most of the REs hosting TFBS
were highly diverged repeats. For the evolutionary younger REs
(0-8% diverged from their consensus sequence), we identified
154,275 TFBS (~7% of all RE-specific TFBS). Among them,
SINEs hosted ~68%, LINEs ~15%, and LR/ERVs ~17% of the
RE-specific TFBS (Figure 1B). The analogous distribution of
RE-linked TFBS outside the gene promoter neighborhoods (the
rest of the genome) is shown on Figure 1A. Interestingly, our data
strongly suggest that there is a bias against active TFBS within
the evolutionary young LINE elements located close to the gene
promoters (Figure 1B).

For the same 5-kb neighborhood, we next calculated relative
concentration of RE-linked TFBS per kilobase for different RE
classes (Table 1). In may be seen that for the young elements, their
ability to provide functional TFBS is generally ~14 times lower
than for the group of all REs. For the LR/ERV:s this factor is also
~14-fold lower, whereas for the LINEs and SINEs ~32- and 9-fold
lower, respectively. The extent of this suppression was different for
the different types of REs varying from ~9-fold for SINEs till ~32-
fold for LINEs, with the median level for LR/ERVs (Table 1). The
absolute concentrations for the REs were also different, varying
from ~0.1 for LR/ERV's and LINEs till 0.4 for SINEs.

Identification of Human Genes Impacted
by RE-Linked TFBS

For every individual gene, we calculated its enrichment score
for the RE-linked TFBS. We introduced the value termed Gene
RT-linked TFBS enrichment score (TES) or GRE score (Figure 2).

Frontiers in Immunology | www.frontiersin.org

January 2018 | Volume 9 | Article 30


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Nikitin et al.

Human Pathways Affected by Retrotransposons

LTR

LINE SINE

A TFBS statistics for REs

that are not linked with

TSS neigbourhoods
12151743 B all REs
W young REs

j72]
Mm
S 9
o
= 6214891
€ 5372093
Z

FIGURE 1 | Distribution of RE-linked transcription factor binding site (TFBS) (A) outside and (B) inside 10 kb neighborhoods of TSS between the different groups of
REs. Numbers are given for the mapped TFBS of each category. Green columns denote TFBS for the evolutionary young REs (0-8% divergence from the respective
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TABLE 1 | Relative concentration of RE-linked transcription factor binding site
(TFBS) in 5-kb neighborhood of human gene transcription start sites.

Concentration of TFBS per kilobase

Class of RE All Young Fold change
LINE 2.939 0.093 -31.6
SINE 3.892 0.416 -9.4
LR/ERV 1.457 0.107 -13.6
Total REs 8.287 0.616 -13.5

GRE is the sum of RE-specific TFBS reads mapped close to the
individual gene’s transcriptional start site, normalized on the
average sum of RE-specific TFBS reads for all genes. For every
individual gene, GRE score is calculated according to the formula:

TES
GREg - &

Ly TES,

n
where GRE, is the GRE score for a gene g; TES, is the number of
RE-linked TFBS reads for a gene g; i is gene index and TES; is the
number of RE-linked TFBS reads for a gene i; and n is the total
number of genes.

For every gene, the GRE score makes it possible to measure
the extent of enrichment by the RE-linked regulatory elements.
For example, GRE = 1 means average impact on the regulation
of a gene. GRE > 1 means that the individual gene is enriched in
RE-specific TFBS. Contrarily, GRE < 1 means that the gene has
lower than average number of RE-specific TFBS.

Our results suggest that there is a fraction of human genes
highly enriched in the content of RE-specific TFBS in the regula-
tory regions, which is reflected by high GRE scores of up to 5 for
the protein-coding genes (Table S1 in Supplementary Material;
Figure 2). By contrast, many other genes had close to 0 GRE
values (Figure 2).

While GRE provides an integral assessment of TFBS impact
belonging to all 225 TFs studied here, we also elucidated how
strongly each specific TF affects expression of each specific

human gene via gene-linked REs. For each gene, i and TF j an
entry with indices (i, j) is number of RE-linked TFBS of this TF
in the neighborhood of this gene. Our results suggest that most
human genes are affected by RE-linked TFBS of various different
TFs (Table S2 in Supplementary Material).

Identification of Molecular Pathways

Impacted by RE-Linked TFBS
To assess the impact of RE-linked TFBS on the regulation of

molecular pathways, we introduced a quantitative metric termed
Pathway Involvement Index (PII) that is calculated according to
the following formula:
" GRE,
PII, = =
n

where PII, is the PII score for a pathway p; GRE; is the GRE score
for a gene I; and n is the number of genes in a pathway p. To avoid
misleading higher PII values for bigger pathways, PII, value is
normalized on the number of genes in a pathway.

For information about gene products forming molecular path-
ways, we used the databases BioCarta, KEGG, NCI, Reactome,
and Pathway Central. For our profiling, we used 1,749 molecular
pathways covering ~11,000 human genes.

The biggest PII scores suggested the highest impact of RE-linked
TFBS on the regulation of the whole molecular pathway, and
vice versa. Zero PII score means no impact on the regulation of
the molecular pathway. Similarly to the figure observed for the
individual genes, the distribution of PII scores suggests that many
molecular pathways are enriched in the regulatory motifs con-
tributed by the REs. We next attempted to characterize the most
strongly impacted individual genes and molecular pathways.

Genes Impacted by the RE-Linked TFBS
Regulation

The human genes were sorted according to their GRE scores.
For different genes, they varied from 0 to 16.4 (Figure 2B; Table S1
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in Supplementary Material). The top and the bottom 6% of the
genes with the highest and the lowest GRE scores profiled for all
REs were next analyzed using GO annotation terms and DAVID
software.

Top Genes

For the top 6% genes, we identified 48 significantly enriched
annotation clusters (Table S3 in Supplementary Material). Among
them, 8 (17%) were connected with ribosome biogenesis and
translation, 7 (15%) with protein complex assemblies, 5 (10%)
with chromatin organization and maintaining structure of the
nucleus, 5 (10%) with cell stress and innate immune response
mechanisms, 3 (6%) with microtubules and organization of
mitotic spindle, 3 (6%) with the regulation of programmed cell
death, 3 (6%) with oxidoreductase activity involving purine
nucleosides, 2 (4%) with DNA replication and repair, 2 (4%) with
formation of mitochondrial outer membrane complexes, and 2
(4%) with the regulation of autophagy. One cluster represented
p53-regulated signal transduction, another one—maintaining
nucleolus structure. Other features were also presented by minor
number of clusters.

Bottom Genes

For the least RE-impacted genes with close to zero RE scores
(bottom 6%), quite distinct set of 96 annotation clusters was
observed (Table S3 in Supplementary Material). Among them,
notably high proportion was taken by 80 (83%) clusters directly
linked with embryonic development. Among the others, 8%
represented different transcription factor binding assemblies, 2%
neuronal axon development, 2% cell-cell adhesion, and signal-
ing, and 2% positive regulation of cell proliferation.

Molecular Pathways Impacted
by the RE-Linked TFBS Regulation

We next ranked the molecular pathways by their enrich-
ment with the RE-linked TFBS. For the analysis, we took the

molecular pathways each including at least 10 gene products.
The pathways were ranked according to their PII scores (Table S4
in Supplementary Material). We analyzed 65 top (pathways with
the highest PII score) and 65 bottom (pathways with the lowest
PII score) molecular pathways.

Top Pathways
The following groups of top molecular pathways were identified:
15 (24%) pathways linked with DNA replication and repair,
19% for ribosome and translation, 11% for cytoskeleton remod-
eling and cell migration, 10% for nuclear transport of mRNA,
10% for other types of nuclear trafficking, 6% for cell stress and
innate immune response, 6% for cellular export machinery
and vesicle trafficking, 3% for regulation of microtubules and
mitotic spindle assembly, 3% for mRNA decay mechanisms,
and 8% for the other processes (Table S5 in Supplementary
Material).

The major featured molecular processes dealt with protein
translation, cell stress and innate immune response, cytoskeleton
remodeling, and DNA replication and repair.

Bottom Pathways

The following groups of molecular pathways had the lowest PII
scores (Table S5 in Supplementary Material): 18 (30%) for extra-
cellular matrix and cell migration, 16% for interleukin-related
cell signaling, 21% for neurogenesis, 15% for embryogenesis and
morphogenesis, 3% for PTEN signaling, 3% related to G protein
coupled receptors (GPCR) signaling, 3% for fatty acids metabo-
lism, and 9% for the other processes.

Comparison of RE-Linked and
Non-RE-Linked TFBS Profiles

However, it appeared unclear whether the genes/pathways were
enriched in RE-linked TFBS congruently with the overall (not
RE-specific) TFBS distribution. To characterize total TFBS
distribution trends, we introduced a relative value termed GTE
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(Gene TFBS Enrichment). GTE is expressed by the following
formula:

TTS
GTE, = —*,
£ TS,

where TTS; is total number of TFBS reads mapped in the 5-kb
neighborhood of a gene gand TTS,, is the mean TTS for all genes
under investigation. To define RE-specific enrichment in the
regulation of an individual gene, a relative value termed NGRE
was introduced:

NGRE, = GRE /GTE,.

Bigger NGRE value means bigger impact of RE-specific regu-
lation of certain gene, and vice versa.

Another set of values was introduced to estimate the relative
RE-specific impact in the regulation of molecular pathways. We
added a metric termed PGI (Pathway Gene-based TFBS Index)
to assess the impact of total TFBS on the regulation of molecular
pathways:

" GTE,
PGI »= =1 ,
n
where PGI, is the PGI score for a pathway p; GTE; is the GTE
score for a gene [; and n is the number of genes in a pathway p.

In turn, the normalized PII called NPII determines enrich-

ment in RE-specific TFBS regulation of a molecular pathway:

NPII, = PII /PGI,.

where PII, is a Pathway RE-based Involvement Index for a
pathway p and PGI, is the Pathway Gene-based TFBS Index for
a pathway p.

At the level of individual genes, we observed statistically
significant correlations between the GRE (based on RE-linked
TFBS) and GTE (based on all TFBS) scores (Figure 3, Pearson
correlation coeflicient = 0.47, p-value < 0.001; Table S6 in
Supplementary Material). The respective lists of top and bottom
GO annotation terms were also highly interconnected featuring
protein translation, chromatin remodeling and DNA replication
as the most strongly regulated processes, whereas neurogenesis,
GPCR signaling, and developmental programs were the most
weakly regulated aspects. Taken together, these data evidence that
the abundance of RE-linked TFBS roughly (correlation = 0.47)
follows overall trend of all TFBS accumulation near gene pro-
moter regions.

Genes and Pathways under Strong
Regulation by the REs

To assess the specific trends in RE-dependent regulation of
gene expression, we analyzed distributions of the NGRE scores,
which characterize the impact of RE-specific TFBS normalized
on the regulation by all TFBS for the individual genes (Table
S7 in Supplementary Material). The most strongly specifically
regulated protein-coding genes were USP176L26, USP17L13, and
USP17L12 for ubiquitin-specific peptidases. We next analyzed
the lists of 6% top and bottom genes sorted according to NGRE

(Table 2). The top GO features were linked with immunity and
response to pathogens (64/295 terms, or 32%), 7% for organ
development, 6% for negative regulation of gene transcription,
6% for chromatin assembly, 6% for protein targeting to Golgi, 4%
for ubiquitination and protein degradation, 4% for extracellular
matrix organization, 4% for regulation of STAT signaling, 4% for
perception organ development and functioning, 4% for negative
regulation of macromolecule metabolism, 3% for peptide modifi-
cations, 3% for regulation of GTPase activity, 3% for reproductive
systems development and functioning, 3% for negative regulation
of cell differentiation and positive regulation of cell division, 2%
for regulation of body fluids, and 9% was for the other processes
(Table S8 in Supplementary Material).

For the group of the bottom 6% of genes, the least regulated
features were linked to embryonic development and stem cell
differentiation (44/98, or 45%), 16% for transcription and pro-
cessing of RNA, 16% for nuclear chromatin organization, 8% for
ribosome functioning and protein translation, 2% for regulation
of apoptosis, 2% for ubiquitin binding, 2% for steroid receptor
signaling, 2% for regulation of cell proliferation, and 7% for the
other activities (Table 3; Table S8 in Supplementary Material).

Similar tendencies were seen at the level of molecular pathways
(Table 3; Table S9 in Supplementary Material). NPII scores were
calculated that reflect the RE-specific impact on the regulation of
molecular pathways normalized to the impact by all TFBS. The
top 65 pathways sorted according to NPII score were linked with
fatty acids metabolism (19%), immunity and pathogen recogni-
tion (15%), nuclear transport (9%), maturation of mRNA (6%),
DNA repair and replication (6%), synuclein A signaling (5%),
small RNA biogenesis and function (3%), protein ubiquitination
(3%) protein trafficking to Golgi (3%), and other pathways.

The major bottom pathways were involved in the regulation
of nerve growth and neuronal signaling (24%), cell adhesion
(19%), cytokine networks (14%), other developmental programs
(14%), IGF signaling, and regulation of glucose metabolism (9%)
(Table 3; Table S9 in Supplementary Material).

We next compared the NGRE score distribution at the gene
level and NPII score distribution at the pathway level for the
fractions of all REs and evolutionary younger REs (young; 0-8%
diverged from their consensus sequence).

In general, NPIT and NGRE scores were statistically significantly
correlated for the young and all REs, but the pathway-linked NPII
scores showed bigger correlation (Figure 4A, Pearson correlation
coefficient = 0.38, p-value < 0.001; Figure 4B, Pearson correla-
tion coeflicient = 0.57, p-value < 0.001). These data are congruent
with the previous findings that the data aggregation at the level of
molecular pathways frequently provides more congruent results
compared with the single-gene level of analysis (41), especially in
the case of cancer (45) and neurodegenerative diseases (46, 47).

Although there was a 0.38-0.57 correlation (Figure 4), some
regulatory features were different between the young and all REs.
To analyze the differences in pathway regulation by all and young
REs, we calculated ratio of all and young REs separately for the
NGRE and the NPII scores. Bigger values here mean greater regu-
lation changes in a long-term rather than recent evolution; lower
values mean greater changes in the recent evolution (Table 4;
Tables S10 and S11 in Supplementary Material for all/young

Frontiers in Immunology | www.frontiersin.org

1"

January 2018 | Volume 9 | Article 30


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Nikitin et al. Human Pathways Affected by Retrotransposons

Correlation of GRE, genes and all REs
- A*j_] ‘ ‘ ’ ’_h FWh—f
3.5
pearsonr = 0.47; p < 1e-400
3.0
g
2.5 <
| [0}
' g
2.0 B
o - 60 .5
~ = Z
= = (=
< | .=
1.5 = 2
j 40 Coa
- L 23‘
. 1 O
o 20 g
1 =
— =
0.5 —
- 0
0.5 1.0 1.5 20 25 3.0 35 4.0
genes
FIGURE 3 | Comparison of GRE scores (axis of ordinates) and GTE scores (abscissa axis) for known human genes. Color scale is given to show densities of
incidences on the plot. Each dot represents a single gene. Pearson r—Pearson correlation coefficient; p—Pearson p-value.

TABLE 2 | Gene ontology (GO) functional annotation clusters in top and bottom TABLE 3 | Functional groups of top and bottom molecular pathways sorted by
6% of human genes sorted by their NGRE scores. their NPII scores.
Cluster, GO terms Percentage of Functional group Percentage
clusters Top Bottom
Top 6% Bottom 6% 6% 6%
Immunity and response to pathogens 32 - Fatty acids metabolism 19 -
Organ development and embryogenesis 7 45 Immunity and response to pathogens 15 14
Gene transcription and negative regulation 6 - Nuclear transport 9 -
Chromatin assembly 6 16 Maturation of RNA (mRNA and small RNAs) 9 -
Protein targeting to Golgi 6 - DNA repair and replication 6 -
Ubiquitination and protein degradation 4 - Alpha-synuclein signaling 5 -
Extracellular matrix organization 4 - Ubiquitination and protein degradation 3 -
Regulation of STAT signaling 4 - Protein targeting to Golgi 3 -
Perception organ development 4 - Nerve growth and neuronal signaling - 24
Negative regulation of metabolism 4 - Organ development, embryogenesis, and cell adhesion - 35
Peptide modifications 3 - IGF1R signaling and regulation of glucose metabolism - 9
Regulation of GTPases 3 -
Reproductive system development 3 -
Regulation of differentiation and cell proliferation 3 2
Regulation of body fluids 2 - ratio of NGRE and NPII, respectively). In the long-term (but not
;fznscr'pt'on and Srocezs'”gtof FiNA o - - 1: short-term) perspective, the fop 65 pathways sorted according to
ibosome assembly and protein translation regulation - . . . . .

. yanap 9 NPII ratio were dealing mainly with cell adhesion, Notch, Wnt,
Regulation of apoptosis - 2 . e . / - . - .
Proteasomal degradation _ 2 and integrin signaling (20%), immunity and cytokine signaling
Steroid receptor signaling - 2 (20%), neuronal development and sensing (17%), chondroitin
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TABLE 4 | Functional groups of top and bottom molecular pathways sorted
by the ratios of NPII scores for the all and young RE-linked transcription factor
binding sites.

Functional group Percentage

Top 6%  Bottom 6%
Cell adhesion, Notch, Wnt, and integrin signaling 20 -
Immunity and response to pathogens 20 17

Nerve growth and neuronal signaling 17 -
Metabolism of chondroitin sulfate and heparin 8 -
Metabolism of cAMP 6 -
Endocytosis 3 -
IGF1R signaling and regulation of glucose metabolism 3 -
Cell cycle progression and regulation of apoptosis - 21
PDGF, TGF beta, EGFR, and p38 signaling - 12
Histone deacetylation and DNA methylation - 10
Phospholipid metabolism = 9
Insulin and AMPK signaling - 6
Protein targeting to Golgi - 3
Estrogen signaling and oocyte maturation - 3

sulfate and heparin metabolism (8%), cAMP metabolism (6%),
endocytosis (3%), and IGF1R signaling (3%).

The lower scoring pathways (most quickly evolving in the
recent evolution) were linked mainly with the general cell cycle
progression and apoptosis attenuation mechanisms (21%),
immunity (17%), PDGE, TGF beta, EGFR, and p38 signaling
(12%), histone deacetylation and DNA methylation interplay
(10%), phospholipid metabolism (9%), insulin and AMPK sign-
aling (6%), retrograde Golgi-ER transport (3%), and estrogen
signaling and oocyte maturation (3%).

Sorting according to NGRE ratio had no sense for the top
individual genes because there were too many 0 values on the
denominator for the NGRE scores calculated for the young REs.
However, the list of the bottom 6% of genes was successfully

generated presumably including the most quickly evolving genes
in the recent human evolution (according to RE-linked TFBS
acquisition). These genes were mostly involved in the catabolism
and synthesis of heterocyclic nitrogen-containing molecules
and phospholipids metabolism (50/163, or 31%), nuclear lumen
structure (8%), mRNA splicing and processing (7%), ribosome
assembly and translation (7%), DNA and histone methylation
(4%), and DNA repair (2%).

MATERIALS AND METHODS
Identification of RE-Specific TFBSs

Complete genome binding profiles of 225 transcription factor pro-
teins were extracted from the ENCODE database? for human cell
line K562 according to the standard ENCODE ChIP-seq protocol
(43). The reference human genome assembly 2009 (hgl9) was
indexed using Burrows—Wheeler algorithm using BWA software.’
Concatenation of fastq files with single-end or pairwise reads,
alignment to the reference genome, and filtering were done using
BWA, Samtools, Picard, Bedtools, and Phantompeakqualtools
software.* The aligned TFBS were mapped on the RE sequences
annotated by RepeatMasker® and downloaded from the USCS
Browser® (RepeatMasker table). TFBS occurrence data were
extracted from the bedGraph files.” The fold change over control
profiles for TEBS, as well as the profiles for p-value to reject the

*https://www.encodeproject.org/chip-seq/transcription_factor/.
*https://www.encodeproject.org/pipelines/ENCPL220NBH/.
*https://www.encodeproject.org.

*http://www.repeatmasker.org.
Chttps://genome.ucsc.edu/cgi-bin/hgTables.
“https://genome.ucsc.edu/goldenpath/help/bedgraph.html.
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null hypothesis that the signal at that location, is present in the
control were built using Macs software® based on the alignment
data. The list of transcription factors investigated and the raw data
obtained from the ENCODE web site are shown on the Tables S12
and S13 in Supplementary Material.
For every individual mapped RE, we calculated the TES
according to the formula:
225

TES=> b,
i=1

where b; is the number of TFBS reads for transcription factor i
mapped on the individual RE.

Measuring Gene Enrichment
by the RE-Linked TFBS

The coordinates of human protein-coding genes were down-
loaded from the USCS Browser.” For each gene, all individual
REs overlapping with the 5-kb long neighborhood of its reference
transcription start site were selected for further analysis. The 5-kb
neighborhood covered an interval starting 5 kb upstream and
ending 5 kb downstream the transcription start site. The selected
REs were classified according to their structure (HERV/LR,
LINE, and SINE) and divergence from the consensus sequence
for the respective RE family. The REs with the divergence less that
8% were considered “young” elements. We introduced an integral
enrichment score to calculate the RE-linked TFBS enrichment
specific to every individual gene (GRE score):
TES
GRE .= —f

1
727:1 TESi
n

where GRE, is the GRE score for a gene g; TES, is the sum of TES
values for all the RE types for the REs located in the 5-kb neigh-
borhood of a gene g n is the number of all genes; and i is gene
index and TES; is the sum of TES values for all the RE types for the
REs located in the 5-kb neighborhood of a gene i. Alternatively,
specific GRE values can be calculated for every specific type of
the REs, when only the TFBS related to the respective RE type are
taken into account, e.g., GRErrerv, GRELvE, and GREse.

To separately assess RE-linked TFBS for each of 225 different
TF, we created a table for all human genes and all 225 TFs studied
here (Table S2 in Supplementary Material). For each gene, i and
TF j an entry with indices (i, j) is number of RE-linked TFBS of
this TF in the neighborhood of this gene.

For every individual gene g, analogous value termed GTE
(Gene TFBS Enrichment) was calculated according to the fol-

lowing formula:

TTS
GTE, = 1—3
72?:1 TTSi
n

where TTS; is total number of TFBS reads mapped in the 5-kb
neighborhood of a gene g; n is the number of all genes; i is gene
index and TTS; is the sum of TFBS reads mapped in the 5-kb
neighborhood of a gene i.

Shttps://www.encodeproject.org/pipelines/ENCPL138KID/.
*https://genome.ucsc.edu/cgi-bin/hgTables.

Alternatively, to assess the relative enrichment in RE-linked
TFBS for a certain gene compared with the total number of
TFBS for the same gene, the normalized value termed NGRE was

introduced:
NGRE, = GRE, / GTE,.

Measuring Pathway Enrichment
by the RE-Linked TFBS

The gene structures of the human molecular pathways were
extracted from the following databases: BioCarta,'® KEGG,"
NCI,'? Reactome,” and Pathway Central.'* For each pathway, the
PII was calculated according to the formula:
" GRE,
PII, =&
n

where PII, is the PII score for a pathway p; GRE:; is the GRE score
for a gene i; and n is the number of genes in a pathway p. PII,
value is normalized on the number of genes in a pathway to avoid
artificially higher values for larger pathways.

PGI (Pathway Gene-based TFBS involvement Index) is
expressed by the formula:

> GTE,
PG =&
n

where PGI, is the PGI score for a pathway p, GTE,; is the GTE
score for a gene 7, and 7 is the number of genes in a pathway p.

The normalized enrichment in RE-linked TFBS for regulation
of a certain molecular pathway termed NPII was calculated as
follows:

NPII, =PII, / PGI,..

GO Enrichment Analysis

Gene ontology analysis of the top and the bottom 6% of the genes
by GRE scores profiled for all REs was performed using DAVID
software.”” The p-values specifying the significance of observed
GO terms and Annotation Clusters enrichment were calculated
using a modified Fisher’s exact test (38). The cutoft for p-values
was set to be equal to 0.05. The enrichment values of GO terms
and Annotation Clusters were calculated as fold changes of their
occurrence in the sample versus their occurrence in the human
genome (38).

Testing the Significance of the Observed
Correlations

The statistical significance of correlations was computed as
Pearson correlation coefficient with p-value using the Seaborn
package.'®

"https://cgap.nci.nih.gov/Pathways/BioCarta_Pathways.
"http://www.genome.jp/kegg/.
"https://cactus.nci.nih.gov/ncicadd/about.html.
Phttp://reactome.org.
"“http://www.sabiosciences.com/pathwaycentral.php.
https://david.ncifcrf.gov/.

'http://seaborn.pydata.org/.
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DISCUSSION

Our data strongly evidence that the evolutionary changes in
transcriptional regulation of gene expression by REs are tightly
associated with the gene functions. From the ENCODE database,
we extracted TFBS information for the human leukemia cell line
K562. For our analysis, we took the TFBS located in the 5-kb
neighborhood of the transcription start sites of known protein-
coding genes (Figure 5). Approximately 13 millions TFBS reads
were identified meeting these criteria. Among them, ~17% over-
lapped with the RE sequences and were referred as the RE-specific
fraction of TFBS. They were formed by the three major RE classes:
~44% of them were attributed to SINEs; ~33%—to LINEs, and
23%—to LR/ERVs. Some REs are known to be transpositionally
competent in the human genome and theoretically could generate
a cell line-specific population of the RE inserts. However, they only
form a negligible proportion of the RE content and could only
exert a minor influence on an overall figure of RE-linked TFBS.

Most of the REs hosting TFBS were highly diverged repeats, and
for the evolutionary younger elements (0-8% diverged from their
consensus sequence), we identified only ~7% of all RE-specific
TFBS. Among them, SINEs covered ~68%, LINEs ~15%, and LR/
ERVs ~17% of TFBS (Figure 1). This suggests that in the recent
evolutionary horizon SINEs were approximately four times more
active than LINEs and LR/ERVs in providing functional TFBS.
For the same gene neighborhood, the young REs provided func-
tional TFBS generally ~14 times less frequently than the group of
all REs. These data are congruent with the previously published
hypothesis that upon insertion into the host DNA, the newly
integrated REs are heavily suppressed. This block is held until
they accumulate sufficient number of mutations (48). We show
here that the extent of this suppression is different for different
RE types varying from ~9-fold for SINEs till ~32-fold for LINEs,
with the median level for LR/ERVs. The absolute concentrations
for the REs were also different, varying from ~0.1 for LR/ERV's
and LINE:s till 0.4 for SINEs.

Moreover, LINEs-linked TFBS are more numerous than the
SINEs-linked ones outside the gene neighborhoods, whereas the
reverse situation ids observed near the genes (Figure 1). Taken
together, these data are also supportive toward another hypoth-
esis that the recent genomic inserts of LINEs and LR/ERV's are
significantly more deleterious for the human genome than for the
SINEs (49, 50).

We calculated the absolute RE-linked TESs for the individual
genes and for the molecular pathways. The most strongly affected
genes and pathways were implicated in the major processes such
as cell stress and immune response, ribosome biogenesis and
translation, chromatin remodeling and DNA replication, and
organization of mitotic spindle and cell cycle progression. On the
other hand, the most weakly regulated genes and pathways were
mostly dealing with the embryonic developmentand neurogenesis
(Tables S3 and S4 in Supplementary Material). We next showed
that the distribution of RE-linked TFBS generally followed the
same trend as the total distribution of all TFBS (Figure 3, Pearson
correlation coefficient = 0.47, p-value < 0.001). The respective
lists of top and bottom implicated processes were also highly
interconnected for RE-linked and all TFBS, featuring most

strongly regulated protein translation, chromatin remodeling and
DNA replication versus most weakly regulated embryonic devel-
opment and neurogenesis (Table S3 in Supplementary Material).
It should be noted that TFBS abundance most likely depends on
the importance of a given gene/pathway for the cell type under
investigation. For example, for the intensively proliferating
leukemia K562 cells investigated here, the programs of embry-
onic development and neurogenesis can be of an especially low
priority, in contrast to DNA replication, protein translation and
cell cycle progression (top processes). However, the correlations
between all TFBS and RE-linked TFBS features were statistically
significant yet not very high (Figure 3). This means that there are
many fields where the RE-mediated TFBS regulation is different
from the general TFBS distribution rule.

The processes specifically enriched in RE-linked TFBS
regulation may be thought the most quickly evolving because
RE-linked TFBS are generally not conservative among the dif-
ferent species, unlike those located on the unique segments of
DNA (51-53). We next attempted to identify the RE-specific
trends in the regulation of gene expression and pathway activa-
tion. To this end, we analyzed the relative values of RE-specific
TEBS profiles normalized on all TFBS profiles for the same genes
(Table S7 in Supplementary Material). Of note, the most strongly
specifically RE-regulated protein-coding genes were three differ-
ent genes for the ubiquitin-specific peptidases, which underline
relatively faster evolution of the enclosing molecular processes.
The top RE-regulated features were strongly connected with the
immunity and response to pathogens, and also with the nega-
tive regulation of gene transcription, protein targeting to Golgi,
ubiquitination and protein degradation, extracellular matrix
organization, regulation of STAT signaling, development and
functioning of perception organs and reproductive system, fatty
acids metabolism, regulation of GTPase activity, negative regula-
tion of cell differentiation and positive regulation of cell division,
and with regulation of body fluids (Tables 3 and 4).

By contrast, the processes most weakly regulated by the REs
were linked mostly with the embryonic development, stem cell
differentiation, nerve growth and neuronal signaling, cytokine
signaling networks, transcription and processing of RNA, nuclear
chromatin organization, ribosome assembly and protein transla-
tion, IGFIR signaling, and regulation of glucose metabolism
(Tables 3 and 4).

Moreover, the RE-specific TESs can be calculated for the
different fractions of the REs. Here, we analyzed their distribu-
tions for the evolutionary young fraction of the REs (diverged
less than 8%), and for all REs. The regulation features in the all
RE fraction demonstrate long-term tendencies in RE-specific
accumulation of TFBS, whereas the young fraction may serve as
the marker for the relatively recent trends in the human genome
evolution, starting roughly since the radiation of Old World
monkeys (7, 54). Both gene- and pathway-specific scores statisti-
cally significantly correlated for the youngand all RE-linked TFBS
(Figure 4). This suggests that the major evolutional trends in
RE-linked TFBS regulation are largely conserved. Interestingly,
the pathway-specific score was correlated stronger than the gene-
specific score (Figure 4A, Pearson correlation coefficient = 0.38,
p-value < 0.001; Figure 4B, Pearson correlation coefficient =0.57,
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p-value < 0.001), which is in line with the previous findings that
the data aggregation at the level of molecular pathways provides
more stable results and may enhance correlations compared with
the single-gene level of analysis (41).

To analyze differences in gene and pathway regulation by
all and young REs, we calculated ratios of the above gene- and
pathway-specific scores for all and young REs. Bigger values
here mean greater regulation changes in a long-term rather than
recent evolution, lower values—by contrast, greater changes in
the recent rather than long-term evolution (Table 4; Tables S10
and S11 in Supplementary Material). In the long-term, but not
short-term perspective, the top evolving pathways were linked
mainly with the immunity and cytokine signaling, cell adhesion,
Notch, Wnt, and integrin signaling, neuronal development and
sensing, chondroitin sulfate and heparin metabolism, cAMP
metabolism, endocytosis, and IGF1R signaling.

By contrast, the most quickly recently evolving processes
were linked mainly with the immunity, cell cycle progression
and apoptosis attenuation, PDGF, TGF beta, EGFR, and p38
signaling, histone deacetylation and DNA methylation interplay,
structure of nuclear lumen, metabolism (primarily catabolism) of
phospholipids and heterocyclic nitrogen-containing molecules,
insulin and AMPK signaling, retrograde Golgi-ER transport,
estrogen signaling, and oocyte maturation (Figure 5). The
immunity-linked pathways were highly represented in both
categories (recently and long-term evolving), but their functional
characteristics were different and did not overlap (Table 5). These
pathways are mostly connected with inflammation, pathogen
recognition of innate immunity and cytokine signaling. Our
findings concerning the RE impact of the both long-term and
short-term evolution of human immune system are in accord
with recent experimental findings that HERV have dispersed

A TEBS: b W WO TR W W W WY b
— Gene
" 5kb TSS +5kb
B Immunity, response to pathogens

Organ development
Regulation of transcription
Chromatin assembly
Protein targeting to Golgi
Proteasomal degradation
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Perception organ development
Regulation of metabolism

Peptide modifications
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DNA repair
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FIGURE 5 | Model of gene expression regulation by RE-linked transcription factor binding site (TFBS). (A) Schematic representation of TFBS (arrows) that may
overlap with the REs (black boxes) close to transcription start sites of known human genes (shown as “TSS”). (B) Outline of RE-linked TFBS regulation at the
long-term and recent evolutional perspectives. This figure aggregates data for both single gene and molecular pathway analysis.
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numerous IFN-inducible enhancers regulating essential innate
immune functions (10, 11).

Patterns of genes mostly impacted by transposons are gener-
ally consistent with universals of genome evolution (55). Our
findings of RE-impacted changes in human molecular pathways
are also generally in line with both ancient and recent trends in
the evolution of human lineage. Retrotransposon insertion is an
abrupt event that can drastically affect expression of neighboring
genes by regulatory innovation and direct mutation (9). A general
hypothesis was proposed that genes that are highly expressed in
all tissues (mostly cytoplasmic and housekeeping) cannot toler-
ate regulatory and mutational pressure imposed by transposons
without fitness loss (56, 57) because the toxic effects of protein
misfolding and stoichiometric imbalance of subunits are thought
to be most severe for highly abundant proteins (58). Here, we
show that human RE impact mainly the pathways linked with
immunity, signal transduction, proliferation, cell interaction and
communication both on the recent and the long-term time scales,
whereas cytoplasmic and housekeeping molecular pathways are
weaker affected.

Moreover, evolutionary history of human lineage most likely
includes series of time-periods with the accelerated evolution
of some particular molecular systems, i.e., due to evolutionary
arms race (59), run-away processes of sexual selection (60),
and classical positive selection, e.g., selection for the ability to
accept new types of food (61). Interestingly, regulatory innova-
tions were probably the major source of changes throughout
the recent human evolution (62). First, evolutionary arms-race
between human ancestors and various pathogens has driven the
changes of adaptive immune response (63) and is still shaping

human immunity nowadays (64). Here, we show that such
shaping is mediated also through RE insertions and exaptation
of their TFBS to regulate expression of immunity-linked genes.
Interestingly, long-term and short-term evolutionary pressures
onto the human immune system sometimes appear disjoined,
e.g., because of encountering new pathogens, reflected by the
fact that different modules of immunity were affected by REs
on different time scales (Table 5). Second, evolution of human
brain was largely affected by sexual selection under a trend
toward monogamy, lowering male competition, and increas-
ing female choice (65). Our study suggests that REs had been
affecting human nerve system for a long time (Table 4) that
may accounts for multiple events in the evolution of mam-
malian brain. Third, recent human evolution after divergence
with chimpanzee imposed several dietary transitions, such as
increased meat-eating that occurred ~2 mya simultaneously
with massive usage of stone and fire (61). Therefore, recent
changes in the catabolism of heterocyclic molecules and phos-
pholipid catabolism can be at least partly connected with this
kind of food speciation of great apes and hominids. Fourth,
rapid recent RE-affected evolution of histone deacetylation and
DNA methylation interplay can be at least partly connected with
gradual diversification of transposon-repressing KRAB zinc
finger TFs (66), reflecting intragenome evolutionary arms race
between REs and host genes.

In this study, we analyzed in depth RE-linked TFBS signatures
for a unique human cell line where the high-throughput TFBS
profile is currently available. Further accumulation of high-
throughput data on TFBS distribution will make it possible to
build a more robust model of RE influence on human molecular

TABLE 5 | Top and bottom immunity-linked molecular pathways sorted by the ratios of NPl scores for the all and young RE-linked transcription factor binding site.

Pathway name All NPII Young NPII Ratio (A/Y)
Top ratio pathways

NCI downstream signaling in naive CD8 T cells pathway (pathway regulation of survival gene product expression via IL2RG) 1.02 0.18 5.59
NCI downstream signaling in naive CD8 T cells main pathway 0.93 0.43 2.16
Reactome toll like receptor 4 TLR4 cascade main pathway 1.19 0.32 3.72
Reactome interleukin receptor SHC signaling main pathway 0.85 0.24 3.51
Cytokine network pathway 1.04 0.32 3.24
NCI CXCR3 mediated signaling events pathway (cell adhesion) 1.06 0.39 2.76
NCI CXCR3 mediated signaling events pathway (actin polymerization or depolymerization) 1.02 0.40 2.57
NCI LPA receptor mediated events pathway (CAMP biosynthetic process) 0.87 0.35 2.46
Biocarta Ick and fyn tyrosine kinases in initiation of tcr activation main pathway 0.98 0.42 2.36
NCI IL2 mediated signaling events pathway (T cell proliferation) 1.00 0.46 2.19
NCI BCR signaling pathway (reentry into mitotic cell cycle) 0.88 0.42 212
NCI IL4-mediated signaling events main pathway 0.96 0.46 2.08
KEGG inflammatory bowel disease IBD main pathway 1.01 0.49 2.06
Lower ratio pathways

Reactome IRAK2 mediated activation of TAK1 complex main pathway 117 1.40 0.84
Reactome IRAK2 mediated activation of TAK1 complex upon TLR7 8 or 9 stimulation main pathway 1.17 1.40 0.84
KEGG Fanconi anemia main pathway 0.98 117 0.83
Reactome Fanconi anemia main pathway 0.89 1.08 0.82
Reactome CD28 dependent Vav1 main pathway 1.13 1.37 0.83
Reactome thromboxane signaling through TP receptor main pathway 0.94 1.15 0.82
NCI Thromboxane A2 receptor signaling pathway (JNK cascade) 0.95 1.20 0.79
NCI Fc epsilon receptor | signaling in mast cells pathway (regulation of mast cell degranulation) 0.82 1.08 0.79
IL-10 pathway IL-10 responsive genes transcription of BCLXL cyclin-D1 D2 D3 Pim1 ¢-myc and P19 (INK4D) via STAT3 0.99 1.31 0.76
IL-10 pathway inflammatory cytokine genes expression via STAT3 0.99 1.31 0.76
Reactome membrane binding and targeting of GAG proteins main pathway 0.94 1.25 0.75
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pathways based on thorough analysis of many objects including
various cell lines and hopefully intact and pathological human
tissues.

Finally, given that REs make up >40% of genomic sequence
and that >80% of the REs are located outside promoter-
neighboring regions, it remains of a great interest to further
investigate if this larger subset of REs may have significant
role in the evolution of human molecular pathways that can
be mediated via chromatin remodeling or regulation of non-
coding RNAs. This will be a matter of further investigation in
our consortium.
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During wounding, tissues are disrupted so that bacteria can easily enter the host and
trigger a host response. Both the host response and bacterial communication can occur
through quorum sensing (QS) and quorum sensing inhibition (QSI). Here, we characterize
the effect of wounding on the host-associated bacterial community of the bed bug. This
is a model system where the male is wounding the female during every mating. Whereas
several aspects of the microbial involvement during wounding have been previously
examined, it is not clear to what extent QS and QS play a role. We find that the microbi-
ome differs depending on mating and feeding status of female bedbugs and is specific
to the location of isolation. Most organs of bedbugs harbor bacteria, which are capable
of both QS and QSI signaling. By focusing on the prokaryotic quorum communication
system, we provide a baseline for future research in this unique system. We advocate the
bedbug system as suitable for studying the effects of bacteria on reproduction and for
addressing prokaryote and eukaryote communication during wounding.

Keywords: quorum quenching, interspecific communication, reproductive immunity, genitalia-associated
microbes, genital infection

INTRODUCTION

All animals live in intimate associations with bacteria, which can live on host surfaces, reside within
or between host cells or be associated with specific organ systems (1-3). The entirety of a host and its
associated bacterial community (microbiome) is called the metaorganism (4). Studying the effects
of microbiomes on host ecology and evolution has become a major line of research (5-8).

Most interactions of the host with bacteria from the environment happen at the host surfaces.
One important way by which environmental bacteria might enter the host organism is wounds (9).
This is of particular importance in cases where wounding occurs on a regular basis such as during
mating (10-12) and when bacteria are transferred to mating partners via contaminated reproduc-
tive organs. Bacteria are ubiquitously found on male and female genitalia, including insects, birds,
or humans (12-16), and copulatory wounding has been shown to be very widespread in the animal
kingdom. In many species, males cause micro- and macro-lesions in the female reproductive tract
during mating (11) and, even in humans, 10-52% of copulations result in mucous lesions, abrasions,
or lacerations of female genital organs [(11) and references therein]. While males may protect their
sperm from bacteria, they transfer to females by transferring antimicrobial substances in their

Frontiers in Immunology | www.frontiersin.org 20

December 2017 | Volume 8 | Article 1855


http://www.frontiersin.org/Immunology/
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2017.01855&domain=pdf&date_stamp=2017-12-18
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
https://doi.org/10.3389/fimmu.2017.01855
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:oliver.otti@uni-bayreuth.de
https://doi.org/10.3389/fimmu.2017.01855
https://www.frontiersin.org/Journal/10.3389/fimmu.2017.01855/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2017.01855/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2017.01855/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2017.01855/full
http://loop.frontiersin.org/people/467401
http://loop.frontiersin.org/people/111153
http://loop.frontiersin.org/people/496737

Otti et al.

Bacteria Associated With Reproductive Organs

seminal fluid alongside the sperm (17, 18), it remains largely
unknown how females prepare for bacterial invasions after
copulation (19) and how the bacterial community residing in the
female responds to the foreign intruders. For example, in other
metaorganisms, the resident microbiota plays a critical role in
maintaining host health by interacting with invading microbes
(8, 20-22).

The host-associated microbial community is shaped by the
host but also through interactions within the microbial com-
munity. Bacterial communication systems, such as quorum
sensing (QS) and quorum sensing inhibition (QSI), influence the
stability of the microbial community, and thus the integrity of
the metaorganism (23, 24). However, little is known about how
these quorum communication systems work between resident
and invading microbes.

Quorum sensing and QSI occur within and between bacterial
species (25). Essentially, QS regulates the gene expression to pro-
duce and release chemical signal molecules called autoinducers in
response to fluctuations in bacterial cell-population density (26).
These responses include adaptation to the availability of nutrients
or the defense against other microorganisms, which may compete
for the same nutrients (or hosts). Bacteria also coordinate their
behavior in infections with QS, e.g., many pathogenic bacteria
coordinate their virulence to evading the immune response of the
host and establishing a successful infection.

Competing bacteria species have evolved mechanisms to
interfere with each other’s QS communication by quenching
the signal molecules, called quorums sensing inhibition (QSI)
(25, 27) or by inhibiting each other’s growth (28). As expected,
hosts have evolved counteradaptations that interfere with the
QS process and limit the spread of information among infecting
bacteria, or interfere with bacterial growth to prevent the colo-
nization by bacteria, e.g., through temperature and pH increase
(29). Although bacterial communication is currently attracting
a lot of interest, not much is known about the distribution of
bacteria competent to perform QS, QSI, or growth inhibition in
natural bacteria-host systems.

A further important player in the host-microbe interaction
has recently been identified. Ismail et al. (30) have shown that
the damage of eukaryotic host cells, as occurs during wounding,
also releases signals that interfere with bacterial QS systems. This
provides, yet another, very fast line of defense once bacteria have
bypassed the host’s epithelia. While future work will doubtlessly
bring more such exciting research results and will eventually
lead to identifying the relative significance of pro- and eukary-
otic quorum communication, we here present a first step into
that direction. We present a unique arthropod model of regular
copulatory wounding—the natural traumatic insemination of
bedbugs—and characterize the prokaryotic side of the quorum
communication by investigating the ability to perform QS or
QSI in vitro of bacteria isolated from male and female reproduc-
tive organs.

Briefly, the male bedbug possesses a stylet-like copulatory
organ (called the paramere) with which it wounds the female
(breaches their integument) during every copulation. On the
paramere, environmental bacteria have been found (17, 31),
which can be transported into the female (17). An experimental

overabundance of bacteria on the male’s paramere dramatically
accelerated female death and has selected for the evolution of
a novel female immune organ (32). This immune organ, the
mesospermalege, is filled with immune cells, hemocytes, of
more or less unknown function, which significantly reduces the
negative effect of wounding and bacterial infection (32). Females
have little control over whether or not they mate other than by
feeding—fully fed females cannot resist copulation, non-fed
females partially can (33). Therefore, fully fed females can expect
to be mated, and in order to characterize the prokaryotic quorum
communication in our model metaorganism, it is necessary to
separate the effects of feeding from the effects of wounding.

The objectives of the current research are: (1) to isolate and
identify the site-specific, culturable microbiome of the bedbug,
(2) to test the effect of wounding and feeding on the microbiome
of female bedbugs, and (3) to quantify the potential for quorum
communication of the culturable bacteria species of the bedbug
microbiome in vitro. We sample eight different bedbug popula-
tions for their bacteria using a culture-dependent method. We
separately screen the bacteria from the bedbug environment,
the cuticle of males and females, the male paramere, the female
hemolymph, and mesospermalege. We contrast virgin and
mated females to isolate the effect of wounding and feeding on
the microbiome and conduct QS and QSI assays to establish the
competence of the isolated bacterial lineages for QS, QSI, and
growth inhibition. The microbiome varied between mated and
non-mated individuals, between fed and non-fed ones as well as
between organs. Most of the screened reproductive organs har-
bored bacteria capable of both signaling pathways, QS and QSI.
Our findings provide a baseline for future research in bedbugs
and promote it as a system for studying the effects of bacteria on
reproduction and prokaryote-eukaryote communication during
wounding in a natural system.

MATERIALS AND METHODS
Study Animals

Allbedbugs were derived from one large stock population (>1,000
individuals) maintained at the University of Sheffield for more
than 6 years (34). We conducted two experiments to (i) obtain
all culturable bacteria from specific sites in the female and male
bedbug and from the bedbug environment and (ii) disentangle
the effect of feeding and mating on bacterial diversity in differ-
ent sites in the female bedbug. For the bacteria in the bedbug
environment, we sampled eight different stocks, six field-caught
(five from the UK and one from Kenya) and two long-term lab
stocks originally obtained from the London School of Hygiene
and Tropical Medicine and from Bayer Environmental Science
(Monheim, Germany).

Site-Specific, Culturable Microbiome of the Bedbug

To isolate and identify most culturable bacteria from the bedbug
microbiome, six different growth media [sterile Grace’s Insect
medium (GM; G8142, Sigma-Aldrich, Dorset, UK), NB, NBTA,
LB, Potato extract, and R2A] were used to prepare 1.5% agar
plates. To assess the diversity of bacteria in the female hemolymph
and mesospermalege, we analyzed 3-week old females (N = 17),
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which were either fully mated with randomly picked males from
the same stock population (N = 12) or left virgin as control
(N = 5). We allowed the males to copulate for as long as they
wanted and removed them immediately after they let go of the
female. Thirty minutes after mating, hemolymph samples were
taken from all females after which they were dissected to remove
the mesospermalege. Additionally, we sampled the microbial
diversity on the parameres from five males, which was separated
from the rest of the body and incubated in GM before plating.

The microbial diversity in the bedbug environment (stock cul-
tures), and thus possible origins of the microbes on the paramere,
the hemolymph, and the mesospermalege was also assessed. To
this end, we incubated filter papers from the pots in which the
stock populations are kept in 5 ml sterile GM. To ensure high
enough bacterial numbers from the tissue samples for detecting
them on the different growth media, we incubated all tissues in
250 ul GM for 4 h at 26°C, after which 30 pl were plated using
sterile glass beads.

The Effect of Wounding and Feeding on the
Microbiome of Female Bedbugs

To test whether feeding or mating has an effect on the type or
number of different bacteria found in females, we randomly
assigned 3-week old females (N = 16) to the following four treat-
ments (each N = 4): (1) unfed virgins, (2) fed virgins, (3) unfed
mated, and (4) fed mated. Females were mated with randomly
picked males from our stock population. We allowed the males
to copulate for as long as they wanted, measured the mating
duration, and removed them immediately after they let go of the
female. Fed females mated almost 20 s longer than unfed females
(Table 3). Thirty minutes after mating, female bedbugs were
sampled for bacteria. We also removed and sampled the paramere
of the males (N = 7) by incubating it in GM. The males (N = 7)
and females (N = 3) were also rinsed in GM to obtain cuticular
bacteria.

Isolation and Cultivation of Bacteria

Before dissection, females were sterilized using a kimtech
tissue dipped in 96% ethanol. Then hemolymph samples were
collected by introducing a sterilized glass capillary pulled to a
fine point between the second and third abdominal sternite.
Subsequently, on average, 0.5 pl hemolymph were added to
15 pl of GM in a 0.5 ml Eppendorf tube on ice. Then females
were dissected in GM and the mesospermalege removed and
rinsed in 10 pl of sterile GM on a glass slide. After rinsing, the
mesospermalege was put into a 0.5 ml Eppendorf tube contain-
ing 15 pl of sterile GM on ice. Using a sterile plastic pestle
(2359947, Sigma- Aldrich, Dorset, UK) and thorough vortexing,
we homogenized the mesospermalege samples before spreading
them on agar plates.

Each hemolymph and mesospermalege sample was split into
two, i.e., 7 pl each, and spread with sterile glass beads (3 mm,
Merck) on 1.5% LB agar plates (60 mm). We also ran procedural
controls to check for potential contamination. Agar plates were
incubated at 26°C until visible colonies were present, at most
48 h. After incubation, we screened for visible colonies and dif-
ferent colony morphotypes. These were picked and re-cultured

to obtain single clonal cultures. From 74 samples, glycerol stocks
were prepared and served as a culture collection for future
analysis.

DNA Extraction and PCR Amplification
of the 16S rRNA Gene

Each glycerol stock was used to grow a liquid culture for extract-
ing DNA (MO BIO, Ultra Clean, Microbial DNA Isolation Kit,
Cat. Nr. 12224-250, Cambio Ltd., Cambridge, UK). DNA samples
were sent to SourceBioscience Geneservice™ (Nottingham,
UK) for PCR amplification and forward sequencing of a frag-
ment of the 16s rRNA gene using the universal primer 27F
(5'-AGAGTTTGATCMTGGCTCAG). The obtained sequences
were trimmed at the 5" and 3’ end to remove ambiguous parts, i.e.,
non-identified nucleotides, in order to optimize blast results and
sequence alignment. Due to their poor quality, four sequences
had to be excluded from the analysis. We used blast2go' for the
blasting of the sequences and ClustalX? for the sequence align-
ment. The Maximum Likelihood phylogenetic tree of the bacte-
rial sequences was determined by using the web interface RAXML
Black Box® (Figure 1) and NJplot to draw the phylogenetic tree*
(Figure 1).

QS Assay

N-acyl homoserine lactone (AHL) production was measured as
a surrogate for QS using the indicator strain Chromobacterium
violaceum (CV026), which was assayed with all samples from our
bacterial culture collection. CV026 does not produce C6-HSL but
does produce violacein (purple pigment) in response to the pres-
ence of exogenous C6-HSL. This violacein production in strain
CV026 is inducible by AHLs with N-acyl side chains from C4
to C8 in length. In contrast, AHLs with N-acyl side chains from
C10 to C14 inhibit violacein production. Therefore, CV026 can
be used as an indicator strain to detect a variety of AHLs.

Chromobacterium violaceum was first grown overnight in
liquid LB broth. By mixing 50 ml of the overnight culture with
200 pl of warm 1% agar medium, we produced assay plates (10 ml
in 90 mm Petri dishes). Then, we punched holes in the agar using
the top end of a glass Pasteur pipette. For each sample from our
bacteria stock library, two overnight cultures were produced
(N = 148 overnight cultures). From each of those, we ran two
replicates on two different plates. We added 50 pl of overnight
culture to a hole in an assay plate. As a positive control, we also
assayed the indicator strain C. violaceurn ATTC 31532 that pro-
duces AHL. After inoculation with a bacteria sample, the plates
were incubated for 48 h at 30°C. Then, each sample was scored for
the occurrence of purple coloration around the well, which is the
positive test of AHL production. No coloration indicated a nega-
tive test. For each positive assay, we measured the zone diameter
twice in a perpendicular fashion and subsequently calculated the
area of the zone in square millimeters.

'http://www.blast2go.com.
*http://www.clustal.org/clustal2/.
*https://embnet.vital-it.ch/raxml-bb/
*http://pbil.univ-lyon1.fr/software/njplot.html.
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——{E09_Staphylococcus epidermidis | Qs & GIS
{——C€07_Staphylococcus saprophyticus H GIS only
[——C06_Staphylococcus xylosus B QSI & GIS
[——G04_Staphylococcus sp. A QSI & GIS
[——GO06_Staphylococcus xylosus F Qs, QSI & GIS
——F05_Staphylococcus xylosus D QSI & GIS
——]F02_Staphylococcus pasteuri | GIS only
——HO09_Staphylococcus pasteuri virgin GIS only
——HO01_Staphylococcus pasteuri mated GIS only
——HO03_Staphylococcus pasteuri virgin GIS only
——JF04_Staphylococcus pasteuri QSI & GIS
——GO09_Staphylococcus sp. mated QS & QS
——HO06_Staphylococcus saprophyticus E QS & Qs
——EO05_Staphylococcus saprophyticus D GIS only Legend
———F03_Staphylococcus succinus virgin QSl only
100 A09_uncultured bacterium clone mated QSl only Bacteria from bedbug environment
59 C08_uncultured bacterium clone virgin QSl only Female
D08_Micrococcus luteus mated QSl only
100 E04_Mlicrococcus sp. QS & GIS Immune organ
99 DO02_Micrococcus luteus virgin QS only Haemolymph
) ——EO07_Kocuria rosea H no QS, QSI oSr GIS Integument
> T &:BDG_AIcaIigenes sp. B Qs, QSI & GIS
'g 100 A05_Alcaligenes sp. A QS & QS| Male
73 FO6_Acinetobacter septicus F QS only
g BO05_Acinetobacter septicus C QSl only
c 100 100 A07_Acinetobacter septicus H QS only A
! A06_Acinetobacter septicus B QS only Ssays
E HO02_Acinetobacter calcoaceticus G QSl only QS = Quorum sensing
E B02_Pseudomonas graminis mated no QS, QSl or GIS QS| = Quorum sensing inhibition
o + 85 DO07_Serratia marcescens H QSl only GIS = Growth inhibition
——Thermus aquaticus
FIGURE 1 | Phylogenetic tree [RAXML rapid bootstrap (35)], reconstructed for the 16s rDNA gene sequences from bacteria in bedbugs and their environment.
Bacteria are given in different fonts depending on their location. Bacteria from filter papers on which bedbug stock populations were kept are given in bold italic,
bacteria from female hemolymph samples are given in red italic, bacteria from female immune organs are given in blue italic, bacteria from female integuments are
given in italic, and bacteria from parameres are given in italic and boxed. In the column next to the tree, the stock population ID and the mating status of females
are presented, including the ability of the isolated bacteria to perform quorum sensing (QS), quorum sensing inhibition (QSI), or growth inhibition of the indicator
strain (GIS).

QSI Assay

Similartothe QSassay,weusedaC. violaceumstrain (ATTC12472)
as an indicator for QSI. In this strain, N-(3-hydroxydecanoyl)-
L-homoserine lactone controls violacein production, a purple
pigment, by QS (36). As the growth medium did not affect the
QS assay, we produced assay plates in the same way as described
above only with LB medium. Again, we tested all samples from
our culture collection twice and with two overnight cultures.
Plates were incubated for 48 h at 30°C. As the indicator strain is

producing the purple pigment constantly when growing, a posi-
tive test of QSI is seen as a white, milky zone around the well. A
negative test would be no zone and purple coloration right up
to the edge of the well. In our case, we also observed clear zones
around the well, which we scored as growth inhibition of the
indicator strain (GIS). For each positive assay (QSI and GIS),
we measured the zone diameter twice in a perpendicular fash-
ion and subsequently calculated the area of the zone in square
millimeters.
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Statistical Analysis

(i) Site-specific, culturable microbiome of the bedbug: the num-
ber of culturable bacteria was similar on the six growth
media used (Table 2). We thus pooled the data to identify
differences between numbers of species found in different
organs and mating status with a Chi-squared test. We com-
pared the number of females from which bacteria could
be cultivated versus the number of females from which no
bacteria could be cultivated using a Fisher Exact test.

(ii) The effect of wounding and feeding on the microbiome of
female bedbugs: due to the low number of different bacteria
species found in the differently treated females, we did not
perform a statistical analysis (Table 3). As the sample sizes
were limited, we fitted Fisher Exact tests to identify dif-
ferences between numbers of females from which bacteria
could be cultivated in comparison to females from which
no bacteria could be cultivated with either mating or feed-
ing status as a factor.

Quorum sensing, QSI, and GIS were analyzed in a qualitative
manner by giving an account of how many culturable bacteria
species were able to perform QS, QSI, or GIS in relation to mating
status, bedbug population, and tissue. All statistical analyses were
conducted using R 3.4.1 (37).

RESULTS

Overall Diversity of Species and of

Quorum Communication

In total, we identified 20 different culturable bacterial species
across all our samples (five Gram-negative, thirteen Gram-
positive bacteria, and two clones that were notidentified) (Table 1;
Figure 1). Ten species were cultured from the environment of the

bedbug (four Gram-negative, six Gram-positive bacteria), eleven
from female tissues, and two from males (Table 1). Samples
from the same bacteria species that were sampled from different
collection sites (tissues) clustered together in the phylogenetic
analysis (Figure 1).

Overall, 56% of the cultivated bacteria isolates showed QS
(Gram-negative bacteria: 40%; Gram-positive bacteria: 67%),
72% showed QSI (Gram-negative bacteria: 80%; Gram-positive
bacteria: 67%), and 50% showed growth inhibition of the indica-
tor strain (GIS) (Gram-negative bacteria: 20%; Gram-positive
bacteria: 67%). Generally, QSI response was strongest showing
a mean area of 175.98 mm =+ 151.13 mm (mean + SD), GIS
zones were on average 135.20 mm + 138.97 mm, and QS areas
45.50 mm =+ 36.30 mm. The expression of QS, QSI, and GIS of
the different bacteria isolates was dependent also on geographic
origin, mating status and tissue (Figure 2). For example, eight
of the nine bacteria species found in the environment showed
QS, QSI, or GIS or a combination of those three (Figure 2) but
only one of the bacteria species cultured from female tissues
performed both QS and QSI. The strength of response in QS, QSI,
and GIS varied between species (Figure 3). From five of the six
field-caught bedbug populations, environmental bacteria could
be cultivated that were able to quorum sense and/or to inhibit
the growth of the indicator strain (Figure 1). Of the lab popula-
tions, one harbored bacteria that could perform QSI, but not
QS. Environmental bacteria grown from the second laboratory
population could perform QS, QSI, and GIS. All bedbug popula-
tions had cultivable bacteria that were able to quorum quench the
signal of the indicator strain (Figure 1).

Intotal, werecovered 24 isolates from the bedbugenvironments
of the eight stock populations (UK: 14, Kenya: 3, and Lab: 7). In
the environment of the UK bedbug stock populations, we found
seven, in the Kenyan population three and in the Lab stocks six
different bacteria species. Five bacteria species were only found
in one population [A: Staphylococcus sp. (1); C: Staphylococcus sp.

TABLE 1 | Bacterial species found in bedbugs and their environment for all experiments combined.

Female Male
Bedbug environment N stocks Integument N Hemolymph N Immune organ N  Paramere N
Alcaligenes sp.¢~ 2 Micrococcus sp. 1 Bacillus sp. 0;1  Pseudomonas graminis®~  0;1  Staphylococcus 3
epidermidis
Acinetobacter septicus®- 4 Staphylococcus 1 Micrococcus luteus 1,0 M. luteus 0;1  Staphylococcus 5
pasteuri pasteuri

Acinetobacter calcoaceticus®- 1 Staphylococcus capitis 1,0 S. capitis 0;1

Serratia marcescens®- 1 S. epidermidis 1;3  S. epidermidis 3;3

Bacillus sp. 6 Staphylococcus pasteuri 0;1 S pasteuri 2,0

Kocuria rosea 1 Staphylococcus succinus 1,0 Staphylococcus sp. (2) 0;1

Staphylococcus sp. (1) 1 Unidentified bacterial 1,0 Streptococcus salivarius 0;1

clone 1
Staphylococcus sp. (3) 1 Unidentified bacterial 11
clone 2

Staphylococcus saprophyticus 3

Staphylococcus xylosus 3

Number of units/individuals screened 16 3 13;20 13;20 12

For the environment, two samples from eight stock populations were screened. Hemolymph and immune organs were sampled in virgin and mated females from only one stock
population. For these, the number of samples with bacteria was given for both mating states (virgin;mated). The bottom row gives the number of units or individuals screened.

G-, Gram-negative bacterium.
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Bedbug environment

Gram- Bedbug culture

Alcaligenes sp.
Acinetobacter septicus
Acinetobacter calcoaceticus
Serratia marcescens

Gram+

Kocuria rosea
Staphylococcus sp. (1)
Staphylococcus sp. (3)
Staphylococcus saprophyticus
Staphylococcus xylosus
Bacillus sp.

Haemolymph

virgins

Micrococcus luteus
Staphylococcus capitis
Staphylococcus succinus
unidentified bacterium clone (1)

mated
Bacillus sp.
Staphylococcus pasteuri
both Colour legend
Staphylococcus epidermidis Qs only
QSl only
QS & QS|
no QS or QS|

Paramere -
wounding organ

Staphylococcus epidermidis
Staphylococcus pasteuri
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site of regular wounding

virgins

Staphylococcus pasteuri
mated

Micrococcus luteus
Staphylococcus sp. (2)
Staphylococcus capitis

Streptococcus salivarius
Pseudomonas graminis (Gram-)

both
Staphylococcus epidermidis
unidentified bacterium clone (2)

FIGURE 2 | Distribution of cultivated bacteria with respect to female mating status, bedbug tissue, and bedbug environment. Species names are colored according
to their ability to perform quorum sensing (QS) or quorums sensing inhibition (QSI). Underlined species names indicate the ability to perform growth inhibition (GIS) of
the indicator strain. Cultivated bacteria that did not show any reaction to the indicator strains in the assay are given in black.

(3); G: Acinetobacter calcoaceticus; H: Kociura rosea and Serratia
marcescens] (Figure 1). In three UK populations (A, B, C), in the
Kenyan population and in one Lab stock (G) bacteria showed QS,
QSI, and GIS. One UK population contained bacteria that only
showed QSI and GIS (D) and another only QS and QSI (E). And
the second Lab stock only had bacteria showing QSI (Figure 1).

Site-Specific, Culturable Microbiome of the Bedbug
Species

In the hemolymph of a mated female, we found a Bacillus sp. From
thehemolymph of virgin females, we cultivated Micrococcus luteus.
The mesospermaleges of a mated and a virgin female yielded an
unidentified bacterium clone (2) that clustered with Micrococcus
sp. (Figure 1). In addition to M. luteus, the mesospermaleges of
mated females harbored Streptococcus salivarius and the Gram-
negative Pseudomonas graminis (Figure 2). Parameres—the
male wounding organs—harbored Staphylococcus epidermidis
and Staphylococcus pasteuri (Figure 2). One female harbored
four different types of bacteria (hemolymph: S. epidermidis and
S. pasteuri; mesospermalege: Staphylococcus sp. and S. salivarius).

Whereas after mating, the number of bacteria species increased
in comparison to virgin bedbugs, the proportion of females
harboring bacteria decreased after mating (Figure 3; Table 3).
From the hemolymph of virgin females, one bacteria species
could be grown, but four from the hemolymph of mated females
(Table 3). Mating status and tissues did not differ in the number
of females from which bacteria could be grown (Fisher’s Exact
test: P = 0.19). Four of twelve mesospermaleges (33%) of mated
females contained cultivable bacteria, in contrast to four of five
mesospermaleges (80%) of virgin females, a difference that was,
however, not significant (Fisher’s Exact test: P = 0.13) (Table 3).
Different growth media did not affect the number (Fisher’s Exact
test: P = 1) or type of bacteria species that could be cultivated
(Table 3). Although not significant (Fisher’s Exact test: P = 0.15),
in both experiments, mating reduced the number of cultur-
able bacteria found in the mesospermalege—the site of regular
wounding (Figure 4). Overall, female hemolymph showed a lower
proportion of cultivable bacteria than the mesospermalege—the
site of regular wounding (Figure 4). Mesospermaleges of mated
females contained less than half as many cultivatable bacteria
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FIGURE 3 | Area of zones in square millimeters for each assay type and bacteria species with at least one positive assay. Error bars represent the SE.
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as the same organs from virgin females and the hemolymph of
showed a similar pattern (Figure 4).

Quorum Communication

Bacteria from female tissues seemed to be limited to one form of
communication (e.g., only QS in M. luteus from hemolymph of
virgin female; only QSI in Staphylococcus sp. from hemolymph
of virgin female; or only GIS in S. pasteuri from hemolymph
of mated female) (Figure 2). Three bacteria species from
mesospermaleges of mated females showed QSI (Figure 2),
one of which was the same in mesospermaleges of virgin
females. S. salivarius from mated and S. pasteuri from virgin
female mesospermaleges showed GIS and the hemolymph of
mated females contained no bacteria showing either QS or
QSI, but two performed GIS. In contrast, the hemolymph of
virgin females harbored one cultivable bacteria species with QS,
one with QS but none with GIS (Figure 2). M. luteus from the
mesospermalege of mated females perform QSI, whereas the
M. luteus found in virgin hemolymph were only able to QS.
We found a similar contrast for parameres and female tissues.
S. epidermidis from a paramere performed QS and GIS,
S. epidermidis found in the hemolymph of females performed
QSI and GIS (Figure 2). While S. pasteuri from a paramere

could quench and inhibit the indicator strain, S. pasteuri from
females would only inhibit the growth of it.

The Effect of Wounding and Feeding on the
Microbiome of Female Bedbugs

Species

In addition to the eight bacteria species found while investigating
the site-specific, culturable microbiome of the bedbug, we identi-
fied another three when testing for the effect of wounding and
feeding on the microbiome of female bedbugs. The proportion
of females from which bacteria were cultivated was dependent
on the females’ mating and feeding status (Table 3; Fisher’s Exact
test: P =0.04).

Mated females harbored a lower number of culturable bacteria
species than virgin females (Table 3). In addition, fewer mated
females harbored bacteria than virgin females (Fisher’s Exact test:
P=0.12) (Figure4). Mated fed females harbored bacteria whereas
we could not grow bacteria from unfed mated females (Fisher’s
Exact test: P= 0.14). From mated fed females, we identified S. epi-
dermidis, S. capitis, and one Staphylococcus sp. From four fed and
three unfed virgin females, we could cultivate bacteria (Table 2).
The proportion of fed and unfed females from which bacteria
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could be cultivated did not differ (Fisher’s Exact test: P = 0.12)
(Table 3). Virgin fed females harbored S. capitis, S. succinus, one
Staphylococcus sp. and one unidentified bacterium clone (1) simi-
lar to S. salivarius (Figure 1). The S. succinus and the unidentified
bacterium clone (1) originated from the same female. From two
unfed virgin females, we identified S. epidermidis and from one S.
pasteuri. And from the washed female integuments, we cultivated
S. pasteuri and a Micrococcus sp. Two of the seven screened males
harbored two bacteria species, S. epidermidis and S. pasteuri, on
their paramere (Figure 2). These two bacteria species were most
frequently found in both experiments (site-specific, culturable
microbiome of the bedbug: S. epidermidis: 2 parameres, 2 hemo-
lymph samples, 4 mesospermaleges, S. pasteuri: 3 parameres, 1
hemolymph sample, 1 mesospermalege; effect of wounding and
feeding on the microbiome of female bedbugs: S. epidermidis: 1

1.0
B Bacteria
O No bacteria

Proportion of females

mated virgin
mesospermalege haemolymph

mated virgin mated virgin  mated virgin

mesospermalege  haemolymph

Mating & medium experiment Mating & feeding experiment

FIGURE 4 | Proportion of mesospermaleges —the site of regular wounding—
from mated and virgin females from which bacteria could be cultivated and
their hemolymph in contrast to the number of females without bacteria. The
sample sizes below indicate the number of females screened for bacteria.
“Mating and medium experiment” refers to the screen of the site-specific,
cultivable microbiome of the bedbug and “Mating and feeding experiment”
refers to the test of the effect of wounding and feeding on the microbiome of
female bedbugs.

paramere, 2 hemolymph samples, 2 mesospermaleges, S. pasteuri:
2 parameres, and 1 mesospermalege).

Quorum Communication

One bacterium from mated females showed QSI in contrast to
three from virgin females. Virgin females also harbored bacteria
capable of GIS. Fed females harbored three bacteria species that
showed QSI and three that did not signal. From unfed females,
we recovered bacteria that were able of QSI and GIS. None of the
bacteria found in this experiment showed QS.

DISCUSSION

We advocate the bedbug mating as a suitable system to study the
effects of bacteria on reproduction and to address prokaryote and
eukaryote communication during wounding in a natural system.
We found that most organs of bedbugs harbor bacteria, which
are capable of both signaling pathways, QS and QSI. Some of
the bacteria were able to stop the growth of an indicator strain
indicating potential higher competitiveness. Finally, we show
that the microbiome varies between mated and non-mated indi-
viduals, between fed and non-fed ones as well as between organs.
By focusing on the prokaryotic quorum communication system,
we provide a baseline for future research in this unique system.

The Bedbug Microbiome

In 2013, the first in-depth assessment and characterization of the
bed bug (Cimex lectularius) microbiome was conducted (38).
Although variation in diversity and structure was found among
geographical locations, the presence of similar bacterial lineages
across populations provided evidence for the presence of a Cimex
core microbiome. To date, several studies including our own have
found similar bacterial taxa in bedbug populations from all over
the world (31, 38, 39) further supporting the existence of a core
microbiome. However, our study also shows considerable varia-
tion in the bedbug microbiomes of different tissues, sexes, and
reproductive states. In addition, bacteria found in the bedbug
environment differed from the ones found in female or on male
reproductive organs, hinting at a specific interaction between
bacteria and host. Isolates from the same bacterial species that
were sampled from different collection sites (tissues) clustered
together in the phylogenetic analysis. These bacteria species seem
to rather opportunistically colonize tissues and do not select a
habitat within hosts. It is, therefore, likely that those bacterial
species get transmitted between individuals regularly.

TABLE 2 | Effect of mating and test medium on bacteria presence in female bedbugs.

Treatment N Growth medium Number of different bacteria Percent females or samples
species with bacteria
LB GM NB NBTA Potato extract R-2A
Mated 12 4 5 4 4 4 4 7 42
Hemolymph 2 2 2 2 2 3 4 25
Mesospermalege 2 3 2 2 2 1 4 33
Virgin 5 3 2 3 2 2 2 3 80
Hemolymph 1 0 0 0 0 0 1 20
Mesospermalege 2 2 3 2 2 2 3 80

Numbers given for growth media are the number of different bacteria species found in each tissue.
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TABLE 3 | Effect of mating and feeding on bacteria presence in tissues from
female bedbugs.

Treatment N Mean mating Percent Number of different
duration in females with bacteria species

seconds (+SD) bacteria found

Fed

Mated 4 99.0 +9.7 75 2

Virgin 4 100 42

Unfed

Mated 4 80.5 +22.3 0 0

Virgin 4 75 2

aTwo different bacteria species from the same individual.

Any bacterium specifically associated with only one organ,
i.e., similar to an endosymbiont, might benefit from using
QS and QSI to occupy the niche and protect the host organ
from intruding bacteria. Most bacteria found in the bedbug
environment performed QS, QSI, or GIS in some combina-
tion, except for three species. Only one did not perform any
QS, QSI, or GI. In contrast, none of the bacteria from male or
female bedbugs was performing QS, QSI, or GIS in combina-
tion, suggesting that either the host suppresses signaling or no
need was present for the bacteria to communicate. Whereas
several bacteria species in mated females showed QSI or GIS
when isolated from the mesospermalege (the site of regular
wounding), only one bacterium showed QS. Whether this
indicates a certain degree of specificity of the given bacteria in
this tissue remains to be shown.

While organ-specific bacterial communities are well estab-
lished for humans [e.g., Ref. (1)], whether quorum communi-
cation can also be organ-specific seems less clear. Currently,
evidence is lacking for such a specificity. But given the intricate
interaction and communication between animals and bacteria
already described (40), an organ-specific communication
would not be unlikely. We found no previous report on quorum
communication of bacteria associated with bedbugs. In our
study, we not only identified a diverse range of QS and QSI
communicating bacterial species but we also found that some
aspects appeared to be related to the organ from which the
culturables were isolated. For example, we found that M. luteus
showed QSI when sampled from the mesospermalege but not
when sampled from the hemolymph. Similarly, S. epidermidis
showed QS and GIS on the paramere, QSI and GIS in the
hemolymph, and no QS, QSI, or GIS in the mesospermalege.
Although we examined QS and QSI in vitro, it is unlikely that
these differences arose from the in vitro conditions, because
we treated all culturables the same way. At least some aspect
correlated to eliciting a QS or QSI response in vitro must have
been different between the organs.

Sex Differences and the Effect of Mating
on the Microbiome and Its Quorum

Communication
The sex differences in the microbiome of bedbugs that we found
agree with many other species and are not surprising, given the

large habitat difference the male and female reproductive organs
represent to microbes. For example, mosquitoes, mice, and
humans show differences in microbiome diversity or abundance
of bacteria taxa between the sexes (41-43). Sex differences in
the microbial community can even lead to sex-specific hormone
regulation in mice (42), suggesting differences in communication
between the microbiome and its host. However, habitat differ-
ences [e.g., Ref. (15, 44)] and sexual transmission are not the only
determinants of sex differences in the microbial community of
animal genitalia. For example, Gendrin et al. (45) showed that
the deposition of infectious microbes on the genital plate caused
a systemic, rather than a localized immune response in males but
not in females.

Mated females had fewer bacterial species in the mesosper-
malege than virgin females, a trend that was also found in the
hemolymph. This observation implies that the site of regular
wounding—the mesospermalege—has a role in controlling bac-
teria transmission or bacteria growth. This is consistent with the
finding that in bedbug females, the growth inhibition of bacteria
and antibacterial activity of the mesospermalege is stronger in
mated than virgin females (O. Otti, unpublished data). It is,
therefore, possible that part of the observed bacterial reduction
in the mesospermalege of mated females might be caused by an
upregulation of the growth inhibition factors during and/or the
production of constitutive immune agents, such as lysozyme,
during or even in anticipation of mating [see Ref. (19) for an
example in Drosophila].

None of the bacteria recovered from mated females showed
QS. Actually, QS was only found in one bacterial clone from the
hemolymph of a virgin. Bacteria from the hemolymph of mated
females did neither quorum sense nor quench, whereas bacteria
from the hemolymph of virgin females were capable of both sign-
aling pathways. Females might control the signaling or growth
of bacteria in the hemolymph during reproduction to minimize
the risk of a systemic infection. Although the investment into
pathogen protection is often reduced via immune suppression
during reproduction (46), regular wounding combined with a
threat of genital infection might select for means to control and
localize bacterial growth.

The Effect of (Blood) Feeding on the
Microbiome and Its Quorum

Communication

Feeding increased the number of species collected from female
bedbugs. Unfed mated females were even free from culturable
bacteria. Only two species were collected from unfed females.
Interestingly, bacteria from fed females only showed QSI or no
signaling at all, whereas unfed females were capable of QSI and
GIS. The reason for these differences will have to be investigated
further.

CONCLUSION

We characterize the culturable microbiome for a system with
natural regular sexual wounding and show that the host’s sex
as well as feeding and mating, are associated with striking
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differences in the microbiome and the quorum communication
system. Despite the uniqueness of the system, the frequency of
copulatory wounding suggests that similar differences might be
worth studying in other eukaryotic hosts and may represent an
important part of the metaorganism.
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The F-type lectin (FTL) family is one of the most recent to be identified and structurally
characterized. Members of the FTL family are characterized by a fucose recognition
domain [F-type lectin domain (FTLD)] that displays a novel jellyroll fold (“F-type” fold)
and unique carbohydrate- and calcium-binding sequence motifs. This novel lectin family
comprises widely distributed proteins exhibiting single, double, or greater multiples of the
FTLD, either tandemly arrayed or combined with other structurally and functionally distinct
domains, yielding lectin subunits of pleiotropic properties even within a single species.
Furthermore, the extraordinary variability of FTL sequences (isoforms) that are expressed
in a single individual has revealed genetic mechanisms of diversification in ligand recogni-
tion that are unique to FTLs. Functions of FTLs in self/non-self-recognition include innate
immunity, fertilization, microbial adhesion, and pathogenesis, among others. In addition,
although the F-type fold is distinctive for FTLs, a structure-based search revealed appar-
ently unrelated proteins with minor sequence similarity to FTLs that displayed the FTLD
fold. In general, the phylogenetic analysis of FTLD sequences from viruses to mammals
reveals clades that are consistent with the currently accepted taxonomy of extant spe-
cies. However, the surprisingly discontinuous distribution of FTLDs within each taxonomic
category suggests not only an extensive structural/functional diversification of the FTLs
along evolutionary lineages but also that this intriguing lectin family has been subject to
frequent gene duplication, secondary loss, lateral transfer, and functional co-option.

Keywords: F-type lectins, fucolectins, structural modeling, glycan recognition, fucose-binding, self/non-self-
recognition, innate immunity

INTRODUCTION

Recognition of glycans exposed on the surface of microbial pathogens and parasites by the host’s
cell-associated and soluble lectins is considered the initial key step in the innate immune response
of both invertebrates and vertebrates (1-5). Members of several lectin families characterized by
unique sequence motifs and structural folds such as C-type lectins (CTLs) (6), peptidoglycan
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binding proteins (7), ficolins (8), pentraxins (PXNs) (9), galectins
(10), and most recently, F-type lectins (FTLs) (11-14) have been
implicated in immune surveillance and homeostasis. However,
the participation of these and other lectin families in multiple
intra- and extracellular functions including folding, sorting, and
secretion of glycoproteins, cell-cell interactions, and signaling
and transport in early development, tissue repair, and general
cell functions, as well as host colonization by microbial patho-
gens and parasites have also been firmly established (5).

F-type lectins are fucose-binding proteins of wide taxonomic
distribution from viruses to vertebrates and constitute the most
recently identified lectin family (11-14). They are characterized
by a fucose recognition domain [F-type lectin domain (FTLD)]
that displays a novel fold (the “F-type” fold) consisting of a
f-barrel with jellyroll topology and unique fucose- and calcium-
binding sequence motifs (13). Although FTLs can display a single
FTLD, sometimes associated with one or more structurally and
functionally distinct domains in a single polypeptide, the pres-
ence of a variable number of tandemly arrayed FTLDs is also
a common occurrence in members of this lectin family. Some
FTLs mediate immune recognition (13-16), whereas others are
involved in microbial pathogenesis (17-23), fertilization (24-26),
and other diverse functions.

The identification of the FTL family was a fortuitous dis-
covery that resulted from the search for fucose-binding CTLs
in serum and liver extracts from the striped bass (Morone
saxatilis) (11, 12). Affinity chromatography on L-fucose-
Sepharose yielded a 32 kDa protein (MsaFBP32) that did not
require calcium or other divalent cations for binding to cells.
Partial Edman sequencing of the protein enabled cDNA and
genomic cloning and revealed the presence of two 140-amino
acid tandemly arrayed domains. Analysis of the deduced poly-
peptide sequence of MsaFBP32 failed to identify the signature
motif of the CTLs or any of the known lectin families described
at the time and suggested that MsaFBP32 represented a novel
lectin type. Although no matches to known lectins were initially
identified, the search of sequence databases revealed a stretch
of N-terminus sequence from a single protein named PXN1-
XENLA (27) that shared significant similarity to the MsaFBP32
lectin motif. Surprisingly, PXN1-XENLA, which is described
as a PXN-fusion protein cloned from the liver of the African
clawed frog (Xenopus laevis), consists of an MsaFBP32-like
domain linked to a PXN domain that also exhibits lectin activity
(28). Furthermore, a search of X. laevis and Xenopus tropicalis
EST databases revealed additional FBPLs different from PXN1-
XENLA, with multiple FBPLs. The information obtained enabled
the cloning of similar lectins in several fish species and later the
in silico identification of FBPLs in the growing number of EST
and genomic databases for multiple invertebrate and vertebrate
species, mostly fish and amphibians (11, 12). Surprisingly, three
FBPL tandemly arrayed sequences were identified in the SP2159
ORF from the genome of the capsulated and virulent strain
(TIGR4) of Streptococcus pneumoniae (11, 12). As a whole,
this experimental and in silico effort led to the identification of
the novel lectin family (FTL family) characterized by proteins
present in both prokaryotes and eukaryotes, which displayed
the newly identified lectin domain (FTLD), either tandemly

arrayed or in mosaic combinations with other structurally and
functionally distinct domains (11, 12).

Structural studies were initiated with the simplest FTL family
member carrying a single FTLD, the European eel agglutinin
[Anguilla anguilla agglutinin (AAA)] (13). These were followed
by the FTL from the striped bass (M. saxatilis; MsaFBP32) that
carries two tandemly arrayed FTLDs (14). The resolution of struc-
tures for the AAA and MsaFBL32 complexed with fucose enabled
the identification of a novel structural fold (the F-type fold) and
the amino acid residues in the carbohydrate recognition domain
(CRD) that interact with the fucose ligand, as well as with the
subterminal sugar units in fucose-containing oligosaccharides.
Furthermore, a fold-based search [Dali database (29)] revealed
several proteins display the F-type fold, but that only share
negligible sequence homology with FTLs, including discoidins,
clotting factors, and fungal and bacterial glycoenzymes (13). This
information enabled not only the formulation of proposals about
the possible evolutionary origin of the FTLD but also about its
functional co-option along vertebrate lineages.

In later functional studies, the biological characterization of
FTLs from teleost fish revealed their capacity for pathogen recog-
nition and their roles as opsonins in innate immunity, the charac-
terization of the gene products from the identified Streptococcus
spp. FTL sequences as virulence factors (lectinolysins) (20-22),
and the identification of sperm acrosomal proteins (bindins)
from the oyster Crassostrea gigas as extremely diversified FTLs
with role(s) in fertilization (24-26). In recent years, the expo-
nentially growing number of sequenced genomes from multiple
species, ranging from viruses to pro- and eukaryotes has enabled
the identification of FTLs in additional taxa, thereby greatly
expanding our knowledge about the distribution of the FTLD in
nature. In this regard, a rigorous and exhaustive computational
study has recently provided significant insight into the taxonomic
prevalence of the FTLD (30). Finally, functional studies aimed
at elucidating the role(s) of FTLs in innate immunity using
the invaluable resources available for the genetically tractable
zebrafish model system are ongoing. In the following sections,
the most relevant structural and functional aspects of the FTL
family are discussed.

STRUCTURAL ASPECTS

The sequence alignment of the M. saxatilis FTL (MsaFBP32) and
X. laevis PXN-fusion protein (PXN1-XENLA) led to the identi-
fication of an approximately 140-amino acid long lectin domain
and a tentative amino acid sequence motif common to a number
of lectins, as well as selected domains present in sequences that
had been described in other contexts such as the Drosophila fur-
rowed gene and the Streptococcus fucose regulon. In turn, this
resulted in the identification of a novel fucose-binding lectin
family (FTL family) that included both prokaryotes (S. pneumo-
niae TIGR4) and eukaryotes (Drosophila, fish, amphibians, and
others) (11, 12) (Figure 1). The resolution of the structure of
the AAA-fucose complex revealed a new lectin fold (FTL fold)
and identified the amino acid residues that interact with the
non-reducing terminal fucose and coordinate the divalent cation
and model those that are established with the subterminal sugar
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[adapted from Ref. (11, 12)].

FIGURE 1 | Domain organization of F-type lectins (FTLs) from prokaryotes, invertebrates, and vertebrates: (A) schematic illustration of selected domain types found
in FTLs: FTLD, F-type lectin domain; HTLD, H-type lectin domain; CTLD, C-type lectin domain; PXN, pentraxin; REG, regulatory; TMB, transmembrane domain; and
CCP, complement control protein domain. (B) Schematic illustration of the domain organization in selected examples of FTLs (1-5 FTLDs and chimeric molecular
species) described in prokaryote, invertebrate, and vertebrate species. The subscript “n” indicates the extended number of CCP domains present in furrowed

Drosophila furrowed-

-like receptor
(n)

units of an oligosaccharide ligand (13). In turn, this structural
information led to the rigorous identification of the FTL fucose-
and calcium-binding sequence motifs (13).

FTL Fold

The FTL fold, initially described in the AAA/a-L-fucose (a-Fuc)
complex (Figure 2), consists of a B-barrel with jelly roll topology
comprising two fB-sheets of three (p5, f8, and f11) and five (2,
B3, p10, 6, and P7) antiparallel B-strands, respectively, placed
against each other (Figure 2A). Two short antiparallel strands (4
and p9) close the “bottom” of the barrel, from which the N- and
C-termini protrude to form an antiparallel two-strand B-sheet
(13). On the “top” face of the barrel, the connecting p-strands
from the opposite sheets form five loops (CDR1-5) that sur-
round the heavily positively charged pocket that binds the a-Fuc
(Figure 2A). CDRI1 is the most protruding loop, and at its exposed
apex Glu® is placed over the aromatic ring of His?, and both
over the central hollow. At the side of the barrel, a substructure
containing three 3o helices (h2, h3, and h4) tightly coordinates a
cation (tentatively identified as calcium) via seven oxygen atoms
of six residues [Asn* (O), Asp* (Od1), Asn* (O), Ser® (O, Ogl),
Cys™¢ (0), and Glu' (Oel)] both from the peptide backbone and
side chains in a pentagonal bipyramidal geometry. The distance
between the cation binding site and the sugar binding pocket
indicates that the divalent cation does not directly interact with
the carbohydrate as in CTLs, but that together with two disulfide
bridges (Cys®-Cys'¢ and Cys'®-Cys'*) and two salt bridges
(Arg"-Glu'" and Asp®-Arg"") that clamp the structure together,
rather stabilizes the fold and shape the key CDRI1 and CDR2
loops (13). The AAA subunits can form chloride-induced trimers
that contain one cation (Ca?*) per domain and several CI~ placed

on the three-fold axis, and two trimers can form hexamers with
opposing carbohydrate-binding surfaces (Figure 2B).

Primary Fucose-Binding Site

The AAA/a-Fuc structure revealed that the protein binds to a-Fuc
through hydrogen bonds established between the side chains of
three basic amino acid residues (Ne of His** and the guanidinium
groups of Arg” and Arg®) situated in a shallow cleft and the axial
4-OH of the sugar. Interactions are also established between this
basic triad and the ring O5 and equatorial 3-OH of the sugar (13)
(Figure 2C). A unique disulfide bridge formed by contiguous
cysteines (Cys* and Cys®) establishes a van der Waals contact
with the bond between C1 and C2 of the a-Fuc ring, and the C6,
which fits into a hydrophobic pocket formed by His* and Phe*,
together with Leu® and Tyr* (13). As AAA can also recognize
3-O-methyl-D-galactose and 3-O-methyl-p-fucose, sugars that
display similar key configurational features of a-Fuc (i.e., axial
hydroxyl and hydrophobic moiety), it becomes clear that as for
most animal lectins, the specificity of AAA for a-Fuc is nominal
rather than absolute.

Extended Carbohydrate-Binding Site

The AAA/a-Fuc structure also enabled the modeling of potential
interactions between the protein and a-Fuc-containing oligo-
saccharides such as H and Lewis moieties that are specifically
recognized through interactions with amino acid residues located
in the so-called “extended binding site” (13) (Figure 2D). AAA
recognizes blood group H type 1 (Fucal-2 Galp1-3GIcNAcP1-
3Galp1-4Glc) and Le* (Galfl-3[Fucal-4]GlcNAcB1-3Galfl-
4Glc) oligosaccharides via additional interactions established
between amino acid residues in CDRs 1-5 that encircle the

Frontiers in Immunology | www.frontiersin.org

November 2017 | Volume 8 | Article 1648


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Vasta et al.

F-Lectins in Self/Non-Self-Recognition

FIGURE 2 | Structure of Anguilla anguilla agglutinin (AAA) and quaternary structure of AAA oligomers. (A) Ribbon diagram of AAA showing the two p-sheets, the
loops (CDRs) encircling the binding site, and 31, helices. Bound a-L-fucose is shown as a stick model above the lectin in yellow. Calcium is shown as a blue sphere.
(B) Quaternary structure of the AAA hexamer: in each trimer a single chlorine ion coordinated by Lys'® from each subunit determines the three-fold axis of rotation,
and the hexamer is formed by two stacked trimers with opposing carbohydrate-binding faces. (C) Primary binding site: interactions of the AAA binding site with
L-fucose: the three basic amino acid residues that interact with the axial OH on C4 are indicated with the red boxes. The interaction of the disulfide bond (Cys®-
Cys®) with the C1-C2 bond of the L-fucose is indicated with a circle. (D) Extended binding site: model of the interactions between AAA and a terminally fucosylated
Le® trisaccharide. Interactions on the protein with the L-Fuc are indicated as in (C) above. Subterminal GIcNAc and Gal are indicated by purple circles, and the
interacting amino acid residues are labeled. See text for details [adapted from Ref. (13, 14)].

binding cleft, with the subterminal units of the H1 and Le® trisac-
charides. Specifically, Glu** and His?*” on CDRI can interact with
hydroxyls (3-OH and 2-OH) in Gal and oxygen of the GlcNAc
2-N-Acetyl group in Le?, or GIcNAc 6-OH and 4-OH groups in H.
The OH group of Tyr* in CDR2 can interact with the glycosidic
bond oxygen between Gal and GIcNAc moieties. Furthermore,
Asp®' and Arg” in CDR4 interact with the GIcNAc 6-OH group
in Le?, and a water molecule can bridge the Gal 4-OH group with
Asp®' in H1. The rigidity of the CDRI1 loop prevents recognition
of Le*, in which the 2-N-acetyl is pointed toward the Fuc side

of the oligosaccharide (13). In contrast, MsaFBP32, an FTL that
displays a shorter CDR1 loop (Figure 3A), would have a broader
specificity for Le oligosaccharides (14).

Carbohydrate and Cation Binding
Sequence Motifs

From both the initial sequence alignment of MsaFBP32 (11, 12)
and analysis of the binding site structure of AAA (13) described
above, highly conserved sequence motifs for carbohydrate and
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A

MsaFBP32 N-FTLD

axial 4-OH of the fucose binds [adapted from Ref. (13, 14)].

FIGURE 3 | Binding sites of the binary F-type lectin (FTL) MsaFBP32. (A-C) Comparison of binding sites with Anguilla anguilla agglutinin (AAA): side-by-side

comparison of fucose recognition by the striped bass N-terminal FTL domain (N-FTLD) (A) and C-FTLD (C) with the AAA FTLD (B). See the text for description
of differences and similarities. (D) Topology of the N-FTLD and C-FTLD carbohydrate recognition sites in MsaFBP32. The surfaces were colored based on their
electrostatic potential at the surface. Contour levels represent approximated elevations from the bottom of the binding site (drawn with broken lines), where the

MsaFBP32 C-FTLD

calcium binding were identified in most FTL sequences available
at that time. The fucose-binding sequence motif was defined as:
His followed 24 residues downstream by a segment of sequence
that starts with an arginine followed one residue apart by a
negatively charged residue, which salt-bridges the preceding
arginine and ends with a basic residue [HX;RXDX, (R or K),
where X indicates any amino acid residue]. Loops participating
in the hydrophobic pocket for the fucose methyl group, such as
CDR2, are also conserved in both hydropathic profile and length.
The cation binding sequence motif is h,DGx, where h indicates
a small hydrophobic amino acid residue (i.e., V, A, or I) and x
stands for a small hydrophilic residue (i.e., N, D, or S). Three of
the seven oxygens that bind the cation are contributed by this
motif, which in AAA is located just after the 3,o-helix h3 (13).
Some FTLDs, however, deviate from the fucose-binding
sequence motif, and the changes may suggest either different

specificities or loss of sugar-recognition activity. In Drosophila
CG9095, two amino acid residues of the basic triad are replaced
by aliphatic residues, which are unlikely to establish the hydro-
gen bonds typical of the canonical FTLD (11, 12). Furthermore,
most duplicate tandem FTLs such as MsaFBP32 possess a
unique combination of sugar-binding motif in which although
the triad of basic residues that interact with the sugar’s axial
hydroxyl on C4 is conserved in both FTLDs, one domain has
lost the disulfide bond from the contiguous cysteines (Cys® and
Cys® in AAA). Similarly, replacements of metal-coordinating
residues are frequent, and those that occur at Ser* are of special
interest, since as a bidentate ligand, it is central to the coordi-
nation geometry. In most cases, this position is substituted by
residues that are able to form similar coordination bonds, such
as Asp, Gln, Glu, Thr, and Tyr, but in some sequences this is not
the case. In the latter, a water molecule may substitute in cation
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coordination, or it is possible that the coordination geometry is
modified (11, 12).

In general, sequence insertions or deletions (indels) are
permissible as long as any potentially disruptive effect on the
core fold is minimal, as in the FTLD CDRs, where most indels
are present. Interestingly, the CDRI1 loop, which interacts with
subterminal sugar units, shows considerable divergence suggest-
ing that it might determine the fine specificity for a wide diversity
of glycoconjugates. Coincidentally, in the MsaFBP32 gene, the
exons coding the two FTLDs are split by introns localized at
the lower side of the barrel close to a turn that is also variable
in length (in AAA: Glu'?-Cys'**) and would not be subject to
junctional diversity during splicing (11, 12).

Tandemly Arrayed FTLDs Are Similar but
Not Identical

Alignment of the amino acid sequences of the N-terminal FTLD
(N-FTLD) and C-terminal FTLD (C-FTLD) of MsaFBP32
revealed that they are similar but not identical (11, 12). Sequence
of N-FTLD is closer to AAA than the C-FTLD, suggesting that
they display different carbohydrate specificity (11, 12). The
structure of the MsaFBP32/L-Fuc complex revealed that the
overall structure of the N-FTLD is similar to that of the C-FTLD
and that recognition of L-Fuc by each FTLD is mediated by a
repertoire of polar and apolar interactions similar to those
observed in AAA (Figure 3). However, in both N- and C-FTLDs
of MsaFBP32, the pocket for the C6 is more solvent accessible
than that in AAA due to the shorter CRD1 (14). In addition, sig-
nificant differences were observed between the binding sites of
the MsaFBP32 N- and C-FTLDs. The C6 pocket in the C-FTLD
binding site is less open than in the N-FTLD binding site due to
the replacement of Phe*” by the bulkier Trp'®* and the replace-
ment of apolar contact of the S-S bridge with L-Fuc observed
in AAA and N-FTLD by a bulkier Phe** that partially displaces
the sugar from the shallow binding pocket (14) (Figures 3A-C).
Furthermore, an examination of the topology and surface
potential of the primary and extended binding sites reveals

significant differences in the N- and C-FTLDs, specifically in
the extended binding site (14) (Figure 3D), suggesting that the
N-FTLD binding site recognizes more complex fucosylated oli-
gosaccharides, with a relatively higher avidity than the C-FTLD.
For example, in the N-FTLD, a methyl group of a second fucose
may dock on top of Phe*, but in the C-FTLD, Trp'® closes the
pocket with its indole ring, thereby interfering with the second
fucose unit in Lewis tetrasaccharides (14).

FTL Isoforms and Diversity in Ligand

Recognition

The presence in single individuals of multiple FTL isolectins,
which display sequence replacements at positions that are critical
for sugar recognition, strongly suggests diversity in carbohydrate
specificity, a feature that is key not only for proteins involved in
innate immunity, such as in the eel FTLs (15), but also for those
that recognize heterogeneous “self” glycan ligands, as proposed
for the Pacific oyster C. gigas bindins (24-26). It should also be
kept in mind, however, that our knowledge about regulation of
expression of FTLs in both immune and developmental processes
is very limited at this time.

FTL Isoforms in AAA and the Japanese Eel

Although the structural analysis of the predominant sequence
in the AAA and MsaFBP32 crystals revealed that the number
of carbohydrate moieties specifically recognized by these lectins
is limited, the expression of multiple isoforms with amino acid
substitutions at key positions for sugar binding significantly
broadens the range of recognized ligands (13-15). For example,
variability in key sequence positions in the binding cleft and the
surrounding loops in the multiple FTL isoforms expressed in the
Japanese eel (Anguilla japonica) (Figure 4) may expand the range
of glycan ligands recognized by the lectin isoform repertoire by
the establishment of alternative interactions with terminal and
subterminal sugar units of the oligosaccharides (15). The AAA
sequence predominant in the crystal shows sequence identities
with the seven FTLs from A. japonica ranging from 68% to 78%.

FIGURE 4 | Sequence variability in the loops surrounding the binding cleft of the Anguilla japonica F-type lectin (FTL) isoforms: (A,B) two side views of the residues
that show high variability among the eFL-1-7 FTL isoforms in the Japanese eel A. japonica. The residues shown correspond to those present at those positions in
the Anguilla anguilla agglutinin (AAA) structure. Sequence alignment of the AAA with eFL-1-7 isoforms shows high variability in the loops CDR1 and CDR2, with the
amino acid replacements at several positions suggesting a broader specificity for some FTL isoforms.
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ANl FTL sequences from both A. anguilla (AAA) and A. japonica
conserve the basic amino acid triad that interacts with the C4
hydroxyl in fucose, showing strict conservation of His** and the
CDR4 sequence (13, 15). CDR1 and CDR2 conserve their size,
although they present interesting sequence variations in residues
associated with the hydrophobic pocket for the fucose 5-Me
and oligosaccharide binding, with CDR1 showing the greatest
variability. Most of the isoforms, however, conserve polar resi-
dues at the CDR1 apex, probably for interaction with the third
moiety of putative oligosaccharide ligands and the two aromatic
CDR2 residues in the N-terminus of h4 [like Phe* and Tyr* in
AAA (13)] that form the 5-Me pocket. In the isoforms eFL-1
and eFL-5, however, the CDR1 is thinner and more flexible
due to smaller residues in the apex of CDRI, thereby the 5-Me
hydrophobic pocket more solvent accessible. In eFL-5, sequence
replacement by smaller residues in this pocket is maximized,
perhaps leading to broader specificity. Furthermore, Ser
substitutions of Leu” and Phe* may result in recognition of
galactose-containing oligosaccharides, by providing additional
polar interactions with the 6-OH (13).

FTL Isoforms in the Pacific Oyster

In FTLs (“bindins”) of the Pacific oyster C. gigas, the genetic
mechanisms for generating diversity in ligand recognition
by lectin isoforms have been characterized in detail (24-26).
Opyster bindins are gamete recognition proteins present in
sperm acrosomes that bond sperm to the egg vitelline envelope
during fertilization. Oyster bindins can display from one to five
tandemly arrayed FTLDs. Although oyster bindins are encoded
by a small number of distinct single copy genes, it appears that
oysters have evolved multiple genetic mechanisms to enhance
FTLD variability in sperm bindin (24). First, the FTLD repeats
have diversified by positive selection at eight sites clustered on
the FTLs fucose- binding pocket, similarly to the A. japonica
isoforms (Figures 5A,B). It is noteworthy that some C. gigas
FTL isoforms conserve the triad of basic residues (His-Arg-Arg)
that in the AAA structure interact with the hydroxyl on C4 of

L-Fuc (Figure 5A), while in other isoforms these residues by
other combinations that would be unable to bind fucose at the
recognition site (Figure 5B). Second, increased diversity is
generated by recombination in an intron that is highly variable
in size and sequence located in the middle of each FTLD, to yield
many different lectin domain sequences. Finally, alternative
splicing in bindin cDNAs can determine the number of repeats
(between one and five) per bindin mRNA (24). Interestingly,
a retroposon with high homology to reverse transcriptase was
identified in a three FTLD gene immediately upstream of the first
FTLD repeat, suggesting that retroposition is one mechanism by
which F-lectin repeats are duplicated (25, 26). In addition, the
identification of a GA microsatellite in each intron, immediately
upstream of the start of each FTLD exon and a downstream CT
microsatellite, suggests that loopout strand hybridization can
occur and that lectin repeats may replicate and transpose within
the gene. It is noteworthy that neither the retrotransposon nor
the CT microsatellite is present in the single FTLD containing
gene (25, 26). In summary, positive selection, alternative splic-
ing, and recombination can generate the most extraordinary
intraspecific polymorphism for any known lectin, with poten-
tially thousands of bindin variants with different numbers of
FTLDs and distinct carbohydrate specificity. However, male
oysters only translate one or two isoforms into protein, yielding
sperm cells with potentially bindin preference for selected egg’s
vitelline envelopes (24-26).

Domain Organization of FTLs

The identification of a large number of proteins exhibiting the
FTL sequence motif as multiple tandemly arrayed FTLDs enabled
the establishment of the FTLs as a novel lectin family (11, 12)
(Figure 1). In this regard, the variety of sequences identified as
encoding for multiple FTLDs also illustrates the predominance
of domain duplication and domain shuffling within the FTL
family. Furthermore, identification in both prokaryotes and
eukaryotes of mosaic FTLs displaying the FTLD in various
combinations with other structurally and functionally domains

isoform 7 (Val 39, GIn 66, and Lys 69) are shown (red arrows).

FIGURE 5 | Sequence variability in the loops surrounding the binding cleft of the Pacific oyster Crassostrea gigas F-type lectin (FTL) isoforms: (A) five C. gigas FTL
isoforms (#1, 2, 4, 5, and 6) conserve the triad of basic residues (His-Arg-Arg) that in the Anguilla anguilla agglutinin structure (His®?, Arg™, and Arg®) were shown to
interact with the hydroxyl on C4 of L-fuc. Bound a-L-fucose is shown as a stick model in yellow, at the center of the recognition cleft. All five sequences are modeled
but for clarity, only the His, Arg, and Arg side chains of two of the models are shown (red arrows). (B) Five C. gigas FTL isoforms (#3, 7, 8, 9, and 10) lack the triad
of basic residues, and these are replaced by different combinations of residues. All five models are shown but only the side chains of the residues of C. gigas
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suggests its extensive functional diversification in the evolution
of the FTL family (11, 12). In general, taxonomically consistent
domain organization of FTLs can be observed among closely
related organisms, although multiple exceptions of unusual
domain associations occur, which illustrate the evolutionary
and ecological adaptability of this lectin family and potentially
frequent lateral transfer along viral, prokaryotic, and eukaryotic
lineages (11, 12, 30). It is noteworthy that while prokaryotic
FTLs usually display single FTLDs in combination with diverse
domains, in eukaryotes the FTLDs occur more frequently in
multiple repeats, sometimes also in tandem with other domains
(11, 12, 30). Among these distinct domains, carbohydrate-
binding domains from other lectin families (CTLs and PXNs),
complement control modules (CCP), transmembrane domains,
and FA58C domains are the frequently co-occurring domains
present in eukaryotic FTLs (11, 12, 30).

From the FTL sequences examined, those from Drosophila
(CG9095 and furrowed) (31), sea urchin (SpCRL) (32),
S. pneumoniae TIGR4 (11, 12), Streptococcus mitis (20, 21), and
the amphioxus Branchiostoma floridae (30) represent interest-
ing examples of polypeptides that display diverse domains in
combination with FTLDs. In Drosophila, these domains include
complement control domains (CCP), a CTLD, and a predicted
transmembrane domain (12, 31). Itis noteworthy thatin CG9095
the CTLD is unlikely to bind carbohydrate because the canonical
residues of the CRD are missing (11, 12) (Figure 1). For the
sea urchin SpCRL, domains associated with the FTLD include
CCP, S/T/P domain, and factor I-membrane attack complex
domain (11, 12). In the X. laevis Xla-PXN-FBPL, another mosaic
protein, a PXN domain is joined to multiple FTLDs (11, 12, 27,
28). Most interestingly, a hypothetical protein of Microbulbifer
degradans, a microorganism capable of degrading diverse poly-
saccharides, has an FTLD that adjoins the structurally analogous
F5/8 discoidin domain [FA58C (33)] of coagulation factors. The
association of these two analogous domains is intriguing from
an evolutionary perspective because they share the same fold
(13) despite showing weak sequence homology. It is possible
that these domains perform roles analogous to the so-called
carbohydrate-binding modules present in microorganisms (34)
for which similarities have already emerged (35). The consider-
able diversity evident from these topologies, in which the bind-
ing site motif is strictly conserved, suggests a diverse spectrum
of functions fulfilled by specific recognition of L-Fuc in various
environments (11, 12, 30).

Oligomeric Organization of FTL Polypeptides

Oligomerization of lectin subunits results in multivalency, a
property that enables ligand cross-linking and cell agglutina-
tion and confers higher lectin avidity for clustered glycans (36).
For those lectins such as FTLs that carry multiple CRDs in
each polypeptide, these properties are further enhanced by the
association of lectin subunits into oligomeric species (13, 14).
The physiological structures of AAA are homotrimers and
hexamers, which enable cooperative binding to multivalent
glycans (13). Like the MBL, the three-fold cyclic symmetry of
the AAA trimer would optimize the orientation and spacing of
the individual FTLD binding sites for optimal binding to glycan

ligand presentation on microbial surfaces. Thus, even if the AAA
and MBL recognize the same monosaccharide (in addition to
mannose, MBL also binds fucose), the microbial surface glycan
architecture recognized by the AAA and MBL trimers is differ-
ent, as the distances between CRDs in AAA (26 A) is almost half
of that in MBL (45 A) (13). Therefore, by recognizing different
microorganisms, FTLs and CTLs would considerably expand the
lectin-mediated recognition capacity in species that are endowed
with both lectin types.

As described above, MsaFBP32 consists of two tandemly
arrayed FTLDs, and in the native oligomer three MsaFBP32
subunits are arranged in a “tail-to-tail” manner (14) (Figure 6A).
The resulting MsaFBP32 trimer of approximately 81 A long
and 60 A wide displays two opposing globular structures, one
with the three N-FTLDs and the other with the three C-FTLDs,
connected by the linker peptides (14). At the opposite ends of
the cylindrical trimer, the 3-CRD binding surfaces resemble
the typical “bouquet” displays observed in collectins and can
potentially cross-link different humoral or cell surface glycans.
Although the N- and C-FTLDsare structurally similar, important
differences between their binding sites suggest that the N-FTLD
recognizes fucosylated oligosaccharides of higher complexity,
with a relatively higher avidity than the C-FTLD (14).

Other Proteins That Display the FTL Fold

Although the novel FTL fold is distinctive of FTLs in viruses,
prokaryotes, and eukaryotes, a structure-based search [DALI
database (29)] identified three proteins with no significant
sequence similarity to FTLs (2-14% sequence identity with
AAA), but shared the jellyroll FTL fold with AAA (13). These
sequences correspond to the C1 and C2 repeats of human blood
coagulation factor V (37) (FVa-Cl1 and -C2), the C-terminal
domain of a bacterial sialidase (CSlase) (38), and the NH2-
terminal domain of a fungal galactose oxidase (NGOase) (39, 40).
In addition, other proteins sharing the FTL fold, but with even
lower sequence similarities were identified: the human APC10/
DOC1 ubiquitin ligase (PDB 1XNA) (41), the N-terminal
domain of the XRCC1 single-strand DNA repair complex
(PDB 1JHJ) (42), and a yeast allantoicase (PDB 1SG3) (43). An
alignment of the CSlase, NGOase, FVa-Ca, and AAA sequences
showed that residues equivalent to the Asp®, Pro'®, and Arg'!
are strictly conserved. In the four structures, the core and the
bottom of the -barrel are very similar, with the loops at the top
varying in length and conformation. In CSlase and NGOase,
two members (His and Arg) of the triad of basic residues that
interact with the axial hydroxyl of fucose in AAA are conserved.
CSlase, the galactose-binding domain of the bacterial sialidase,
has been shown to bind carbohydrate (38). Furthermore, in
NGOase also two residues (His* and Arg’®) homologous to
those involved in carbohydrate recognition by AAA (His* and
Arg”) and in CSlase (His** and Arg®?) are conserved, suggest-
ing that it may bind carbohydrate. In FVa-C2, all residues of the
basic triad related to carbohydrate binding are absent, making
this pocket the most hydrophobic and the deepest. Interestingly,
FVa-C2 has affinity for phospholipids instead of carbohydrates
(37). Thus, these observations provide potentially useful clues
either about the evolutionary history of FTLs as emerging from
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MsFPB32 trimer

Discll trimer

FIGURE 6 | Quaternary structure of tandemly arrayed F-type lectin domains (FTLDs) in MsaFPB32, discoidin Il (Discll), and Helix pomatia agglutinin (HPA):
Side-by-side comparison between (A) MsaFBP32 trimer, (B) Discll trimer, and (C) HPA hexamer. FTLD and discoidin domains are boxed on top (brown box in
MsaFPB32 and green box in Discll); H-type lectin domains are boxed in the bottom (black box for Discll and HPA) [adapted from Ref. (14, 47)].

HPA hexamer

carbohydrate-binding domains in glycoenzymes or suggest
that the recognition properties of the FTLs have been drasti-
cally modified or coopted to bind membrane phospholipids
(37-40).

TAXONOMIC DISTRIBUTION AND
EVOLUTIONARY ASPECTS OF THE FTLD

The initial recognition of FTLs as a novel lectin family resulted
from the identification and characterization of the FTLD sequence
motif in taxa ranging from prokaryotes to amphibians (11, 12)
and the identification of the F-type structural fold (13). These
studies identified the FTLD sequence motif in lophotrochozoan
(mollusks and planaria) and ecdysozoan protostomes (horseshoe
crabs and insects), deuterostome invertebrates (sea urchin), elas-
mobranchs (skate), lobe- and ray-finned teleost fish, and amphib-
ians (Xenopus spp. and salamander) (11, 12). However, intriguing
observations in these earlier studies such as the discontinuous
taxonomic distribution, and diversified domain architecture of
the FTL family members, frequently in combination with other
structurally distinct domains, pointed to a functionally plastic
FTLD, which had been specifically tailored in each lineage,
subjected to lateral transfer, and that either enhanced or lost
its fitness value in some taxa (11, 12). The absence of the FTL
sequence motif in archaea, protozoa, urochordates, and higher
vertebrates suggested that it may have been selectively lost even
in relatively closely related lineages (11, 12, 30).

The advent of innovative sequencing technologies during the
last decade has enabled comprehensive genomic and transcrip-
tomic studies on a large variety of organisms and significantly
expanded our knowledge about the taxonomic distribution of
the FTLD from viruses to prokaryotes and eukaryotes. In this
regard, a rigorous and exhaustive computational study on publi-
cally available databases by Bishnoi et al. has recently provided
significant insight and greatly expanded the range of taxa in
which the FTLD is found (30). Using a three-pronged database
mining approach, Bishnoi et al. identified FTLDs for the first time
in viruses, fungi, reptiles, birds, and prototherian mammals (30).
Furthermore, their study confirmed the diversity observed in
mollusks (24-26) and revealed a substantial expansion in both
FTLD occurrence and domain organization diversity in hemichor-
dates and cephalochordates. Consistently with the aforemen-
tioned earlier reports (11, 12, 30), however, the study revealed
that FTLDs appear to be absent in archaea, protozoans, urochor-
dates, and eutherian mammals. Furthermore, no FTLDs were
identified in higher plants (30).

From over 400 FTLD sequence clusters (at 80% sequence
identity) tentatively identified in available databases by Bishnoy
et al. (30), six FTLD sequence clusters from dsDNA viruses
isolated from unicellular algae were confirmed, five from the
chlorophyceans Ostreococcus sp., O. tauri, and O. lucimarinus
[O. sp. virus OsV5, O. tauri virus 1 (two distinct sequences),
O. lucimarinus O1V1, and O. lucimarinus O1V6], and one from the
coccolithophore Emiliania huxleyi (E. huxleyi virus 203), which
aremicroalgal speciesabundantin photosynthetic phytoplankton.
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Except for a viral FTLD joined by a PTX domain found in the
E. huxleyi virus 203, all other viral FTLD sequences are single.
It is noteworthy that although E. huxleyi and Ostreococcus spp.
also display FTLDs, some with high similarity to the viral FTLDs,
the microalgal host’s FTLDs are associated with other distinct
non-FTLD domains (30). The structural models of the viral
FTLDs threaded on the AAA structure (13) revealed interest-
ing features (Figures 7A-D). First, all viral FTLDs display the
triad of basic residues (His, Arg, and Arg) that interact with
the hydroxyl on C4 of L-Fuc, with the exception of E. huxleyi
virus 203 that has only Arg-Arg. Furthermore, they all display
phenylalanine instead of the disulfide bond between contiguous
cysteines (Cys* and Cys® in AAA) that in AAA interacts with
the bond between ring atoms C1 and C2 of a-Fuc. Second, two
strands of the AAA fold (AAA residues 126-136 and residues
145-155), of which the former strand (indicated by the green

arrow in Figure 7B) is structurally very important, are missing
in the viral proteins (Figure 7A). It is not clear whether the FTLD
structure without this strand would be stable, and it is possible
that in the expressed protein the sequence corresponding to
this strand might be inserted by a splicing event that was not
detected in the DNA sequencing. Additionally, in the model for
E. huxleyi virus 203 FTLD, a strand that forms the floor of the
cavity of the binding site tightly overlaps with the equivalent
strand in the AAA structure (Figure 7C). This strand, which in
AAA connects the last two strands of the p-barrel, is also miss-
ing in all other viral FTLDs (Figure 7D). Interestingly, the viral
FTLDs cluster with those from several other microalgal species
(Volvox sp. and Chlorella sp.) and with several oyster (Crassostrea
spp.) and mussel (Mytilus sp.) species (30). The fact that oysters
and mussels are filter feeders that actively uptake phytoplankton
together with any associated viruses supports the possibility

FIGURE 7 | Structural models of viral F-type lectin domains (FTLDs): (A,B) lateral views of the model of a viral FTLD (Ostreococcus lucimarinus OINV1) (A) and the
structure of Anguilla anguilla agglutinin (AAA) (B). The traces are colored from the blue N-terminal, and the red arrows show the C-terminal of the viral protein and
the position of the equivalent residue in the AAA structure. The green (AAA residues 126-136) and blue (AAA residues 145-155) arrows point to two strands of the
AAA fold that are missing in the viral protein, of which the former strand (indicated by the green arrow) is structurally very important. (C,D) Superposition of the
model of the viral FTLD from Emiliania huxleyi virus 203 (green) with the AAA structure (red). (C) E. huxleyi virus 203 contains a strand (indicated in green) that forms
the floor of the cavity of the binding site and that overlaps with the AAA structure (red). (D) This strand is missing in all other viral (from Ostreococcus spp.) FTLDs.
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of horizontal transfer between 