Assembly of Viral Metagenomes from Yellowstone Hot Springs

Tom Schoenfeld’, Melodee Patterson’, Paul M. Richardson?, Eric Wommack® Mark Young*, David Mead’

"Lucigen Corporation, Middleton, WI, 2Department of Energy Joint Genome Institute, Walnut Creek, CA, *Department of Plant and Soil Sciences, University of Delaware, Newark, DE,
*Plant Sciences & Plant Pathology, Montana State University, Bozeman, MT

Abstract

Thermophilic viruses were first reported decades ago; however, knowledge of
their diversity, biology and ecological impact is limited. Previous research on
thermophilic viruses has focused on cultivated strains. This study examined
metagenomic profiles of viruses directly isolated from 74° to 93°C mildly
alkaline hot springs. Viral abundance ranged from 10e5 to 10e6 per ml. Using

a new method for constructing libraries from picogram amounts of DNA,

nearly 30 Mb of viral DNA sequence from two hot springs was determined.
Approximately 25% of the viral sequences share regions of significant similarity
with the other hot spring. Although most sequences were unrelated to known
genomes, hundreds of BLASTx similarities provide insights into viral lifestyles in
this environment. In contrast to previous viral metagenomic studies, sequences
were assembled at 50% identity, creating composite contigs as large as 35 kb
that show the inherent heterogeneity in the populations. One 16.5-kb composite
contig encodes 26 apparent virus-associated genes, including three clones that
express functional DNA polymerases. Lowering assembly identity to 50% from
the standard 95% reduced the number of different viral types to 300 from 1400.
The 50% assembly included one contig of high similarity and perfect synteny to
nine genes from Pyrobacculum spherical virus (PSV), a cultured thermophilic
crenarchaeal virus. In fact, nearly all the genes of the 28-kb genome of PSV
have apparent homologs in the metagenomes. Similarities to thermoacidophilic

viruses isolated on other continents were limited to specific open reading frames

but were equally strong. Metagenomics provides a powerful tool to study the
diversity of viruses in these extreme environments.
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Broad classification of viral metagenomic contigs based on tBLASTX similarities. Contigs assembled at
95% identity from Bear Paw and Octopus reads (Panel A and B, respectively) were compared to sequences
in GenBank to infer phylogeny. Shown are frequencies of contigs with no significant sequence similarity in
GenBank (E<0.001) and those with sequence similarity to Bacteria, Archaea, Eukarya and their respective
Viruses.

Numbers of tBLASTXx similarities to cultivated
viruses in metagenomic libraries.

Virus (Acc. No.) Bearpaw Octopus
ARV, Acidianus rod-shaped virus 36 228
SIRV, Sulfolobus islandicus rod-shaped virus, 30 217
PSV, Pyrobaculum spherical virus 44 152
SIFV, S. islandicus filamentous virus 7 46
STSVA, Sulfolobus tengchongensis spindle-shaped virus 1 26 22
ATV, Acidianus two-tailed virus 8 17
TTSV1, Thermoproteus tenax spherical virus 1 6 12
YS40, Thermus thermophilus YS40 phage 15 41
Twort, Staphylococcus phage Twort. 4 21

These samples were collected under Research Permit YELL-05240. This work was supported by NSF
Grants 0109756 and 0215988 and NIH-NHGRI grant 1 R43 HG002714-01 to TS and DOE DE-FGO2-
02ER83484 to DAM and the assistance of the Delaware NSF EpSCOR program for computational support.

Alignment of Octopus and Bear Paw viral metagenomic library contigs with cultured virus genomes.

1005 - ) - -F"S‘U’EH 37 b T 100% - SIRV1 32306 bp
Q0% - L e - 3 P_. - - - _ % -
oo | L% dammaii: .. S oo Ta 0% - :
e I T - o fom i oamrza 0% C -
o { - iEEERRIEEL T T CLETITLA S o - . ii:o -
o] HAEEIUA LI SRR R 2
R IR =L Y e e -2 i T 0% - A A
K ] - < L - - : " E =
0% - - f‘;;‘ - - - o !: e- . o= 0% - 5 = =
20% - - . T, - n
| wiF
0% 1o Fep (=] gt wir it
D% 1 1 1 1 T D% 1 1 1 1 1 T
0 SO0 10000 1 50010 20000 2E000 0 000 1 0000 15000 20000 25000 20000
1 00% - 1009% -
ARV 24 653 bp ATV bB2,730 hp
2% 0% | -
S01%6 - - 096 -
0% - ] . 0% -
o0 - : . =3 o0% - F
B01%, - - . & o 8% I _
40% : ii Eg | - T - _ ;
g - i - - - ! -
0% - - - = -EE LI B =
T3 - ] ] 20% - -
. 1096 -
10% g o ot tnp tnp trp
I:I% 1 1 1 ] I:I% 1 1 1 1 1 1
0 S0010 1 Q000 1 S000 20000 0 10000 20000 20000 400010 S0000 EO000
1000 - 100% -
. STV 753,294 bp YS40 152372 bp B B e Pawr
- % - . D copus
S0P T _ a5
T ) a - 0%, - -
0% - s : LR I :
- ] - -
Cif% -2 - - - &%, A = " .
- — : _ -
A ) - y LILE = )
o B B - < -
=% . - 1% A " & H
=2 - MW -
10%: - il hel
cdam i= clut cAcm 1% Fec Frr
(R ' ' ' ' ' ! ! 1% T T T T T T T
i 1o 20000 Sooon 4u00 50000 c0o0o V0000 0 20000 40000 EOO00 80000 100000 120000 140000

Contigs from the viral metagenomic libraries were compared by tBLASTX to the genomes of PSV, SIRV1, ARV, ATV, STSV and YS40. Each bar represents a unique alignment of the metagenomic sequence to the indicated
location on the cultivated viral genome, shown on the horizontal axis. Percent coding sequence identities are shown in the vertical axis. Red bars indicate Bear Paw alignments; blue bars indicate Octopus alignments. Also
shown are the known or predicted functions of the conserved coding sequences (rep, replication related, vir, virion component; gt, glycosyltransferase; tnp; transposase; cp, coat protein; dam, adenine DNA methylase; s,
thymidylate synthase; dut, dUTPase; dcm, cytosine DNA methylase; hel, helicase; rec, recombinase; rnr, ribonucleotide reductase).

Sequence assembly data and estimation of viral diversity.

Bearpaw  Octopus Totals 0 1000 2000 3000 4000 5000
—
Sequence reads 7,685 21,198 28,883 <
Bear Paw Octopus Bear Paw Octopus | | | | | | | | |
95% 95% 90% 90%
gp6 gp/ gpd gpd  gpl0 gp11 gp12 gp13 gp14
Contigs assembled 6,191 13,543 4,850 4,788 88% 81%  88% 88%  87% 85% 80% 80% 70%
4/5
Avg. reads per contig 1.239 3.129 1.587 4.427 394?57%
Largest contig (nt) 3,503 4,554 8,007 35,089 Genes and gene order are highly conserved between Pyrobaculum spherical virus and a consensus contig
Power law richness 1.440 1310 548 283 from the Bear Paw library. Contig 372 (5492 bp, 71 reads) was assembled at >50% identity from the Bear
Paw library. Open reading frames identified by GeneMark algorithm were compared by BLASTp to proteins
Evenness score 0.946 0.954 0.933 0.936 . A it : : : : : : :
in GenBank. Similarities to Pyrobaculum spherical virus proteins are shown with percent coding identity.
Most abundant virus 2.14 % 1.88 % 3.93 % 4.88 % The gene names are based on the annotation in GenBank and are named in order of their location on the
viral chromosome. Direction of transcription is indicated by the arrows.
Shannon-Wiener score 6.88 6.85 5.88 9.29

Largest contigs from 50% assemblies.
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from Octopus Hot Spring. Contig 722 was assembled at >50% identity from the Octopus library.
Sequence coverage is shown on the top, with each line representing a separate read. Single nucleotide
polymorphisms per 10 base pairs were normalized to the number of reads covering the respective
nucleotide (middle) and are aligned with predicted open reading frames from the consensus sequence in
the contig (bottom). Direction of transcription is shown by the arrows. Similarities to known genes were
identified by BLASTp
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