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This paper describes objective technical results and analysis. Any subjective views or opinions that might be expressed in
the paper do not necessarily represent the views of the U.S. Department of Energy or the United States Government.

lluminate the dark matter

Gene list for a high-support 22-kbp island (Eco11885.22.S) within a tRNA gene of an E. coli genome
52% of genes "hypothetical" (vs. 5% for whole genome)

45470
46523
46823
47166
47535
47886
48300
48863
49516
50332
52267
53290
54554
54952
55858
56399
56734
57707
58348
59328
61476
62180
62790
64296
66230

46306
46741
47113
47462
47777
48236
48704
49342
50247
50913
53229
54462
54739
55425
56388
56674
57570
58216
59271
60830
61781
62737
64181
66116
67450

+ +

+ 4+ 4+ 1

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

ID=00381;product=hypothetical protein;
ID=00382;product=AlpA;pfaml=Phage AlpA;
ID=00383;product=hypothetical protein;
ID=00384;product=hypothetical protein;
ID=00385;product=nucleoid DNA binding protein;
ID=00386;product=hypothetical protein;
ID=00387;product=DNA-binding protein H-NS
ID=00388;product=hypothetical protein;
ID=00389;product=hypothetical protein;
ID=00390;product=hypothetical protein ;
ID=00391;product=hypothetical protein;
ID=00392;product=Helix-hairpin-helix motif protein
ID=00393;product=hypothetical protein;
ID=00394;product=hypothetical protein;
ID=00395;product=hypothetical protein;
ID=00396;product=hypothetical protein;
ID=00397;product=hypothetical protein;
ID=00398;product=hypothetical protein ;
ID=00399;product=TIR domain protein
ID=00400;product=Mobilization protein A
ID=00401;product=Conjugal protein TraD
ID=00402;gene=bfpA;product=Pilus precursor;
ID=00403;product=Bacterial shufflon protein
ID=00404;product=hypothetical protein;
ID=00405;product=integrase;

How do we turn more reds yellow?

Sandia National Laboratories is a multimission laboratory managed and operated by National Technology & Engineering Solutions of Sandia, LLC, a wholly owned
subsidiary of Honeywell International Inc., for the U.S. Department of Energy's National Nuclear Security Administration under contract DE-NA0003525.
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e 9:05 Kelly Williams: finding prophages in genomes

* 9:35 Simon Roux: finding phages in metagenomes

* 10:05 Katelyn McNair: calling phage gene frames and frameshifts
e 10:15 Stephanie Malfatti: gene functions in phages

* 10:25 Break
* 10:35 Migun Shakya: finding phages in metagenomes
* 10:45 Rebecca Wattam: gene functions in phages

* 10:55 Jason Gill: gene functions in phages

 11:25-11:45 Discussion
* Gene Annotation
* Phage Identification in Sequence Data
e Catch-All




Discovery Through Precise
Prophage Mapping
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So, Nat'ralists observe, a Flea
Hath smaller Fleas that on him prey,
And these have smaller yet to bite 'em,

And so proceed ad infinitum.
— Swift, On Poetry: A Rapsody




Outline

* Introduction: genomic islands, satellite/helpers, integration/excision

* Value of precise mapping of integrative DNAs
e Software that maps prophages precisely

* Discoveries
* Integrase site specificity
* Regulated gene integrity
* Helper-embedded satellites

* Phage factory for therapy and energy



Genomic islands as part of the bacterial

mobilome
Delivery vehicles Stability modes Types

Plasmids

* Virion * [ntegration into T
chromosome % Prophages
2 (virion)

\: BN

* Self-replicating .
circles Genomic
islands

~49%
Satellites
(virion or
pilus?)

Group /11
Introns,
Inteins

* Conjugation pilus

Insertion
seguences

Trans-
posons

Integrons

Transposable elements Others



Satellite/helper relationships

* Classic example: satellite P4 and its helper P2
e Other satellite classes: GP-PICI, GN-PICI, P

* Satellites don't fully encode their own mobility vehicle
* Rely on helper to provide mobility gene function (virion or pilus)
» Satellite may need a DNA site allowing virion packaging or pilus entry

* Satellites exert a reproductive cost on their helpers

* Genetic interactions can be extensive and reciprocal

* P4 can derepress early genes and activate late genes of P2 helper, and
respond in the same ways to P2-encoded regulators



Integrase

. — .
| nte g ra t | O N In;egrase, Excisz;se

* Integrases typically target a specific chromosomal site (attB)
* However, off-target events can occur, and some clades are habitually site-promiscuous

e Can function even when attB already occupied (forming tandem islands)

* Directionality: excision typically requires a separate excisase (RDF)

* Biotech utility: more efficient at integrating big DNA than CRISPR-Cas
homology directed repair

* Two main integrase protein families
* Tyrosine integrases (Y-int)
* Pfam Phage_integrase + idiosyncratic arm-binding domains
* Additional requirement for host DNA-binding proteins
e Serine integrases (S-int)
* Domains Pfam Resolvase + Pfam Recombinase



Rearrangements at tandem islands

tmRNA Int Tn"® CP4-57 2 Ecok5X Inv* fljAB: Essential for one
ECOk -I—E:]- | |§E of two flagellar phases

Int* Tn flj H IV jro vir tct, gab

5 Inv K K Fels; Int_. . Int Stm27X..

Stm -" ﬂ . 4 W

— Invertase-mediated deletion?
Rtn Stlch an LI['O Ir tCt gab Removes fljAB genes leaving S. typhi monophasic

Stic Il ‘mm
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* Introduction: genomic islands, satellite/helpers, integration/excision

* Value of precise mapping of integrative DNAs

e Software that maps prophages precisely

* Discoveries
* Integrase site specificity
* Regulated gene integrity
* Helper-embedded satellites

* Phage factory for therapy and energy



Benefits of precise prophage mapping

* Advances completion of prokaryote genome annotation

* Phage genome
* Phage genome is complete, with one known host
* Phage factory: perfectly mapped prophages are ready to engineer and reboot

* Integrases
* Link each integrase protein sequence to the DNA att sequence it recognizes
* Integrase evolution, biology and biotechnology

* Integration target site
* Regulation of integration target gene
* Some Gls break/restore key target gene by integration/excision
* Discovery of helper-embedded satellites (HESs)
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Software for precise Gl mapping

e [slander
* Finds islands in tRNA or tmRNA genes (~40% of Gis)

* TIGER

* Comparative, finds reference genomes where the island site is unoccupied
e Support value is the number of such reference genome
* Precise mapping by ping-pong BLAST



Islander

Integrase preference for t(m)RNA genes:
~40 % of islands are in t(m)RNA genes,
which account for only ~0.1% of a genome

Circular Gl

int attP

Replacement
fragment
tRNA gene

— e ————

attB

Integrase “ Target gene is split, yet "repaired

Displaced
Restored tRNA gene fragment

Gl

attL attR

Bioinformatic signature: Gene and its co-oriented fragment



Integration module cohesion:
integrase gene stays near attP,
therefore found at island terminus

Circular pre-island

int attP

Hf—/

Integration module

I

Island

attl attR

Normalized gene count

Non-integrase
(n=5,055,290)

Islander
Y-Int
(n=4075)

Non-Islander
Y-Int
(n=7308)

T T T
0.005 0.01 0.02

T T T
0.05 0.1 0.2

S-Int

1 (n=1346)

1 | |
0.005 0.01 0.02

Foreignness change across gene

I | !
0.05 0.1 0.2

| ! |
G 10 20



TIGER software: comparative and precise

Left flank Island  Right flank
(I

Gl-bearing query

Comparison | atl .. atiR
Uninterrupted reference I ———

N Direct repeat

int gene: Close
Gl-bearing to one island end

query genome|  gttl /.4 OttR

Left query s mmm Right query —
(many hits) (few hits)

Algorithm

BLAST 2. Back to
original DNA to find

BLAST 1. queries vs. inal |
int-distal end

many reference genomes

it-adjacent back
-query

Broken hit mmm=

attB

Uninterrupted
reference genome

Plagh B GOTTGTOCGGARACAAGTARAA
Precision ot RS AGAGEEAROGA - - R Eeea Ve ees
oTRgadc P TAC TAC T T TCCGGACAACC 1B T GARAGAGGCCARGAGACCCH




TIGER speed-up with smarter reference
genome databases

Collaboration with Noushin g o c?
Ghaffari, Fatema Shormin and g w0 52
Bernard Nyarko (PVA&MU) 2 2000 e
Study set: 16790 E. coli genomes ®,
and their islands . .
Measure pairwise distances ' Database iz
between all genomes, as basis :
for scientific design of smaller ._ o
genome databases . E as
Measure effects of smaller 3 4 B
databases, beginning with Z .
randomly-selected memberships - g

Database Size Database Size
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DNA specificity spectrum for recombinases

Site-Promiscuity Site-Specificity
Some ICEs (eg, Tn916) Most prophages, ICEs\
Some ISs (eg 1S607) Chromosome dimer

resolution (Xer/dif)
Invertible elements
Integron cassettes
Shufflons

Mu phages
Transposons/ISs

Many transposase families Tyrosine and Serine recombinase families




Utility of good integrase
ohylogeny

* Build integrase tree
* We can do better (next slide)

* Decorate tree with information
about site usage and bacterial W
taxonomy
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Integrase trees

TYROSINE RECOMBINASES Unique  Mapped attBs
20 new TRdb HMMs Proteins (Projected)

e Collaboration with Tandy 123aa + Phage_integrase +(14aa 170297

Warnow and Paul Zaharias 87033

(UIUC)

Red = Pfam HMMs

* Three 1000-member SERINE RECOMBINASES

backbone alighments now 136812

built for Tyr Res Rec Resolvase |[Recombinase

* Later, broaden alignments

to all proteins 63986 4790
e Build two trees (Tyr and g . 1187
concatenated Res+Rec),

based on nucleotide
7378 389




288K bacterial/archaeal genomes > 3.27M total int proteins > 0.61M unique proteins

Add in: absent gold standards, absent TRdb proteins (197/866, many from phages)

Mapped attBs
Unigue Proteins 20 new TRdb HMMs (Projected)

123aa + Phage_integrase +([14aa

TYROSINE RECOMBINASES 470297 [ Arm-B Core-B Catalytic 87033

Red = Pfam HMMs

SERINE RECOMBINASES 136812
Resolvase ||Recombinase
56061 Catalytic JL Corend Jp _ Bxtia 5691

4790

68986
MerR

v @

3 fasta files, with HMM-hit portions in upper case: Tyr, Res and Rec
Rooting: unknown for Ser, topoisomerases for Tyr

1187




Site Usage Purity (%)
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Tyrosine Integrase Clades

* High Support

* Low Support
FEeLLE L L
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(average pairwise leaf distance, substitutions/site)

100
S0

Serine Integrase Clades

® High Support

* Low Support

0.5 1 1.5 2 25
Clade Depth
(average pairwise leaf distance, substitutions/site)



Island-regulated gene integrity

* Contrast with benign integration that A
doesn't inactivate gene

* Previously known island-regulated genes y —
* Phagosome escape | Efﬂ Episome

Phagosome

e comK . Al118-like Er?phaqt' I ,‘ = %
e Spore mother cell o] —_— \""
* sigK, spsM, gerE [ = ) 20 $Excision \ |
* Heterocyst differentiation y = ljf[‘j?;fj“””'
o nlfD, deN, hupl_ Listeria monocytogenes ’ ""._~__L
 Mutation rate control VInsertion \ Nycleus
* mutL ' y
i 1nFi i Replication
’ Curh/?ffllm comK case is reversible l | .
mr . . e J e
* Beta-hemolysin conversion A 4

Feiner et al, 2015. Prophages as active regulatory switches of bacteria. Nat. Rev. Microbiol 13: 641-650.



Detecting Regulated Gene Integrity

* Deduplicate Gl set to remove possible vertical inheritance cases

* Stringent gene inactivation test: Pfam disruption

* Non-tRNA Gls invade domain-coding regions only half as often as mock Gls
from same genomes

e attB:attLR Pfam bitscore ratio > 1.1 indicates disruption
* Detects 8 of 11 previously known RGI cases

* Exclude one-off gene inactivations from promiscuous integrases or
rare off-target

* |Insist on two or more deduplicated Gls at same gene, in a tight clade

* 19 new candidates for RGI: dut, eccCal, gntT, hrpB, merA, ompN,
prkA, tgsA, traG, yifB, yfaT, ynfE, and 7 others



Helper-Embedded Satellites (HESs)

Integrase AlpA Primase Capsid  AlpA

HES 11capE ﬂ—*ﬂ—‘» B T —
SSB HDPD
-
Capsid

[ ]Integrase [l Recombination [ Lysis I Head Il Other
[ ]Llysogeny [ ]Replication [ ]ApA [ ] Tail [ ] Unknown




Induction: entire composite excises,
it replicates, then the satellite excises

0.4

0.3

0.2

att site levels,
icd-normalized

0.1

50icd-attB  m 50icd-attP
llcap-attB m 1llcap-attP

0

0.5
Time after mitomycm treatment (hr]



Search for integrase relatives identified 491
additional HESs, in 14 additional sites all in prophage

late genes
A:Terminase_1:132 (36) E:Phage cap E:80 (201)
A:Terminase_1:246 (61) LE:TIGRISS&:QZ (3)
B:Phage portal 2:38 (1) V:Phage TTP 13:49 (1)
B:Phage portal 2:227 (1) T:DUF4035:17 (1)
B:Phage portal 2:241 (100) H:C0G5281:695 (1)
C:Peptidase_S78:27 (3) L:Phage tail L:147 (1)
C:CLP_protease:110 (80) J:Phage_tail 3:153 (1)
nul | ! WT H nu3 D u FIl Fll 2 U | M K | l
LSRN
Terminase Portal Prohead Major Tail tube T Tail length Minor Tail fiber
large subunit protease capsid Tail assembly tape measure tail
chaperone

HES sites mapped onto phage lambda late gene region



Integrase tree

* Orange and Black — from prophages

* Blue — from previously known and
newly discovered GN-PICls

e Red — HESs

* HES int subclades perfectly respect usage
of the 15 sites

* Clade is adapted to finding new sites only
in phage late genes: mechanism?!

202 Excap_E + 8 tRMA-Phe +2 Unmapped
B:partal:227

B1 C:CLP + 24 Off-target + 1 Unmapped
107 B:portal:241
57 Acterminase:246 + 1 Off-target

4 Asterminase: 245 Spiit
H:COG5281
Off-target HYPXbol0
T:DUF4035

Off-target HYE.Min51
Guess Bportal:21
34 Aterminase:132 + 1 Off-target + 4 Unmapped
3 Acterminase:134 Split

3 Cpeptidase 578
J:phage-tail_¥
L:phage_tail_L

3 E:TIGR1554
V-phage_TTP_13
——— B:portal:38

2621 fis + 1 Unmapped
42 fiz + 1 tRNA-Met-tandem?2
8 PICI non-tRMA E. caoli
Int2 fis tandem
50 hpt + 1 Unmapped

REF P1 Cre
3 Helper same genome different sites

2 Helper.priC

Helper.Cons_hypothBS8 | cmpR
HelperToxin_15|thrs
2 PICI ¥icC_N

HelpertRMA-Arg

3 PICI tRMNA-Pro + 7 PIC| Pasteurellaceae + 1 REF
HelpertRNA-Arg + 1 REF
3 PICI tANA-Thr + tRNA-Ser

Satellite P4 tRNA-Leu

33 HelpertRNA-Arg
L REF Phage P22 InttRMA-Thr

Int2 (S5end41727 HES 2°
Int2 [Sen22929 like helper
Int2 [Sen33667) 4+
er.| ieF [5en3866

ZII'ITEEI PP [ )
Int2 15en2?[209]

Int2 {5211314?5[] HES 2*

Int2 [Sen26544 like helper

In't2 (Sen2E552) +=—aF

PZIE ;;EEEF!MI‘IEI!%E“EESSZ]

] HelperyfeX | fabG
REF VINT_BPL2 Mycoplasma phage

REF E1PKES_MAGIU Clostridiales
2 REF FimB,FimE
9 REF Xer
25 HelperpraP
Helper.ycgE | yehl
Helper.pepN |pncB
2 Helper.phoP
Helper.HYP
Helﬂer.frmR
l elpertmRNA
REF QBE9HT_NPVRL Baculovirus
2 REF Staphylococcus
nt3 fis tandem
72 Helper.icd

substitutions/site 10 Helper.potB
— 10 2 Helper.trpf | DUF335
. 20 Helper.PEP|ybhC + REF Lambda

Helpertors |torT
| REF Q320W2_SHIDS Shigella

Helper.RyeB
Helper.cutC

15 HelpertRMA- Set + 1 zinT_mtfA
4 HelpertRNA-Leu
REF Y1424_HAEIN Haemophilus
| 24 HES-containing PICLERNA-Met
= tRMNA-Met tandeml




New helper cis-interactions for HESs

* HES transcription is directly
coupled to helper late

Typical Satellite-Helper Pair
(Satellite and Helper Prophage (Satellite integrates directly
integrate at different sites)

transcription 7

* HES replication is directly
coupled to helper replication

* Target late gene in helper is

C D

~

J

broken until HES excises o

Trans-interactions

HES-Helper Pair

within Helper Prophage)

-

L

-

C O

AN

)

is-interactions



HES/GN-PICI genome organization

Integration Bro Replication Late
Module Zone Module Zone
A A AL AL
N7 Y4 N
Integrase AI Primase CEF}SId AlpA
HES 11capE = -h—ﬁ—»»_—“—‘* —)-—-
HDPD
40
30 |,|
O motherPICI = HES wmfis = Prophage mCapture Capture in satellite late zones of
g 20 clusters as long as 18 genes from
% 3 known helper late gene regions
© 10 17 1717 1
m 18 ]
5 "
0 -lIIIIIIIIIII- n . !
0 30 40 50 60 70 80

Gene Count for Genotype
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Phage factory: targeting any bacterium

Prophages v/ ;

€1913C &1 2 3 5" Joint 3
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— 33349

__J- 43390
Pael505

‘—| | PAO1

1
0
3
2
3
1
15692 2
0
1
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1
1
2

Joint 4

Joint 2

33352
33363
15442
Pae5

33358
33362
33353

Joint 1
1 2
52yheS 525 N

/7 \

 —

Identify
Prophage prophage-rich Validat Engineer
database > close relatives ' e ' phages
of target phages

Reboot



BigDNA software for designing big overlap
assemblies

Solution: Recursive backtracking with PRIMER3/tntBLAST

Recurse 1: PCR B1 "2+ ko
Splicing Rebuilding Rebuilding 1a PCR B1 PCR B2 PCR B3
Joint Joint Joint 1bB """"""""""""""""
| l | ——
PCR B3
PCR A PCR B1 PCR B2 _
Recurse 2: PCR B2 from 1a FAIL:
1a (No PCR 2’s for 1a)

e sssssseee———— - Backtrack !

Segment A [ —

Segment B, too long for single PCR

SUCCEED:

2b

Recurse 3: PCR B2 with 1b 23[

[EEN
(on
-

Recurse 4: PCR B3




Summary

* Precise island mapping leads to more discovery
* Huge database of integrase/attB pairs
* HESs

* New cis-interactions with helper

* Mechanism for HES integrase clade to only find new sites in prophage late
genes

* For utility in vectors, helpers for HESs are already known
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Regulated Gene Integrity

Benign Integration into a Gene

Circular Gl

int attP

Replacement
fragment
tRNA gene

— e ————

attB

Integrase “

Displaced
Restored tRNA gene fragment

Gl

attL attR

Regulated Gene Integrity

* |sland lacks Replacement fragment, so
target gene is inactivated upon
integration

* Some bacteria control key genes this
way
* Sporulation in Bacillus

 Multicellular differentiation in
cyanobacteria

* 10 such regulated genes had been
previously reported

* We recovered most of these and
discovered 19 new such genes



