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Abstract Viruses in aquatic ecosystems comprise those
produced by both autochthonous and allochthonous host
taxa. However, there is little information on the diversity
and abundance of viruses of allochthonous origin, particu-
larly from non-anthropogenic sources, in freshwater and
marine ecosystems. We investigated the presence of
nucleopolyhedroviruses (NPV) (Baculovirus), which com-
monly infect terrestrial lepidopteran taxa, across the
landscape of Appledore Island, Gulf of Maine. PCR and
gPCR primers were developed around a 294-bp fragment of
the polyhedrin (po/H) gene, which is the major constituent
protein of NPV multivirion polyhedral occlusion bodies.
polH was successfully amplified from several aquatic
habitats, and recovered polH sequences were most similar
to known lepidopteran NPV. Using quantitative PCR
designed around a cluster of detected sequences, we
detected polH in Appledore Island soils, supratidal fresh-
water ponds, nearshore sediments, near- and offshore
plankton, and in floatsam. This diverse set of locations
suggests that NPVs are widely dispersed along the
terrestrial—marine continuum and that free polyhedra may
be washed into ponds and eventually to sea. The putative
hosts of detected NPVs were webworms (Hyphantria sp.)
which form dense nests in late summer on the dominant
Appledore Island vegetation (Prunus virginiana). Our data
indicate that viruses of terrestrial origin (i.e., allochthonous
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viruses) may be dispersed widely in coastal marine
habitats. The dispersal of NPV po/H and detection
within offshore net plankton (>64 pum) demonstrates that
terrestrial viruses may interact with larger particles and
plankton of coastal marine ecosystem, which further
suggests that viral genomic information may be trans-
ported between biomes.

Introduction

Viruses of terrestrial arthopods have been observed for over
a century [1, 2]. They affect a wide suite of Hexactapoda
where in some cases they cause substantial mortality (e.g.,
colony collapse disorder in bees [3, 4]). One of the most
extensively studied groups of arthropod viruses in terrestrial
ecosystems are Baculovirus. Nucleopolyhedroviruses
(NPVs), which along with granuloviruses comprise a
suborder of baculoviruses, are amongst the most widely
studied viruses. They are dsDNA viruses with genomes of
120-140 kbp that infect well over 600 species of terrestrial
insects, notably lepidopterans [5]. The death of an NPV-
infected host results in the release of the occlusion bodies
[6]. Horizontal transfer of the virus occurs upon ingestion
of the occlusion bodies on leaf surfaces or leaf litter by
another host [7]. NPVs can also be transmitted vertically
from parents to larvae [8]. The formation of degradation-
resistant occlusion bodies therefore circumvents the high
decay of viruses when free of tissues and provides a vector
when host densities are rare. NPVs are generally host
specific, and consequently have been investigated for use in
agriculture for pest control.

The occlusion bodies that are characteristic of NPVs are
comprised primarily of polyhedrin, encoded for by the
typically highly conserved gene pol/H [9]. The highly
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conserved nature of the pol/H gene has led to numerous
studies examining specific groups of virus across terrestrial
and aquatic habitats. Nucleopolyhedrovirus infection of
Spodoptera littoralis was examined when primers were
designed around conserved regions of the polyhedrin genes
of Autographa californica nucleopolyhedrovirus and
Lymantria dispar nucleopolyhedrovirus [10]. The tight
conservation of the po/H gene suggests that it may be an
appropriate target for study of NPV infection in other taxa,
or even surveying wild viral populations for the presence of
NPVs. The exception to the tight conservation of polH
amongst nucleopolyhedroviruses is in Penaeus monodon
nucleopolyhedrovirus, which bears little nucleotide resem-
blance to polH from other NPVs [11]. Its distinctive
nucleotide sequence permits its detection by PCR in the
environment and amongst alternate hosts against a back-
drop of mixed viral communities [8].

Viruses are believed to decay rapidly in seawater, where
approximately 2-4%h " of viruses disappear in incubations
treated with KCN [12]. The cause of viral decay is believed
to be largely heat-labile organic matter [13], including
proteases and nucleases. Sediments on the other hand may
provide a more preservative environment than overlying
waters. While viruses are rapidly produced in sediment
incubations where the balance between production and
decay are shifted [14], cyanophage have been detected deep
within the sediment column in areas with high sedimenta-
tion rates [15]. The behavior of allochthonous terrestrial
viruses in marine habitats is well understood for pathogenic
human viruses like poliovirus and hepatitis [16—18], and
their dynamics in sediments and resuspension has been
recently investigated in coastal waters [19]. A recent
metagenomic survey of RNA viruses within Lake Neewood
reported two previously undescribed viruses: one related to
the human disease-causing Banna virus, and another related
to the Israeli acute paralysis virus which has been
implicated in colony collapse disorder in bees [20]. The
authors hypothesized that freshwater habitats may represent
repositories of viruses shed from allochthonous sources
including humans, domestic, and wild animals.

The behavior of nucleopolyhedroviruses of terrestrial
origin in marine habitats has not been previously investi-
gated. The causes of NPV decay in terrestrial systems may
include inactivation by plant exudates [21] and other
charged substances free in the environment [22], ultraviolet
light [23], and heat-sensitive materials in moisture [24]. In
freshwater ecosystems, England et al. [25, 26] used PCR
primers designed around the polyhedrin promotor-P10
promotor-lacZ region of A. californica to detect extracted
lepidopteran NPV DNA in the water column and sediments
of freshwater microcosms, which persisted up to 24 h.
Further investigation [27] used the same assay to examine
persistence of intact virions within aquatic microcosms and

found that they could be detected up to 1 year after
inoculation. These very long survival times of intact viruses
has been suggested as a potential dispersal mechanism for
flying insects, including the mosquito Culex nigripalpus
which is infected by C. Nigripalpus nucleopolyhedrovirus
[28]. The short survival of free viral DNA yet very long
survival of polyhedra in pond water suggests that NPVs
may persist for long periods in seawater.

The aim of the present study was to examine the
dispersal of NPVs that originate in terrestrial ecosystems
into aquatic and marine habitats of the Gulf of Maine. First,
we examined the diversity of po/H genes amplified from
plankton samples using primers designed around insect
NPVs, then used quantitative PCR using primers designed
around detected sequences as a tool to examine potential
origin of these NPVs amongst island insects. We then
surveyed a broader range of habitats to determine the extent
to which terrestrial NPVs may disperse into aquatic
habitats. We found NPVs that likely originate from the
webworm (Hyphantria sp.) exist in soils, freshwater
habitats, exopolymeric substance and macroalgal floatsam
(wrack), and open-ocean plankton suggesting wide dispers-
al of NPVs across habitats.

Methods
Design of Nucleopolyhedrovirus po/H PCR Primers

We designed nested PCR primers around a 294-bp fragment
of the polyhedrin (po/H) gene sequences of several
lepidopteran NPVs (Supplemental Table 1). We chose to
use only lepidopteran NPV polH since we sought viruses of
terrestrial origin, and the only NPV polH sequence of a
crustacean shares no homology with po/H from other NPVs
[11]. Initial amplification with primers polH 1F and
polH 2R (Table 1) of environmental DNA yielded multiple

Table 1 Primers and probe sequences used for detection of polH
across samples

Primer Name Sequence 5'-3'

polH_IF CAG(A/G)GAAACTTGGACCCG

polH 2R GAAGTT(C/T)TCCCA(A/G/T)ATGAC(A/G)CG

polH 3R T(C/G)TTC(A/G)AA(A/C/G)GAGTTGGTGTA

polH_SF GGACAGCCTCCCCATTGTTA

polH 6R GTTGTTGCAACCGACGTACA

polH_7Pr [FAMJAGATTCCTAGCCCAACACGCTCTGC
[TAMRA]

Primers polH 1F, polH 2R, and polH 3R were used in nested,
degenerate PCR, while primers polH 5F, polH6R, and probe
polH_7Pr were in quantitative PCR

FAM 6-carboxyfluorescein, TAMRA carboxytetramethylrhodamine

@ Springer



50

1. Hewson et al.

sequences that most closely matched bacterial gene frag-
ments, hence polH 3R was designed to increase specificity
of the primer set and permit amplification of rare targets
within mixed assemblage template DNA. Primers were
designed using Primer3 [29], and were compared to the
non-redundant database at National Center for Biotechnol-
ogy Information (NCBI) by BLASTn [30]. In order to
permit detection of polH in natural samples, a TagMan©
primer and probe set (polH_SF, polH 6R, and polH_ 7Pr)
was designed around a 96-bp fragment within the region of
polH amplified with polH 1F and polH 3R. The dual
TAMRA- and FAM-labeled probe was designed based on
sequences derived from the survey of environmental DNA.

PCR Amplification of polH from Aquatic Samples

The presence of nucleopolyhedroviruses was examined by
screening samples of environmental DNA collected from
the Gulf of Maine (Fig. 1). Plankton samples were collected
using a 64-pm mesh size net that was towed in surface
waters for ~5 min, and then transferred into Whirlpak bags.
Seston from ponds was collected by transferring 25 ml of
material directly into a Whirlpak. Exopolymeric substance
floatsam (“EPS foam”) was collected after a heavy weather
event from rocks on the windward side of Appledore Island
using a sterile transfer pipette, and stored in a whirlpak. All
samples were kept frozen prior to processing in the lab at
Cornell.

DNA was extracted from samples using the ZR Tissue &
Insect DNA Miniprep kit (Zymo Research) following
manufacturer's protocols. In each case ~100 mg of wet
zooplankton, seston, wrack, or EPS foam was transferred
into bead-beating tubes using sterile transfer pipettes.
Extracted DNA (50 upl) was stored at —20°C prior to
PCR. Nested degenerate PCR was conducted on 2-ul
extracted DNA in 50-pl reactions containing 1x PCR
Buffer (Invitrogen), 2.5 mM MgClI2, 0.2 mM dNTPs
(Promega PCR Nucleotide Mix), 2 uM each of primers
polH_1F and polH 2R, 2 ng ul™' BSA (Sigma 7030), and
5U Taq Polymerase (Invitrogen). Thermal cycling com-
prised of an initial heating step at 95°C for 3 min, followed
by 30 cycles of 95°C denature for 30 s, 55°C anneal for
30 s, 71°C extension for 45 s, and followed by a 71°C final
extension for 7 min. The second round of PCR consisted of
the same reagents as the first round, except polH 2R was
replaced by polH 3R, and 2 pl of first-round PCR product
served as template in the second round.

PCR products were electrophoresed on a 1% agarose gel
in 1X TBE at 6 Vem ™' for 1 h, which was subsequently
stained with SYBR Gold (0.1 ul ml™") and visualized on a
UV light transilluminator. The presence or absence of PCR
products at ~300 bp on the gel was scored. Products at
300 bp were excised with a clean razor blade and gel slices
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were placed into 2-ml microcentrifuge tubes. DNA in the
slices were extracted using the ZR Gel Recovery Kit (Zymo
Research), igated into pGem-T Easy II Vectors (Promega)
following the manufacturer's protocols and transformed
into Z-competent cells (Zymo Research). Plasmids were
prepared using the Zyppy Plasmid Prep Kit (Zymo
Research), and sequenced at the Core Laboratories Center
at Cornell University. Sequences matching polH by
BLASTx analysis [30] against the non-redundant database
at NCBI were aligned and bootstrapped against other NPV
polH genes using ClustalX [31]. Sequences derived in this
study have been deposited at GenBank under accession
nos JF756079-JF756085.

Investigation into Fall Webworms (Hyphantria sp.)
as a Source of NPVs

Two webworm nests were sampled to determine the
possible origin and distribution of NPVs. Fall webworms
(Hyphantria sp.) were collected from nests using forceps
and placed into 0.5-ml microcentrifuge tubes, which were
frozen on liquid N,. Fecal matter from two nests was
collected by placing a 10-cm diameter funnel below tents
and shaking the tent gently to dislodge fecal pellets. The
material in the funnel was collected into 15-ml centrifuge
tubes. Soil cores (1 cm®) were collected along a transect
starting beneath each tent. Samples were collected at 0
(immediately beneath the nest), 1, 2, and 5 m from the tent.
Soil cores were extruded and placed into sterile 15-ml
centrifuge tubes prior to freezing in liquid nitrogen. Insect
DNA was extracted using the ZR Tissue & Insect DNA
Miniprep kit. Soil and fecal samples were extracted using
the ZR Soil DNA Miniprep kit (Zymo Research).

Quantitative PCR (qPCR) was used as a sensitive
method to detect po/H in environmental samples. Extracted
DNA was subject to qPCR of polH using primers polH S5F,
polH 6R, and probe polH 7Pr (Table 1). qPCR reactions
(25 pl) comprised 1x TagMan Master Mix with no UNG
and ROX passive dye (Invitrogen), 80 nM of each primer
and probe, and 2-pl template DNA. Thermal cycling
conditions comprised of an initial step at 50°C for
10 min, followed by a hot start at 95°C for 5 min. Data
was collected at the end of each of 60 cycles of 95°C
denature for 15 s followed by 55°C anneal and extension
for 60 s. Each reaction was conducted in duplicate, using an
oligonucleotide standard over eight orders of magnitude.
Because of uncertainty of extraction efficiency and lack of
standardization between disparate template types, qPCR
was only used as a detection method and results are not
presented as quantities. Samples for which one of two
technical replicate qPCR reactions were positive but the
second was not positive were scored as “detected (DET)”
per previous studies [32].
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Figure 1 A Map of Appledore
Island showing locations A
sampled for detection and
quantification of nucleopolyhe-
drovirus polH genes; B map of
location of offshore stations and
Sagamore Creek

0.5 km

Webworm Fecal
and Soil Transe

Bab's Cove

EPS Foam
(Norwegian Cove)

Soil 1

Broad Cove Sediments

S0l 2 @

Swimming Pool Sediments

Webworm individuals

Supratidal Pond 403
Supratidal Pond 453

Appledore Island

oy

Supratidal Pond 485

Piscataqua River

43°0N —
Sagamore Creek
Gulf of Maine
. SML1
<
. Appledore Island
a0 . SML2
® s
T130W 43°45'N—]

Survey of polH in Habitats of the Isles of Shoals
by Quantitative PCR

To examine the wider distribution of detected polH
sequences around the Isles of Shoals, samples of soils,
sediments, and plankton were collected at several locations
around the island (Table 3). Firstly, soil cores were
collected from three locations on the island, and subtidal
sediment collected from three habitats using cut-off
syringes, which were then extruded into sterile 15-ml
centrifuge tubes and frozen. Seston was collected from

three supratidal ponds around the island's periphery, and
plankton in the 1.0-0.2-pm size fraction was collected
from a further ten ponds by filtration of 20—30 ml water in
each pond. Plankton from Bab's cove was collected using
a 64-um plankton net towed in surface waters. Bacter-
ioplankton from Bab's cove and a further four locations in
the vicinity of the Shoals archipelago (stations SMLI,
SML2, and SML3) were collected by filtering 20 L water
through 10 um polycarbonate (Isopore) filters onto
0.22-um Durapore filters (Millipore). All samples were
flash-frozen after collection prior to transport to the
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laboratory at Cornell. Samples were extracted using the
ZR Tissue & Insect Kit following the manufacturer's
instructions. The extracted nucleic acids were then sub-
jected to qPCR detection of NPV polH genes using
primers polH_5F, polH 6R, and probe polH_7Pr (Table 1)
per the webworm investigation.

Results and Discussion
PCR Amplification of pol/H Across Habitats

We amplified products in the predicted size range from 4 of
10 environmental samples by conventional PCR (Tables 2
and 3). Quantitative PCR was used to confirm the presence
of polH within amplicons prepared from several samples,
which also had products at 300 bp examined by gel
electrophoresis. All samples tested which had PCR prod-
ucts of 300 bp demonstrated amplification with our qPCR
primer and probe sets (Table 3). To further confirm that
amplicons contained polH genes, we pooled several
amplicons (from Appledore Island Supratidal Ponds 485
and 403, and several bulk tow samples from the Shoals
Marine lab) and randomly sequenced clones from com-
bined samples. While we obtained several sequences that
did not match po/H within amplicon pools, we retrieved a
total of five polH-like sequences that were most similar to
Agrotis ipsilon NPV (99% nucleotide identity), and two
sequences most similar to Plusia orichalcea NPV (83%
nucleotide identity; Fig. 2).

The observation of polH sequences with similarity to
lepidopteran NPVs in several diverse locations suggests
that these are distributed widely in aquatic habitats.

Because we pooled our samples for sequencing the exact
origin of the sequences are not resolved. However, qPCR of
the polH gene applied to PCR amplicons of these samples
demonstrated the presence of NPV polH within the EPS
foam, and applied to extracted DNA detected the presence
of NPV polH in the other habitats. EPS foam occurs above
the intertidal line on the windward side of Appledore Island
after heavy weather events. It presumably comprises
exopolymeric substances produced by autotrophs and other
proteinaceous material that is agitated by weather events
and blown onshore [33]. Hence, NPV polH in these
samples may originate from terrestrial insects that are
advected offshore during rainfall events, or from insects
inhabiting beach wrack material. It is also not surprising
that sequences retrieved were closest to known lepidopteran
NPVs, since primer sequences were designed based on an
alignment of primarily moth NPVs. Moreover, these
observations indicate that sequences retrieved from aquatic
environments represent allochthonous viruses, since the
typical hosts of NPVs (caterpillar larvae of lepidopterans)
are not present in water.

Investigation into Hyphantria sp. as A Potential NPV Host

Quantitative PCR detection of polH in Hyphantria sp. was
successful, with all but one individual having detectable
polH. Fecal matter falling from Hyphantria sp. nests, and
the distribution of po/H in soils underneath Prunus virgin-
iana trees were investigated at two locations to further
resolve Hyphantria as a potential host of detected NPV
polH (Table 3). Near-detection threshold (i.e., detected in
two of three analytical replicate reactions) polH was
detected in the fecal matter of only one tree. Only soils

Table 2 Detection of nucleopolyhedrovirus polH by conventional PCR and quantitative PCR in seawater samples

Sampling location Sample type

Sampling date PCR detection qPCR detection

Appledore Island, Gulf of Maine Plankton, >64 pum

Plankton, 10-0.2 um
Plankton, >64 pm
Plankton, 10-0.2 um
Plankton, >64 pm
Plankton, 10-0.2 um
Plankton, >64 um
Plankton, 10-0.2 um

Sagamore Creek, Gulf of Maine
Station SML1, Gulf of Maine

Station SML2, Gulf of Maine

Station SML3, Gulf of Maine

6-Jun-09 Na DET
7-Jun-09 - DET
24-Jun-09 Na DET
4-Jul-09 - DET
6-Jul-09 - DET
7-Jul-09 + DET
27-Jun-10 Na +
26-Jun-09 - -
26-Jun-09 Na -
25-Jun-09 Na DET
25-Jun-09 Na +
25-Jun-09 - DET
25-Jun-09 Na +

Detection by PCR is indicated when a product of ~300 bp was detected and confirmed by application of qPCR to band-isolated amplicon

Na indicate that amplification was not attempted, DET detected amplicon in one of two analytical replicates
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Table 3 Detection of polH from

samples across the landscape Sample type

Sampling date PCR detection qPCR detection

of Appledore Island
EPS foam

Supratidal pond 403 seston
Supratidal pond 453 seston
Supratidal pond 585 seston
Soil sample 1

Soil sample 2

Soil sample 3

Sediment, Broad Cove
Sediment, swimming pool
Sediment, Babs Cove

Hyphantria sp. fecal matter, tree 1
Hyphantria sp. fecal matter, tree 2

Locations are also indicated on Soil, 0 m from tree 1

Fig. 1. Detection by PCR is
indicated when a product of
~300 bp was detected and con-
firmed by application of gPCR
to band-isolated amplicon

Soil, 1 m from tree 1
Soil, 2 m from tree 1
Soil, 5 m from tree 1
Soil, 0 m from tree 2
Na indicate that amplification Soil, 1 m from tree 2
was not attempted, DET
detected amplicon in one of two
analytical replicates

Soil, 2 m from tree 2

Soil, 5 m from tree 2

22-Jun-09 + +
19-May-09 + DET
19-May-09 - -
19-May-09 +

2-Jul-09 Na +
2-Jul-09 Na -
2-Jul-09 Na +
2-Jul-09 Na +
2-Jul-09 Na +
2-Jul-09 Na +
20-Jul-10 Na -
20-Jul-10 Na DET
20-Jul-10 Na

20-Jul-10 Na -
20-Jul-10 Na

20-Jul-10 Na

20-Jul-10 Na +
20-Jul-10 Na +
20-Jul-10 Na +
20-Jul-10 Na -

beneath the tree where fecal matter was polH-positive
contained polH. Interestingly, polH was detected only
within the first 2 m underneath the polH-positive tent, but
not at 5 m.

Our data indicate that Hyphantria sp. (webworm) are the
likely host of NPV polH sequences recovered on Appledore
Island. Although moths which resemble Agrotis sp. were
observed in net-collected flying insects (data not shown),
their larvae were anecdotally not abundant on the island
(the A. ipsilon NPV affects only the caterpillar stage of the
host [34]). Hyphantria sp. instars, on the other hand,
formed dense colonies in web tents. The dominant
vegetation cover on Appledore Island is P virginiana
(Chokecherry). A limited visual survey in August 2010
indicated that at least two tent colonies were on each
chokecherry tree, where tents appeared in mid July and
persisted until late August. Lepidopteran NPVs are trans-
ported by several means, but primarily by instar consump-
tion of materials that bear remains of infected individuals
[6, 35]. The lack of large signals of po/H NPV in material
falling from nests, and detection only in one of two tents
surveyed, suggests that fecal matter is not a significant
route of transfer to soils. Our collection does not discrim-
inate between fecal matter and broken-down remains of
adults; hence, the presence of po/H NPV in only one tent
and in soils underneath that tent suggests that NPVs may
fall to soils by either mechanism. Not all caterpillars
assayed were NPV polH-positive, which suggests that

within a nest there may be differences in the proportion of
infected to uninfected caterpillars.

Soil and Sediment Distribution of NPV polH on Appledore
Island

Amongst the terrestrial and freshwater samples that were
polH positive by conventional PCR, only the sample of
exopolymeric substance (EPS) foam was positive for po/H
by gPCR, and only one of the three supratidal ponds
sampled was positive (Table 3). We investigated soils at
three locations on the island that were away from
Hyphantria nests in July 2009 (Fig. 1). Of these, we
detected polH in two by qPCR. In addition to soils, we
investigated three nearshore sediment locations around the
island. pol/H was detected by qPCR in all three sediment
samples.

The wide distribution of NPV polH around Appledore
Island suggests that the dispersal of lepidopteran viruses is
not limited to habitats adjacent to their putative hosts. The
three soil samples analyzed from 2009 were not immedi-
ately below chokecherry trees, which suggest that if the
detected sequences are indeed Hyphantria sp. viruses, they
may be moved around in soils by biological or physical
means. During the sampling period from mid May through
early July, Appledore Island experienced significant rainfall
events (mean rainfall was 0.46 cm day ' for the 56 days
from May 15 through July 9, where rain occurred on
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Penaeus monodon NPV HQ222840

Figure 2 Phylogenetic
representation of nucleopolyhe-
drovirus polyhedrin (polH)
sequences derived from aquatic
samples (bold) and representa-
tive polH in GenBank. The tree
was generated upon the 294-bp
nucleotide sequence alignment
(ClustalX) and using the neigh-
bor joining method. The tree is
rooted to Penaeus monodon
baculovirus pol/H which is
highly divergent from other
NPV polH. Bootstrap values
based on 1,000 replicates are
given at each node

100

E772h-7

E772h-9
E772h-8
E772h-2
E772h-1
E772h-11

0.1 Substitutions/site

29 days), which may have caused viruses to be washed
from soil locations. The presence of NPV polH in sedi-
ments adjacent to Appledore Island further suggests that
NPVs may be washed into the ocean and sink to sediments.
Because NPV polH was detected in the EPS foam sample
from adjacent Norwegian Cove by qPCR, these data may
demonstrate that viruses may be in greater occurrence on
the windward side of Appledore Island. Furthermore, the
detection by both PCR and qPCR of NPV polH in seston of
Pond 403, which is on a rock ledge adjacent to where
Hyphantria sp. individuals were collected, and which
receives freshwater inputs from that catchment, demon-
strates that NPV may be transported from soils seaward
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Cotesia marginiventris NPV EF418027
Choristoneura rosaceana NPV U91940
Malacosoma neustria NPV AY519243

E772h-17

‘ 1001 Hemerocampa vetusta NPV AY706699
| Orgyia pseudotsugata NPV AY895150
——— Lymantria monacha NPV AY706702
Peridroma margaritosa NPV AY706710
Cerapteryx graminis NPV HQ603182

100r Agrotis exclamationis NPV GQ475265
Agrotis segetum NPV AY 136482
Agrotis ipsilon NPV AY519204

||ESpodoptera frugiperda NPV GQ923762
Spodotera litura NPV AF068189
Panolis flammea NPV D00437
9| gor Helicoverpa armigera NPV EU047914
Mamestra brassicae NPV AB198073
Leucania separata NPV AB009456
1 Mythimna separata NPV AB308406
Plusia orichalcea NPV AF019882
Epinotia granitalis NPV AB300384
10— Chrysodeixis chalcites NPV EU401915
L Trichoplusia ni NPV AF093405
Junonia coenia NPV AY519234
Galleria mellonella NPV AY 706698
Plutella maculipennis NPV AY706713
Rachiplusia nu NPV DQ345451
Rachiplusia ou NPV AF068270
Diaphania pulverulentalis NPV FJ901339
Autographa nigrisigna NPV AB465491
Autographa biloba NPV AY 737724
Hyphantria cunea NPV AF300872
Autographa californica NPV AY706681

through rainfall events. However, we cannot discount active
transport of NPVs to the supratidal ponds, since Pond 403
is also visited by seagulls (Larus spp.) and by flying insects
(Trichocorixa sp.) who may also transport viruses from
terrestrial habitats. Similar transport by waterbirds of
invertebrate taxa between habitats has been noted elsewhere
[36].

Distribution of NPV polH in Marine Plankton
We detected the presence of polH in only one sample of net

plankton (>64 um) by conventional PCR. polH was
detected by qPCR only in a small number of samples,
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notably within the 10-0.2-um size fraction of plankton at
two stations seaward of Appledore Island, and in Sagamore
Creek. Other samples had limit-of-detection (i.e., DET)
signals of polH in net plankton collected in Bab's Cove,
Appledore Island, and at the two offshore stations in the
Gulf of Maine.

We investigated the presence of NPV pol/H in plankton
samples adjacent to Appledore Island initially to determine
if NPVs similar to lepidopteran viruses were present in
zooplankton populations, which could be due to either
infection or consumption of infected particles. We specu-
lated that NPVs may be consumed by zooplankton since
they resemble larger bacteria (1-5 um) [37]. However, our
data suggest that NPVs in waters adjacent to Appledore
Island are likely washed to sea rather than within
zooplankton, since the highest abundance was measured
in the 10-0.2-um size fraction, and were less abundant in
the >64-um size fraction. The wide dispersal of NPVs to
sea from Appledore suggests that they may be a suitable
tracer of runoff into the coastal zone in lepidopteran-rich
regions. Polyhedra are resistant to environmental degrada-
tion [25, 38], hence they may persist for longer periods of
time than other commonly used tracers of allochthonous
inputs.

Our data demonstrate that allochthonous viruses from non-
anthropogenic sources may be transported to coastal marine
ecosystems putatively by runoff. Previous studies have
focused on primarily pathogenic taxa and their fate within
seawater [16, 18, 39]. To our knowledge, this is the first
report focusing on non-human or pathogenic allochthonous
viruses in marine ecosystems. Several coastal metaviriomic
sequencing efforts have indicated the presence of viruses
matching most closely terrestrial insect viruses [40-42],
however these observations may be the consequence of poor
coverage of eukaryotic marine viral genomes. We compared
the genomes of NPVs used in design of polH primers
currently sequenced marine metaviriomes [42—47] at the
Community Cyberinfrastructure for Advanced Microbial
Ecology Research and Analysis (CAMERA) server (http://
camera.calit2.net/) by BLASTn and tBLASTx algorithms.
We found no matches at e-values <1 between these NPV and
environmentally derived viral shotgun sequences from any
environment. While we detected NPV polH in coastal
habitats, these viruses do not comprise a large proportion
of virioplankton communities, and are unlikely to be
included in metaviriomic sequencing efforts.

The detection of allochthonous viruses of terrestrial,
non-anthropogenic origin in coastal marine waters suggests
that viral nucleotide sequences are transported across biome
boundaries. Because viruses are mostly believed to be host-
species specific [48], it is unlikely that allochthonous
viruses would infect distantly related taxa in seawater, like
marine arthropods. However, potential consumption of

allochthonous NPVs by native marine zooplankton and/or
transduction of the genes they bear into native micro-
organisms [49, 50] may permit NPV-borne genes to enter
the marine hosts. While this may not be a significant source
of genetic diversity in the short term, over evolutionary
time scales this mechanism may permit genetic information
transfer across habitat boundaries. We cannot discount the
possibility that our qPCR primer/probe set matches a po/H
gene fragment that is not present in NPVs amongst
uncultivated microorganisms. However, polH shares no
similarity with genes recovered from bacterioplankton in
metagenomic surveys, nor genomes of cultivated organisms
when compared using CAMERA.

Conclusions

Our data demonstrate that NPV polH genes of putatively
terrestrial origin are distributed widely across the Appledore
Island landscape, from terrestrial soils to the surrounding
marine environment. Because pol/H sequences recovered
from aquatic habitats match closely po/H from lepidopteran
NPVs, and because pol/H genes were detected within
Hyphantria sp. caterpillars which form dense tents on the
dominant vegetation on Appledore Island, we posit that this
organism is the source of detected NPV polH. NPV polH
was also detected in terrestrial-affected coastal and offshore
waters of the Gulf of Maine, suggesting that the
degradation-resistant occlusion bodies of NPV may be
markers for terrestrial runoff into coastal marine habitats,
even if they comprise a very small proportion of total
aquatic viruses. Our study raises interesting questions about
the persistence and decay of terrestrial viruses in aquatic
ecosystems, and the transfer of genomic information
between habitats with barriers to dispersal.
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