





Figure 3.3.1. Sequences at the leader-repeat junction prevent crosstalk
between Type II-A CRISPR systems during spacer acquisition.

(A&B) Deep sequencing analysis of spacer integration accuracy in the two
CRISPR systems at an early time point against (A) the phage genome and (B)
the host chromosome. (C) Comparison of the leader-repeat junctions in the two
Type II-A CRISPR systems of S. thermophilus LMD-9. (D-G) PCR analysis of
spacer acquisition in arrays with mutations in the leader-repeat junction of the
(D&E) CRISPRO1 and (F&G) CRISPRO3 loci (* denotes mutant tracrRNA
background).

We next sought to probe the mechanisms that enable orthogonal spacer
acquisition in these two co-existing CRISPR systems. Type II-A CRISPR

systems have been shown to not require host factors for site-specific spacer
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integration but rather rely on interactions between the Cas1-Cas2 integrase, the
leader anchoring sequence (LAS), and the repeat sequence'®'*'°. We wondered
whether differences in the leader-repeat junction of the two CRISPR systems
were important for reducing crosstalk during spacer acquisition (Figure 3.3.1-C).
To test determinants of specificity for the spacer acquisition machinery of each
system, we introduced a variety of plasmids containing mutations in either the
leader or repeat sequences. To test the importance of the leader, we replaced
the entire leader sequence with the leader of the other system. For the repeat,
we swapped bases that differed in the first six and last twelve nucleotides of the
repeat sequence, as these regions were identified as important for spacer
integration. We also made compensatory mutations in the tracrRNA to preserve
base pairing interactions'®, which allowed for proper interference from these
arrays (Figure 3.3.2). Replacement of the SthCRISPRO1 leader with the
sequence from the SthCRISPRO3 leader significantly diminished spacer
acquisition activity (Figure 3.3.1-D). We were then able to narrow down the
relevant region to the LAS, as just swapping the two nucleotides that differ
between the LAS’s was sufficient (Figure 3.3.1-E) and reverting those two
nucleotides in the SthCRISPRO3 leader was also sufficient to restore spacer
acquisition activity in the leader swap construct (Figure 3.3.1-E). Mutations in the
repeat sequence, however, had little or no effect on spacer acquisition activity
(Figure 3.3.1-D). These results demonstrate the importance of the leader-repeat
junction in site-specific spacer integration for SthCRISPR01 and suggest a

primary role for the LAS in aiding the integrase to discriminate between CRISPR

59



loci. In contrast, we found that the leader sequences were interchangeable for
SthCRISPRO3 (Figure 3.3.1-F). Rather, altering the repeat sequence diminished
spacer integration activity for SthCRISPRO3 (Figure 3.3.1-F). We tested the
importance of both the 5’ and 3’ ends of the repeat individually, and both
appeared to be sufficient for reducing spacer integration activity (Figure 3.3.1-G).
Thus, we conclude that SthCRISPR0O1 and SthCRISPRO3 have evolved distinct
mechanisms by which they distinguish between CRISPR arrays during spacer

integration, allowing the two coexisting CRISPR systems to efficiently defend the

host.
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Figure 3.3.2. Compensatory mutations in the tracrRNA enable interference
with mutated repeat sequences.

(A&B) Efficiency of plaquing analysis of interference from the native spacer 1 in
(A) CRISPRO1 or (B) CRISPRO03 in various configurations of repeat and tracrRNA

mutations.
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3.3 DISCUSSION

By stably incorporating segments of foreign DNA into arrays, spacer
acquisition enables a specific and adaptive immune response to foreign threats
for both the prokaryotic host and its progeny'®. However, addition of new
spacers weakens the immunity provided by existing spacers by pushing them
further downstream within the array as well as by a dilution effect from the
increased number of total spacers''%!, We propose that for bacteria that face a
diverse or rapidly mutating population of phages, evolutionary pressures will
select for CRISPR systems that acquire new spacers at higher rates. In contrast,
for bacteria that are faced with recurring infections by similar or related phages, it
would be more beneficial to preserve the potency of existing spacers by
acquiring new spacers less frequently.

Infection of a population of CRISPR-containing cells yields a
heterogeneous population with a rich diversity of spacer sequences*®. Selective
pressures imposed by the phage population can then shape the distribution of
spacers in the bacterial population®. It is common for bacteria to harbor multiple
CRISPR loci (Figure 3.4.1-A). In that scenario, these phage-enforced selective
pressures can also shape the distribution of spacers across the different CRISPR
arrays. When the coexisting CRISPR systems belong to different types, it is
reasonable to speculate that selective advantages conferred by distinct targeting
mechanisms of the different effector complexes would determine which system

t62

adapts to a particular threat®. However, it is less clear what advantages would

be conferred by having multiple CRISPR systems of the same type and even
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subtype. Here, we have demonstrated that two Type II-A CRISPR systems of
Streptococcus thermophilus can independently add new spacers at different
rates to form both short- and long-term immunological memories. We postulate
that selective pressures could determine which CRISPR system is used by the
bacterial population to adapt to new phage threats. For spacers that target a
broad range of phages or a recurring threat, spacers stored in the low-frequency
system will have an advantage and will thus be selected for on a population level.
In contrast, for spacers that respond to a new threat that is not persistent, the
high-frequency system will be able to rapidly neutralize the threat but potency of
this spacer will not need to be preserved. Each CRISPR system could also
benefit the cell differently depending on the ecological niche currently occupied
by the cell. In niches with high dispersal of phages, a fast-responding CRISPR
system would be more beneficial due to the diversity of phage likely to be
encountered. In contrast, in ecological niches with low phage dispersal, a low-
frequency system would be more beneficial because phage infections are more
likely to be recurring and maintaining the potency of acquired spacers would be
more beneficial for the population. Our results reveal that intrinsic differences in
spacer acquisition endows each system with a unique set of benefits and enable

them to work together to form a robust anti-phage defense system.
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Figure 3.4.1. Natural variation in rates of spacer acquisition may be
genetically encoded.

(A) Analysis of the number of CRISPR loci harbored in various prokaryotic
genomes. (B) Comparison of BIM formation in the CRISPR system of
Streptococcus mutans NN2025 harboring either WT or mutated Cas9. (C)
Comparison of the number of spacers in native CRISPR arrays from Group 1 and
Group 2 Type II-A CRISPR systems.

We have also demonstrated that the two Type II-A CRISPR systems of S.
thermophilus have evolved genetic isolation from one another. We have shown
that specific interactions between the Cas1-Cas2 integrases and the leader-
repeat junctions enable orthogonal storage of spacers. This allows for the two
Type II-A systems to maintain different rates of spacer uptake and give their
existing spacers different longevities. CRISPR systems have been categorized
by their effector cas genes that deal predominantly with the interference phase of
CRISPR immunity. However, our results reveal that functional differences in

spacer acquisition can exist among similarly classified CRISPR systems.
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Previously, our lab demonstrated that by introducing mutations in the cas9
gene of the Type II-A CRISPR system from Streptococcus pyogenes it was
possible to increase the rate of spacer acquisition®. Here, we report that natural
variation in the rates of spacer acquisition also exists among Type II-A CRISPR
systems. While it remains technically challenging to experimentally address the
differences in rates of spacer acquisition we observe, we have some hints at
mechanisms that underlie this variation. For instance, we noticed a leucine
residue in the 500™ amino acid of the Cas9 from the CRISPR system from
Streptococcus mutans that exhibits a high frequency of spacer acquisition. This
was similar to a mutation (Cas9«so01) that we previously reported as offering a
small increase in the rate of spacer acquisition®®. We introduced the reciprocal
mutation into the Streptococcus mutans system (Cas9,500k) and noticed a
modest decrease in the rate of spacer acquisition (Figure 3.4.1-B), suggesting
that this is a naturally occurring hyper-Cas9 mutation. For the Streptococcus
thermophilus CRISPR systems, we noticed that they belong to two separate
clades of Type II-A CRISPR systems (SthCRISPR01 and SthCRISPRO03 belong
to Group 1 and Group 2, respectively). When we divide our spacer content data
(Figure 3.1.1-A) by Type II-A Groups, we find that the mean number of spacers
for Group 1 Type II-A systems is double that of Group 2 (p = 0.0004; Figure
3.4.1-C). This suggests that these two clades of CRISPR systems have diverged
for rates of spacer acquisition as well as interactions between Cas1 and the
leader-repeat junction. Notably, SthCRISPR03 and SpyCRISPR share the most

sequence homology among this collection of Type II-A CRISPR systems and
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exhibit comparable rates of spacer acquisition. Together, these observations
suggest a genetic basis for the differences we observed in spacer acquisition
rates. As our understanding of the molecular details of spacer acquisition
increases, it will be interesting for future studies to more directly address the
molecular basis for the variation we observe in rates of spacer acquisition.
Similarly, comparative analysis of spacer acquisition in related but functionally
distinct CRISPR systems could yield a better understanding of the molecular

basis of CRISPR immunity.
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CHAPTER 4: PERSPECTIVES

CRISPR-Cas systems comprise a genetic immune system to safeguard
bacteria and archaea from invading threats by storing fragments of foreign DNA
in CRISPR arrays within the host genome. Once transcribed, these foreign-
derived sequences, called spacers, provide sequence-specificity for CRISPR-
associated (Cas) nucleases to destroy viruses, plasmids, and other potentially
lethal threats. By stably storing spacers in the genome, CRISPR immunity is both
adaptive and heritable®'%,

In my thesis work, | have explored how CRISPR systems store and
organize their molecular memories of past invaders and the functional
consequences of this process. By studying the Type II-A CRISPR locus from
Streptococcus pyogenes, | identified a crucial regulatory region of the CRISPR
locus that determines the site of spacer integration within the CRISPR array,
which | termed the leader-anchoring sequence (LAS). The LAS enforces
polarized addition of spacers to the array such that the chronological order of
spacer acquisition is preserved. Mutation of the LAS leads to erroneous
integration of new spacers into the middle of the array. Further, | demonstrated
that spacers positioned near the LAS provide more robust immunity than spacers
positioned further downstream. Therefore, CRISPR systems can utilize the
chronological organization of spacers within the array to prioritize their immune
resources against the most recent invader'®.

Two complementary studies corroborated my findings through biochemical

and structural approaches'®'*. Wright et al. (2016) demonstrated the importance
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of the LAS during spacer integration in an in vitro spacer integration assay'. This
study revealed that improved reaction kinetics on the leader-end of the array,
presumably from additional contacts made between the spacer integration
machinery and the LAS, resulted in spacer integration preferentially occurring at
the leader-end of the array. This was subsequently confirmed by Xiao et al.
(2017) in their structure of the Cas1-Cas2 complex from a Type II-A system in
complex with the integration target substrate'®. This structure revealed that an o-
helix from Cas1 inserts itself into the minor groove of the leader DNA to make
direct, sequence-specific contacts with the LAS. Taken together, we now have a
mechanistic understanding of how spacer acquisition is polarized in Type |l
CRISPR immune systems.

Less clear, however, is the precise mechanism by which position within a
CRISPR array affects the level of immunity that it provides. In Chapter 2, |
demonstrated that altering the position of the same spacer sequence within the
array modulated the abundance of the corresponding crRNA by two-fold'®. While
this difference is modest, it is possible that other aspects of the CRISPR immune
response could amplify this difference (i.e. that Cas9 is a single-turnover
enzyme?’). Further experimentation will be needed to fully tease apart this
mechanism. For example, it would be informative to look at differences in crRNA
loading into Cas9 that arise from positioning of the spacer within the CRISPR
array. In addition, little is known about crRNA transcription, processing, and
loading into Cas9 for Type II-A CRISPR systems, so it remains possible that

other aspects of these processes are affected by spacer position within the array.
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In particular, it could be valuable to determine the kinetics of crRNA biogenesis
after the spacer has been newly integrated into different positions within the
array. Of course, in vitro reconstitution would provide crucial insights into this
process. The uneven distribution of crRNA expression has been observed in
many CRISPR systems and appears to be a general trend for CRISPR immune
systems'®, so it could be informative to look at the generality (or variation) in
mechanisms that underlie this feature of CRISPR immunity. Notably, a strain
harboring a natural mutation in its LAS has recently been identified and it was
confirmed to result in ectopic spacer integration'®. Why (and if) a mutation in the
LAS would be selected for is unclear, but it could imaginably serve as a way to
bypass strict chronological storage of spacers and give rise to a more complex
organizational system.

While spacer acquisition provides the immediate and significant benefit of
immunity, it can also impart a cost on the system by weakening the immunity
provided by existing spacers by shifting them further downstream within the
array. Also, it has been shown that increasing the absolute number of spacers in
an array has a detrimental effect on the immunity provided by a single spacer,
presumably by a dilution effect'®’. To explore how bacteria deal with this
conundrum, | examined differences in spacer acquisition rates across a variety of
related CRISPR systems. | found striking differences in the rates of spacer
acquisition across Type II-A CRISPR systems, including two systems that coexist
in Streptococcus thermophilus. By harboring CRISPR systems that acquire new

spacers at different rates, the bacterial population can store spacers for short-
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and long-term utility. Thus, immunological memories are organized not only
within CRISPR arrays but also across CRISPR arrays to ensure optimal
immunity.

On the flip side of spacer acquisition, spacers can also be lost from the
array®®?°, though this process is poorly understood. The rates of spacer loss from
CRISPR arrays, as well as the mechanistic basis of spacer loss, have not been
properly studied. However, my work has suggested that spacer loss can be
functional and selected for. When phage-targeting spacers are downstream in
the array, deletion of upstream spacers can boost the immunity provided by the
spacer by repositioning it within the array'®. Future studies investigating deletion
and recombination within and across arrays will provide valuable insights into
CRISPR evolution and biological memory.

Many bacteria harbor multiple CRISPR systems, both of the same type
and different types. However, many questions remain regarding the functional
consequences and benefits of these configurations. Further, what advantages
and disadvantages correspond to the different types of CRISPR systems has not
been studied. Exploration of the benefits and costs associated with different
CRISPR systems can shed light on why bacteria harbor multiple types of
CRISPR systems as well as reasons underlying the diversification of CRISPR
systems.

That around half of sequenced bacterial genomes do not contain CRISPR
systems hints at there being deleterious consequences associated with having a

CRISPR system, but this has not been fully addressed’®. The fact that some
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CRISPR systems, i.e. Type lll loci, can frequently be found without spacer
acquisition-related genes suggests that the adaptive nature of CRISPR systems
can itself be detrimental to the cell®®®. This could possibly be due to costs
associated with autoimmunity resulting from acquisition of spacers against the
host genome®*'%. Another potential cost of having a CRISPR system could be
limiting beneficial horizontal gene transfer, as we know that a number of
sequenced spacers map to plasmids and other mobile genetic elements®®.
CRISPR-Cas systems, and spacer acquisition in particular, represent a
unique form of bacterial evolution, in that they provide a quasi-Lamarckian
mechanism to adapt against genetic threats. What impacts CRISPR immunity
and spacer acquisition have on the evolution of bacterial genomes remains
unaddressed. Perhaps most interestingly is that a spacer acquisition event is a
clear example of a hard selective sweep in a bacterial population. While the initial
population recovering from a new phage infection is heterogeneous (with many
spacer sequences in the population48), eventually purifying selection results in
homogenized populations (uniformity can be observed in downstream spacers
within the array?®). Are beneficial traits unrelated to CRISPR immunity lost
because of this loss of genetic diversity? Conversely, what traits or genes can
use this as a means for genetic hitchhiking? If CRISPR immunity does have a
large impact on shaping genome evolution or limiting genetic diversity in bacterial
populations, it is tempting to speculate that this could be a reason for bacteria to
not harbor CRISPR systems (or at least spacer acquisition competent ones) in

their genomes.
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More ecological and metagenomic approaches will expand the depth and
breadth of our understanding of CRISPR biology. A great majority of CRISPR
studies are conducted under specific sets of idealized conditions that likely do not
faithfully recapitulate natural environmental contexts (this is not exclusive to
CRISPR and is a general limitation of many microbiological studies). Studies of
bacteria-phage interactions using log-phase cultures grown in rich media are not
likely to accurately reflect the majority of such interactions in nature. For
instance, the vast majority of bacteria on the planet are in a non-replicative
state’”’. This has significant implications for how we view CRISPR biology. For
instance, it has been experimentally demonstrated that lytic phage programs
cannot be initiated in dormant cells, but the lytic cycle can resume when the cell
exits dormancyms. How does this impact spacer acquisition? Is our assessment
of spacer acquisition as a rare event (~107) a gross underestimate? If spacer
acquisition could still proceed in a non-replicative cell in which phage replication
is stalled, then perhaps the cell can take advantage of this extra time to acquire
new spacers. In this case, spacer acquisition could actually be quite common
within a population. Relatedly, in populations that are exponentially growing, do
persister cells represent a non-genetic phenotypic subpopulation that acquires
spacers at higher rates? Generally, how cell metabolism and growth state affect
CRISPR immunity remains largely unexplored but is a promising area for future
study.

Another limitation of current experimental studies of spacer acquisition is

that the majority ignores lysogeny as an option for cells to gain phage resistance.
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Prophages are rampant in sequenced bacterial genomes and can offer protection
against related phages through superinfection exclusion and against other
phages by a variety of other phage exclusion mechanisms'®. It will be
informative to study spacer acquisition against lysogeny-competent temperate
phages. For example, it would be interesting to explore the balance between
lysogeny-mediated and CRISPR-mediated phage resistance and how
environmental conditions affect the balance between these two mechanisms.
Recently, spacer acquisition has been the basis of a variety of new DNA-
based information and memory storage systems''°. In addition to this, CRISPR-
Cas systems have been widely repurposed for a variety of technological
applications, ranging from genome editing’"" to point-of-care diagnostics'"?.
Altogether, these CRISPR-enabled technological advances have already
revolutionized the world of biology and medicine, ushering in a new era of
genome manipulation. But still, the unique and surprising biology of CRISPR
immune systems in their native microbial world has a wealth of mysteries waiting

to be unraveled.
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CHAPTER 5: MATERIALS AND METHODS

Bacterial strains and growth conditions

Cultivation of S. aureus RN4220% was carried out in brain-heart infusion
(BHI) or heart infusion (HI) media (BD) at 37°C. When applicable, media was
supplemented with chloramphenicol (10 ug/mL), erythromycin (10 pg/mL) or
spectinomycin (250 pug/mL) to ensure maintenance of the pC194-derived'"?,
pE194'" or pLZ12-derived'"® plasmids, respectively.
Simulation of CRISPR immunization

Overnight cultures were diluted 1:100 into fresh BHI supplemented with
appropriate antibiotics and 5 mM CaCl,. These cultures were then grown to an
ODego of 0.2-0.4, upon which they were normalized to ODgoo = 0.2. Position 1 and
Position 5 strains were diluted 1:10,000 into the sensitive strain RN4220 in
triplicate. The mixed cultures were infected with phage ®NM4y4 at an MOI of 1.
Growth of the cultures was detected measuring ODeggo using plate reader.
Plasmid construction

The plasmid containing the wild-type Streptococcus pyogenes CRISPR
(pPWJ40) was described elsewhere®®. The sequences of all the oligonucleotides
used in this study are shown in Table S1. DNA sequences obtained by gene
synthesis (Genewiz, Inc.) are shown in the accompanying Supplemental
sequences file. Leader deletion 78-102 (pJM13) was constructed by two-piece
Gibson assembly'"® from pWJ40 using the primer pairs JM118-JM91 and JM90-
JM112, respectively. Leader deletions 88-102 (pJM23), 98-102 (pJM25) were

constructed by one-piece Gibson assembly from pWJ40 using the primer pairs
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JM118-dJM132 and JM118-JM134, respectively. Leader mutation -5 to -1 (pJM28)
and -10 to -6 (pJM29) were constructed using one-piece Gibson assembly from
pWJ40 using the primer pairs JM139-dM140 and JM141-dJM142, respectively.
pJM37 (swap of spc2 and spc4) was constructed by inserting the array with Bsal-
compatible overhangs in place of flanking repeats into pDB184 *8 The swapped
array sequence for pJM37 was obtained by gene synthesis. pJM70 (pJM37 with
LAS mutation) was constructed by two-piece Gibson assembly from pJM37 using
the primer pairs JM139-JM91 and JM140-JM90. pJM62 (pWJ40 with Bsal-
cloning site for array cloning) was constructed by two-piece Gibson assembly
from pWJ40 using the primer pairs JM210-dM173 and JM211-JM172. pJM73
(insertion of LAS in place of spc4) was constructed by inserting the array with
Bsal-compatible overhangs in place of flanking repeats into pJM62. The array
sequence for pJM73 was obtained by gene synthesis. pJM111 (LAS

mutant Aspc4) was constructed by around-the-horn PCR""" using primers JM318
and JM319 to remove spacer 4 and one repeat from the pJM28 CRISPR array
template. pJM74 (pJM73 with LAS mutation) was constructed by two-piece
Gibson assembly from pJM73 using the primer pairs JM139-JM91 and JM140-
JM90. pJM86 [pJM62 with dCas1 (E220A)] was constructed by two-piece Gibson
assembly from pJM62 using the primer pairs JM172-PS285 and JM173-PS284.
pRH253 (pWJ40 with spacer targeting phage ®NM4y4) was isolated during an
on-plate spacer acquisition assay*®. pJM87 (Position 5, dCas1, pC194-derived)
was constructed by inserting the array with Bsal-compatible overhangs in place

of flanking repeats into pJM86 The array sequence for pJM87 was obtained by
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gene synthesis. pJM90 (Position 1, dCas1, pC194-derived) was constructed by
two-piece Gibson assembly from pRH253 using the primer pairs JM172-PS285
and JM173-PS284. pJM141 (Position 5, dCas1, pLZ12-derived) and pJM142
(Position 1, dCas1, pLZ12-derived) were constructed by three-piece Gibson
assembly from pJM87 and pJM9O0, respectively, and pLZ12 using the primer
pairs JM350-JM173, JM351-JM172, and JM352-JM353.

The plasmid containing the Streptococcus thermophilus LMD-9
CRISPRO03 was described elsewhere®®. The plasmid containing Streptococcus
thermophilus LMD-9 CRISPRO01 was cloned using Gibson assembly using pC194
and Streptococcus thermophilus LMD-9 genomic DNA as templates with primers
JM409, JM411, JW155, JW156. The plasmid containing the Streptococcus
mutans NN2025 CRISPR locus was cloned using Gibson assembly using pC194
and Streptococcus mutans NN2025 genomic DNA as templates with primers
JM386, JM389, JM511, JM512. Derivatives of these plasmids were constructed
using Gibson assembly (details available upon request). Streptococcus
thermophilus CRISPR arrays with different spacers were constructed using
Gibson assembly and synthesized DNA constructs purchased from Genewiz.
Spacer acquisition assay in liquid cultures

In-liquid spacer acquisition assays were performed using a slightly
modified method described in . Overnight cultures were diluted 1:100 in fresh
BHI with appropriate antibiotics and 5 mM CaCl, and grown to ODgg = 0.5.
Cultures were then infected with phage ®PNM4y4 at a MOI of 1 phage per

bacterium, unless otherwise noted, and incubated with shaking at 37°C for 24
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hours. For Sanger sequencing, cultures were streaked onto a fresh BHI-agar
plate containing the appropriate antibiotics. Plates were incubated overnight at
37°C. Single colonies were picked and incubated in lysis buffer (250 mM KCI, 5
mM MgCl, 50 mM Tris-HCI at pH 9.0, 0.5% Triton X-100) for 20 minutes at 37°C
and then 98°C for 10 minutes. 1 ul of supernatant was then used as template for
PCR amplification using TopTaqg Master Mix Kit (Qiagen).

For Streptococcus pyogenes CRISPR spacer acquisition, primers
JM116/H050 were used for detecting wild-type spacer integration, JM171/JM119
were used for detecting ectopic spacer integration, and JM116/JM119 were used
for amplification of the entire array.

For Streptococcus thermophilus CRISPR spacer acquisition, primers
JM439/JM440 and H169/H267 were used for CRISPR0O1 and CRISPR03

respectively.

Adaptation competition assay

Overnight cultures were diluted 1:100 into fresh BHI with appropriate
antibiotics and 5 mM CaCl; and grown to ODgoo = 0.4-0.6. The cultures were then
normalized by OD600 and mixed in a 1:1 ratio. This mixed culture was then
infected with phage ®NM4vy4, in triplicate, at an MOI of 1 for 24 hours, upon
which the culture was streaked onto a BHI agar plate containing appropriate
antibiotics. Colonies were subjected to PCR using the primers JM116/JM119 for
identification of the strain and analysis of spacer integration via Sanger

sequencing of PCR products.
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Bacterial growth curves during phage infection

Phage infections and plate reader growth curves were performed as
previously described®® with slight modifications. In brief, overnight cultures were
diluted 1:100 into 2 ml of fresh BHI supplemented with appropriate antibiotics and
5 mM CaCl,. These cultures were then grown to an ODggo of 0.4-0.6, upon which
they were infected with phage ®NM4y4. To produce plate reader growth curves,
150 pl of infected cultures, normalized for ODggo, was transferred to a 96-well

plate in triplicate. ODgoop measurements were taken every 10 minutes.

Phage titer assay

Phage titer assays were performed as previously described®.

Detection of spacer integration events using next-generation sequencing
Overnight cultures were diluted 1:100 in fresh BHI containing the
appropriate antibiotics. At ODggpo = 0.5, the cultures were infected with phage
ONM4vy4 at an MOI of 1. After 24 hours, plasmids were isolated from the cultures
using the QlAprep Spin Miniprep Kit protocol as previously described*®. 100 ng of
plasmid DNA served as template for PCR amplification using Phusion High-
Fidelity DNA Polymerase (Thermo Scientific) and 6 barcoding primer sets
(H188/JM257, JM248/JM258, JM249/JM259, JM250/JM260, JM251/JM261, and
JM252/JM262). After gel extraction and purification of the DNA bands

corresponding to expanded CRISPR arrays, the DNA was subjected to
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sequencing by lllumina MiSeq (600 cycles). Reads were filtered by quality score,
sorted by barcode, and subsequently converted to .txt format using a custom
Python script that utilized Biopython. Other custom Python scripts were
employed to create a list of reads, normalized to total number of reads per
barcode, that met the following criteria: reads must contain 7 spacers and 8
repeats, the pre-existing spacers must be in the correct order, and the new
spacer must have at least 15 bp matching the phage genome.

For early time point deep sequencing, cultures were harvested at 30
minutes post infection with ®NM4y4 at an MOI of 1 and then miniprepped as
described above using the modified lysostaphin protocol. PCR with Phusion
polymerase was used to amplify the CRISPR arrays using a special primer set
designed to amplify low-frequency spacer integration events as done
previously48. The primers used here were JM472-479. Size selection was done
using a modified lllumina library preparation protocol as described previously*'“2.

Custom Python scripts and BWA'"® were used to analyze the deep sequencing

data and assign PAMs to unique spacer reads based on genome alignment.
Preparation of electrocompetent S. aureus cells

Electrocompetent S. aureus cells were prepared and transformed with
DNA using a previously described method>®, with the exception of using BHI

medium instead of TSB medium.

Mathematical modeling of dual CRISPR system spacer acquisition
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A probabilistic model was generated using a custom Python script which
assumed a 9:1 spacer acquisition ratio for CRISPR01:CRISPRO03. The average

values over one hundred iterations was used for the model presented here.

Leader sequence alignments
Related type II-A CRISPR systems were selected based on previous work
that classified these systemsgs. Multiple sequence alignment was performed and

visualized using T-Coffee'".

Bioinformatic analysis of Type II-A CRISPR systems

The databases entitled CRISPRdb (http://crispr.i2bc.paris-

120 121
) )

saclay.fr/crispr/) <~ and CRISPI (http://crispi.genouest.org/) " were used to
collect data on CRISPR array length and other characteristics of CRISPR
systems. The list of CRISPR systems was compiled based on a previous

analysis of Type II-A CRISPR systems'®.

Total RNA extraction

622 with minor

Total RNA was extracted as described in Jiang et al. 201
modifications. Briefly, 6 ml of S. aureus culture was pelleted and was
resuspended in 1 ml of TRIzol (Thermo Fisher Scientific). The cell suspension

was transferred to 2 ml-tubes pre-filled with 0.25 cm?® of 0.1 mm glass beads on

ice. Cells were disrupted twice at 4°C, using MiniBeadbeater-1 (BioSpec
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Products) at an intensity setting of 42 for 30 seconds. 200 ul of chloroform was
added to the mixture and the remainder of the RNA extraction was carried out

according to the Trizol manufacturer’s instructions.

Small RNA library preparation and next-generation sequencing of RNA
Small RNA libraries were prepared with the TruSeq Small RNA Library
Preparation Kit (lllumina) using 2 ug of total RNA extracted from cultures at
ODgoo = 0.5. Reverse transcribed and PCR-amplified RNA species between 30
and 55 nt were purified by gel extraction and ethanol precipitation. The purified
DNA was subjected to next-generation sequencing by lllumina MiSeq (150
cycles). Reads were sorted by index and converted to .txt format using a custom
Python script that utilized Biopython. Other custom Python scripts were used

analyze crRNA abundance.
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Oligonucleotides used in this study

Name Sequence

M1 CTATGCAGAAGACCTTCAAGAAAG

M2 CATCTTAGCTTGGTAATCTTCCTTG

JM3 TCTCACTTACTAAGTCACAAGGAAGATT

M4 AATCTTTTTTCAACAATTGATAAAAATC

JM5 CACGATGGATGGTTGGCTATT

JM6 ATAGAAATTGAGAATAAACTACATTTGATG
M7 TTGATCCCGAAACAGTTCATAGT

M8 GCTAATCGTCCTAACGTACCTAGAC

JM9 TCATAGGGCATCTGGAACGC

JM10 TCAAATCCACTAGTTCTCCTGTTTCTA

JM11 AGGAAATCATTGGACTTATGAAAGAC

JM12 ATGTAATCAGCGAAGCGTTCC

JM13 TAAACAATCTCGCATGATATCAAAA

M14 AAATAAAGAATAGCGTGTCAATGCT

JM15 CCACAGTTTATGGCATCAATATAAC

JM16 ATCTATTGGTTGGTCGGGATTT

M17 GATTGGACATTACAACAATTAGTAGATTAC
JM18 AATCTGCATAACCATTTTCTTTTAAT

JM19 TTAACAATTAAACCATGTGAGACATTT

JM20 CTTGTTCACTATCTAAATCAATGATTGTT
JM21 TGAAAATGCAGCATGTCATTTAG

JM22 TAATCCGCTTGCAATCTTTTC

JM23 GGATCTGCTTACGCCTTTAATATT

IM24 TGAAATCGACATGTACATTTGAATC

JM25 GTTTGACGTATCATACATACCTTGC

JM26 CTAAATGCGAACAAACCACGA

M27 TAAACAAATACTTAAAGATGACGGTGA
JM28 GTACATTCCAAATTGCGACATACTT

JM29 AATCAGATGAGTATTTAATAACAGAATTATCA
JM30 GCAGAATAAATATTTGTAATGATAGCG

JM31 AATTATTAGGTATTGAGAAATATAAACCACA
JM32 TTTTGATAGTTCTCTAACGTTTCATGG

JM33 GTCAAAATATTAAACCAGTTTATAAAATGG
JM34 TCATTTTCATCTTCATACGTACCATAA

JM35 ATACATGTGCAGCTGAATTTGAAT

JM36 CTAGTACTAGAATTTTCTCTTTATCAGTTACTATAG
IM37 aaacATTGTTTATCTACCATGTAATAGTAAAAAAG
IM38 aaaacTTTTTTACTATTACATGGTAGATAAACAAT
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IM39 aaacCCCATTATTATATACGCATTTTGTAAAAAAG

M40 aaaacTTTTTTACAAAATGCGTATATAATAATGGG

M4l aaacCATTTTCATCAAATAAAGTATTGTAAAAAAgG

IM42 aaaacTTTTTTACAATACTTTATTTGATGAAAATG

M43 CAGATCAAGAAATCAAACTCCAA

IM44 CAGCATCATCTACAGAAACTC

IMA45 CGTTATAAGGGGCTAGGTGAAA

IM46 CAGCATCATCTACAGAAACTCTAGC

M47 CCGATTGCTCTAGTAAAAGTCCTG

IM48 CGTAATGGTAAAATCGCCTGC

IM49 AGTTGATATTCAAGAAAAAATGGGA

M50 AGATACTTTGTATCCGCCACCG

IM51 TGTTGATAATAGTATTGACGAGGCATTAGC

M52 GTGAAGACCGCCAGAT

JM53 AGAAAAGATGGGACGCCCT

M54 GTGAAGACCGCCAGATACTTTG

M55 GATTGAAAATGCAGCTTACTTTGTAAAAAAgttttagagctatgctgttttgaatyg
IM56 TTTTTTACAAAGTAAGCTGCATTTTCAATCgttttgggaccattcaaaacagce
JM57 AGGGCTTAACAAAACTAGATTTGTAAAAAAgttttagagctatgctgttttgaatg
M58 TTTTTTACAAATCTAGTTTTGTTAAGCCCTgttttgggaccattcaaaacagc
IM59 GCCCTATGATATAAAGGTATTGAGTTCCATgttttagagctatgctgttttgaatyg
IM60 ATGGAACTCAATACCTTTATATCATAGGGCgttttgggaccattcaaaacagce
M6l tcaaggtaagtatgtgattaaagcaac

IM62 attgggctcgactatatcttgaa

IM63 caatttgcgcttaactcttttg

IM64 gaataagttcatcgaattcattaccac

IM65 CACTAATTTCCCTTCCATCGCTCTTTGG

IM66 CGATTGCTTCTATTATGCGTTGTTGTTCGG

IM67 CGTTCTAGGGCTTAACTTCTGTGTTCG

IM68 CAGCAAACTTCCCATAATGTTTCCCATCATCACCAC

IM69 CCAGACCATTGATTACATTTCTGAGCAATCACAGGG

IM70 ATGACACCAGAACAACTTAAAGCA

IM71 TATACTTTTCACCCTTTTCAGTATCAC

IM72 TACTCTTAATAAATGCAGTAATACAGGGGCTTTTCAAGACTGAAGTCTAGCTGAGACAAATAGTGCGATTACAAAATTTTTTAGACAAAAATAGTCTACGAG
JM73 CTCGTAGACTATTTTTGTCTAAAAAATTTTGTAATCGCACTATTTGTCTCAGCTAGACTTCAGTCTTGAAAAGCCCCTGTATTACTGCATTTATTAAGAGTA
IM74 GAAATTAATACGACTCACTATAGGGGTTGGAACCATTCAAAACAGCATAGCA

JM75 AAAAAAAGCACCGACTCGGTGC

IM76 GAUUUCUUCUUGCGCUUUUUGUUUUAGAGCUAUGCUGUUUUG

M77 TAATGAATTCCCCAATACCCCTAAAGAAGAACGCGAAAAAAACCAGCGCA

IM78 TGCGCTGGTTTTTTTCGCGTTCTTCTTTAGGGGTATTGGGGAATTCATTA

M79 CTTTGAGCTTCCGAGACTGGTCTC
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CAGCATAGCTCTAAAACCTCGTAGACTATTTTTGTC

JM80

IM81 ctcgtagactatttttgtctaaaaaatttCgtaatcgcac

JM82 agatgaagattatttcttaataactaaaaatatggtataaTGAGACAAATAGTGCGATTA

JM83 TAATCGCACTATTTGTCTCAttataccatatttttagttattaagaaataatcttcatct

JM84 AGACTGAAGTCTAGCgttttagagctatgcetgttttgaatggtcccaaaactgagaccag

JM85 ctggtctcagttttgggaccattcaaaacagcatagctctaaaacGCTAGACTTCAGTCT

IM86 AGATGAAGATTATTTCTTAATAACTAAAAATATGGTATAAggggcttttcaagactgaag

IM87 cttcagtcttgaaaagccccTTATACCATATTTTTAGTTATTAAGAAATAATCTTCATCT

JM88 GTGCGATTACGAAATgttttagagctatgctgttttgaatggtcccaaaactgagaccag

JM89 ctggtctcagttttgggaccattcaaaacagcatagctctaaaacATTTCGTAATCGCAC

JM90 GAGAAGATTGAAAAAATCTTGACTTTTCG

JM91 CGAAAAGTCAAGATTTTTTCAATCTTCTC

IM92 caaaagggtttctaatcccattcgaaagcg

IM93 ctctaaaacactcatgagctaagtaagattttcctttte

IM94 GCTAGCAATGAACTTTAATAAAATTGATTTAGACAATTGGAAGAGAAAAGAG

JM95 TTATAAAAGCCAGTCATTAGGCCTATCTGAC

IM96 GTCACTCGAAGATGAAGACTTGATTGAAGAAG

JM97 AAATCAATTTTATTAAAGTTCATTGCTAGCTACTCATTTTCATTATTATTTAGTGAAGTG
JM98 GTCAGATAGGCCTAATGACTGGCTTTTATAAAACAAGAAACTCGCTCTAACGAGTTTC
JM99 ACAGATGAATATAACTGCAAACTCGGATCATC

IM100 tgagaccagtctcggaagctcaaaggtctcAGGGATAARATATGAACATgatgagtgatcg
IM101 CCTgagacctttgagcttccgagactggtctcaAGAGCTCGTGCTATAATTATACTAATT
IM102 ggtataaGactcttaataaatgcagtaatacag

IM103 ctgtattactgcatttattaagagtCttatacc

IM104 ggtataatgggcttttcaagactg

IM105 cagtcttgaaaagcccattatacc

IM106 tgagaccagtctcggaagctcaaaggtctcAGGAGTGATCGTTAAATTTATACTGC
IM107 CCTgagacctttgagcttccgagactggtctcaTGTTCATATTTATCAGAGCTCGTG
JM108 ctcggaagctcaaaggtctcAGGgatgagtgatcgttaaatttatactgcaatcggatge
JM109 CCTgagacctttgagcttccgaggttcatatttatcagagctcgtgectataattatacta
IM110 Gttttagagctatgctgttttgaatggtcccaaaactgagaccagtctcggaagctcaaa

IM111 ggaccattcaaaacagcatagctctaaaacgctagacttcagtcttgaaaagcccctgta

IM112 ggaccattcaaaacagcatagctctaaaacatttigtaatcgcactatttgtctcagcta

IM113 tatttcttaataactaaaaatatggtataaattitttagacaaaaatagtctacgaggtt

IM114 ttataccatatttttagttattaagaaataatcttcatctaaaatatacTgcggaaaatc

IM115 attcaaaacagcatagctctaaaaCttataccatatttttagttattaagaaataatctt

IM116 gtgaactatatgattttccgcagtatattttagatgaagattatttcttaataac

IM117 GTTTGAACTCAACAAGTCTCAGTGTGCTG

IM118 GTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAACTGCGCTGGTTGATTTCTTCTTGCG
IM119 CCCTCTTTCTCAAGTTATCATCGGCAATG

IM120 AAAAAACGTCAGGAGAAGATTCGTAATTTGATGAGTGATCGTTAAATTTATACTGCAATC
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IM121 GACTTCTGGAAGGATCCAAATCACAGAATCGTTCATATTTATCAGAGCTCGTGCTATAAT
IM122 ATTATAGCACGAGCTCTGATAAATATGAACGATTCTGTGATTTGGATCCTTCCAGAAGTC
IM123 GATTGCAGTATAAATTTAACGATCACTCATCAAATTACGAATCTTCTCCTGACGTTTTTT
IM124 ATGGCAGCGCCTAAATGTAGAATGATAAAATACTCTTAATAAATGCAGTAATACAGGGGC
IM125 GCCCCTGTATTACTGCATTTATTAAGAGTATTTTATCATTCTACATTTAGGCGCTGCCAT
IM126 ATGAAGATTATTTCTTAATAACTAAAAATATGGTATAATTAATACCAGCAGTCGGATACC
IM127 GGTATCCGACTGCTGGTATTAATTATACCATATTTTTAGTTATTAAGAAATAATCTTCAT
IM128 GGAGGCTTTTGATGAATCTTAATTTTTCCtaaCTAGATGAACCGATTCCATTAAGAGGCG
IM129 CGCCTCTTAATGGAATCGGTTCATCTAGttaGGAAAAATTAAGATTCATCAAAAGCCTCC
JM130 TGGGACCATTCAAAACAGCATAGCTCTAAAACATTTTGTAATCGCACTATTTGTCTCAGC
JM131 ACCATTCAAAACAGCATAGCTCTAAAACAAAAAATTTTGTAATCGCACTATTTGTCTCAG
JM132 CCATTCAAAACAGCATAGCTCTAAAACTGTCTAAAAAATTTTGTAATCGCACTATTTGTC
JM133 GGACCATTCAAAACAGCATAGCTCTAAAACATTTTTGTCTAAAAAATTTTGTAATCGCAC
IM134 CCATTCAAAACAGCATAGCTCTAAAACAGACTATTTTTGTCTAAAAAATTTTGTAATCGC
JM135 ACGAGGTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAACTGCGCTGGTTGATTTCTTC
JM136 AGCATAGCTCTAAAACCTCGTTTATACCATATTTTTAGTTATTAAGAAATAATCTTCATC
JM137 AGTCTACGAGGTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAACTGCGCTGGTTGATT
JM138 AGCTCTAAAACCTCGTAGACTTTATACCATATTTTTAGTTATTAAGAAATAATCTTCATC
IM139 CATCTGTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAACTGCGCTGGTTGATTTCTTC
IM140 CAAAACAGCATAGCTCTAAAACAGATGAGACTATTTTTGTCTAAAAAATTTTGTAATCGC
IM141 CTGAGACGAGGTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAACTGCGCTGGTTGATT
IM142 AAACAGCATAGCTCTAAAACCTCGTCTCAGATTTTTGTCTAAAAAATTTTGTAATCGCAC
IM143 CCCCGAGTCTACGAGGTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAACTGCGCTGGT
IM144 CATAGCTCTAAAACCTCGTAGACTCGGGGTGTCTAAAAAATTTTGTAATCGCACTATTTG
IM145 CTCACAAAATAGTCTACGAGGTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAACTGCG
IM146 GCTCTAAAACCTCGTAGACTATTTTGTGAGAAAAAATTTTGTAATCGCACTATTTGTCTC
IM147 GAGACAAATAGTGCGATTACAAAATGGGGGAGACAAAAATAGTCTACGAGGTTTTAGAGC
IM148 ACCTCGTAGACTATTTTTGTCTCCCCCATTTTGTAATCGCACTATTTGTCTCAGCTAGAC
JM149 attaatacttcgatacgacaaaacaatggttccaacaagattattttataacttttataa

JM150 gttttgtcgtatcgaagtattaataaggctagtccgttatcaacttgaaaaagtgg

JM151 TGCGCTGGTTGATTTCTTCTTGCGCTTTTTgttaatgtcgatacgacaaaacaatggtcccaaaacttcageac
IM152 AAAAAGCGCAAGAAGAAATCAACCAGCGCAgttttgggaccattgttttgtcgtatcgacattaacCTCGTAGACTATTTTTGTCTAAAAAATTTTG
IM153 AAAATTTTTTAGACAAAAATAGTCTACGAGGTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAACTGCGCTGGT
IM154 ACCAGCGCAGTTTTGGGACCATTCAAAACAGCATAGCTCTAAAACCTCGTAGACTATTTTTGTCTAAAAAATTTT
JM155 TAGCTGAGACAAATAGTGCGATTACAAAATGTTTTAGAGCTATGCTGTTTTGAATGGTCC

IM156 GGACCATTCAAAACAGCATAGCTCTAAAACATTTTGTAATCGCACTATTTGTCTCAGCTA

IM157 ATAGTGCGATTACAAAATTTTTTCTACACCAAGAGTCTAAGAGGTTTTAGAGCTATGCTG

JM158 CAGCATAGCTCTAAAACCTCTTAGACTCTTGGTGTAGAAAAAATTTTGTAATCGCACTAT

JM159 TTTGAATGGTCCCAAAACTAAATTTGTTTAGCAGGTAAACCGTGCTTT

JM160 ACAGCATAGCTCTAAAACAGAGCGCAATTAATTATTGCGGATATTCCT

IM161 aaacAAAATTTTTTAGACAAAAATAGTCTACGAGY

84




aaaacCTCGTAGACTATTTTTGTCTAAAAAATTTT

IM162

JM163 AAGATTATTTCTTAATAACTAAAAATATGGTATAAAAAATAGTCTACGAGG AGAGC
IM164 TTATACCATA AGTTATTAAGAAATAATCTTCATCTAAAATATACTGC
JM169 CGTGAGAAGATTGAAAAAATCTTGAC CGAATTCC

JM170 GGAATTCGAAAAGTCAAGA CAATCTTCTCACG

IM171 TGCGCTGGTTGATTTCTTCTTGCGC

IM172 ggaatttt ttgtcgataaaggtgcttcage

JM173 gctgaagcacctttatcgacaacttcttcaaaattcc

IM174 CATCTG AGAGCTATGCTG GAATGGTCCCAAAACAACATTGCCGATGATAACT
IM175 GTCTAGCTGAGACAAATAGTGCGATTACAAAATGGGGGAGACAAAAATAGTCTACGAGG
JM176 AGACACCCCGAGTCTACGAGG AGAGCTATGCTG GAATGGTCCCAAAACTGCG
IM177 CTCGTAGACTCGGGGTGTCTAAAAAA GTAATCGCACTATTTGTCTC

IM178 CTCGTAGACTA GTGAGAAAAAA GTAATCGCACTATTTGTCTC

IM179 aaacAAAATTTTTTAGACAAAAATAGTCTCATCTg

IM180 aaaacAGATGAGACTATTTTTGTCTAAAAAATTTT

IM181 aaacAAAATTTTTTAGACAAAAATCTGAGACGAGY

IM182 aaaacCTCGTCTCAGATTTTTGTCTAAAAAATTTT

M183 aaacAAAATTTTTTAGACACCCCGAGTCTACGAGY

IM184 aaaacCTCGTAGACTCGGGGTGTCTAAAAAATTTT

IM185 aaacAAAATTTTTTCTCACAAAATAGTCTACGAGY

IM186 aaaacCTCGTAGACTATTTTGTGAGAAAAAATTTT

IM187 aaacAAAATGGGGGAGACAAAAATAGTCTACGAGY

IM188 aaaacCTCGTAGACTATTTTTGTCTCCCCCATTTT

IM189 aaacCCCCGTTTTTAGACAAAAATAGTCTACGAGY

IM190 aaaacCTCGTAGACTATTTTTGTCTAAAAACGGGG

JM191 ctcggaagctcaaaggtctcG AGAGCTATGCTG GAATGGTCCCAAAACTGCG
JM192 gagacctttgagcttccgagactggtctcaGTAATCGCACTATTTGTCTCAGCTAGACTT
IM193 ttacAAAATTTTTTAGACAAAAATAGTCTCATCTg

IM194 ttacAAAATTTTTTAGACAAAAATCTGAGACGAGY

IM195 ttacAAAATTTTTTAGACACCCCGAGTCTACGAGY

IM196 ttacAAAATTTTTTCTCACAAAATAGTCTACGAGY

IM197 ttacAAAATGGGGGAGACAAAAATAGTCTACGAGY

IM198 ttacCCCCGTTTTTAGACAAAAATAGTCTACGAGY

IM199 aaacAAAATTTTTTAGACAAAAATAGTCTACGATg

IM200 aaaacATCGTAGACTATTTTTGTCTAAAAAATTTT

IM201 aaacAAAATTTTTTAGACAAAAATAGTCTACGCGg

1M202 aaaacCGCGTAGACTATTTTTGTCTAAAAAATTTT

IM203 aaacAAAATTTTTTAGACAAAAATAGTCTACTAGY

IM204 aaaacCTAGTAGACTATTTTTGTCTAAAAAATTTT

IM205 aaacAAAATTTTTTAGACAAAAATAGTCTAAGAGY

IM206 aaaacCTCTTAGACTATTTTTGTCTAAAAAATTTT
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aaacAAAATTTTTTAGACAAAAATAGTCTCCGAGY

IM207

IM208 aaaacCTCGGAGACTATTTTTGTCTAAAAAATTTT

JM209 tgagaccagtctcggaagctcaaaggtctcGTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAACTGCGCTGGTTGATTTCTTCTTGCG
JM210 tgagaccagtctcggaagctcaaaggtctcGTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAACAACATTGCCGATGATAACTTGAGAAAGAGG
IM211 gagacctttgagcttccgagactggtctcaGTTTTGGGACCATTCAAAACAGCATAGCTCTAAAACCTCGTAGACTATTTTTGTCTAAAAAATTTTGTAATCGCAC
JM212 CATCTgttttagagctatgctgttttgaatggtcccaaaactgagaccagtctcggaage

IM213 AAAAATATGGTATAACTGAGACAAATAGTGCGATTACAAAATTTTTTAGACAAAAATAG
IM214 CACTATTTGTCTCAGTTATACCATATTTTTAGTTATTAAGAAATAATCTTCATCTAAAAT
IM215 GTGCGATTACAAAATGTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAACTGCGCTGGT
IM216 GCATAGCTCTAAAACATTTTGTAATCGCACTATTTGTCTCAGCTAGACTTCAGTCTTGAA
IM217 GACTGAAGTCTAGCTGTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAACTGCGCTGGT
IM218 GCATAGCTCTAAAACAGCTAGACTTCAGTCTTGAAAAGCCCCTGTATTACTGCATTTATT
JM219 ATGCAGTAATACAGGGTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAACTGCGCTGGT
IM220 GCATAGCTCTAAAACCCTGTATTACTGCATTTATTAAGAGTATTATACCATATTTTTAGT
IM221 AAAATTTTTTAGACAAAAATAGTCTNNNNNGTTTTAGAGCTATGCTGTTTTGAATGGTCC
IM222 AGACTATTTTTGTCTAAAAAATTTTGTAATCGCACTATTTGTC

JM223 tattcttcaactaaaaaacactaaattaat caaacctcgaaag

IM224 tgttgAACTAATGGGTGCgttccaattgaaaccaaagtgctttctcttatctattattc

IM225 ttcaattggaacGCACCCATTAGTTCAACAAACGAAAATTGGATaaagtg

IM226 attaatttagtgttttttagttgaagaataaagaccacattaaaaaatgtggtcttttg

ImM227 CAAACGCctcgtgTAGAGATAAAAGAGTCCTTTGGATGATTCCAAGG

IM228 TTATTAAGAGTACTAGTTATTATAGGGCATCAAAATATAATCCTTGTCTAAAATAAATTG
IM229 CTATAATAACTAGTACTCTTAATAAATGCAGTAATACAGGGGCTTTTCAAGAC

JM230 TCTTTTATCTCTAcacgagCGTTTGTTGAACTAATGGgtgctttagttg

JM231 GAAGATTCGTAATTTctctgataaatatgaacatgatgagtgatcgttaaatttatact

JM232 CCAAATCACAGAATCctcgtgctataattatactaattttataaggaggaaaaaatatgg

IM233 taattatagcacgagGATTCTGTGATTTGGATCCTTCCAGAAGTC

IM234 tcatatttatcagagAAATTACGAATCTTCTCCTGACGTTTTTTTAAATCTTG

JM235 GATTCGTAATTTcgttagcaaaaacaggtttaagectege

JM236 AAATCACAGAATCc tgagtggcaaaatgctagecacte

IM237 actcattttttgGATTCTGTGATTTGGATCCTTCCAGAAGTC

IM238 gtttttgctaacgAAATTACGAATCTTCTCCTGACGTTTTTTTAAATCTtgactg

JM239 23acGTTTTATATCCAGAATCAGCAAAAGCCGAGE

JM240 23aacCTCGGCTTTTGCTGATTCTGGATATAAAAC

IM241 23acAATCTTACTAAAAGAGTTAGAACGAGTTTTg

IM242 23aacAAAACTCGTTCTAACTCTTTTAGTAAGATT

IM243 2aacTGAGATAATGCCGACTGTACTTTTTACAGTg

IM244 23aacACTGTAAAAAGTACAGTCGGCATTATCTCA

JM245 ctgaatttggcggtggtacgcaagg

JM246 ccttgcgtaccaccgccaaattcag

IM247 AAATCACAGAATCcaaaaaatgagtggcaaaatgctageca
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JM248 NNNNNtagCAAAATTTTTTAGACAAAAATAGTC

JM249 NNNNNcagCAAAATTTTTTAGACAAAAATAGTC

JM250 NNNNNctcCAAAATTTTTTAGACAAAAATAGTC

JM251 NNNNNgagCAAAATTTTTTAGACAAAAATAGTC

JM252 NNNNNtccCAAAATTTTTTAGACAAAAATAGTC

JM253 NNNNNcctCAAAATTTTTTAGACAAAAATAGTC

JM254 NNNNNattCAAAATTTTTTAGACAAAAATAGTC

JM255 NNNNNgatCAAAATTTTTTAGACAAAAATAGTC

JM256 NNNNNaaaCAAAATTTTTTAGACAAAAATAGTC

JM257 NNNNNagtCTTTCTCAAGTTATCATCGGC

JM258 NNNNNtagCTTTCTCAAGTTATCATCGGC

JM259 NNNNNcagCTTTCTCAAGTTATCATCGGC

JM260 NNNNNctcCTTTCTCAAGTTATCATCGGC

JM261 NNNNNgagCTTTCTCAAGTTATCATCGGC

JM262 NNNNNtccCTTTCTCAAGTTATCATCGGC

JM263 NNNNNcctCTTTCTCAAGTTATCATCGGC

IM264 NNNNNattCTTTCTCAAGTTATCATCGGC

JM265 NNNNNgatCTTTCTCAAGTTATCATCGGC

JM266 NNNNNaaaCTTTCTCAAGTTATCATCGGC

IM267 CATCTGTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAACAGTGCCGAGGAAAAATTAG
IM268 AGACAAAAATAGTCTNNNNNGTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAACAGTG
IM269 AGACTATTTTTGTCTAAAAAATTTTGTAATCGCACTATTTGTCTCAGCTAGACTTCAG
IM270 CATCTGTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAACCTCGTAGACTATTTTTGTCTAAAAAATTTTGTTAATACCAGCAGTCGGATACCTTCC
IM271 CAAAACAGCATAGCTCTAAAACAGATGAGACTATTTTTGTCTAAAAAATTTTGTAATCGC
IM272 GATTATTTCTTAATAACTAAAAATATGGTATAAGTTAATACCAGCAGTCGGATACCTTCC
IM273 TTATACCATATTTTTAGTTATTAAGAAATAATCTTCATCTAAAATATACTGCGG

IM274 TTGGGACCATTCAAAACAGCATAGCTCTAAAACAACATTGCCGATGATAACTTGAGAAAG
IM275 GCTGTTTTGAATGGTCCCAAAACCTCGTAGACTATTTTTGTCTAAAAAATTTTGTAATCG
IM276 GGAGAAGATTCGTAATTTtttatactgcaatcggatgegat

IM277 CCAAATCACAGAATCatgttcatatttatcagagctcg

IM278 gataaatatgaacatGATTCTGTGATTTGGATCCTTCCAGAAGTC

IM279 cgattgcagtataaaAAATTACGAATCTTCTCCTGACGTTTTTTTAAATCTTG

JM280 CTTGGTATTTCACAAATTGTAACGCTTTAATACGC

JM281 ccttaacaatcccaaaacttgtcgaatctcactatcaatcatttctccaccattag

JM282 ctaatggtggagaaatgattgatagtgagattcgacaagttttgggattgttaagg

JM283 gtttgataaaatattctgcaaaaaaggggacggtcggcettaatagetcacgetatgec

IM284 ggcatagcgtgagctattaagecgaccgteecctttttigcagaatattttatcaaac

JM285 CCCCGAGTCTACGAGGTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAACTGCGCTGGTTGATT
IM286 GCATAGCTCTAAAACCTCGTAGACTCGGGGTGTCTAAAAAATTTTGTAATCGCAC

IM287 CTCACAAAATAGTCTACGAGGTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAACTGCGCTGGTTGATT
JM288 GCTCTAAAACCTCGTAGACTATTTTGTGAGAAAAAATTTTGTAATCGCACTATTTGTCTC

87




JM289 GGGGGAGACAAAAATAGTCTACGAGGTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAACTGCGCTGGTTGATT
JM290 AAAACCTCGTAGACTATTTTTGTCTCCCCCATTTTGTAATCGCACTATTTGTCTCAGCTA
JM291 CCCCGTTTTTAGACAAAAATAGTCTACGAGGTTTTAGAGC

IM292 CTCGTAGACTATTTTTGTCTAAAAACGGGGGTAATCGCACTATTTGTCTCAGCTAGAC
IM293 GTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAACTGCGCTGGTTGATTTCTTCTTGCG
IM294 GGACCATTCAAAACAGCATAGCTCTAAAACATTTTGTAATCGCACTATTTGTCTCAGCTA
JM295 GGACCATTCAAAACAGCATAGCTCTAAAACAGCTAGACTTCAGTCTTGAAAAGCCCCTGT
IM296 GGACCATTCAAAACAGCATAGCTCTAAAACCCTGTATTACTGCATTTATTAAGAGTATTA
IM297 TATTTCTTAATAACTAAAAATATGGTATAAGATTAAGCCATATGGGGTTAAGCAAGG
JM298 GCTTAATCTTATACCATATTTTTAGTTATTAAGAAATAATCTTCATCTAAAATATACTGC
JM299 GGCAAAAGAAGAGTAGTGTGATGGAACAAACggtcataacctgaaggaagatctggatcc
JM300 GATATATACTCTTGTAAACTAGCCACTTCATCCatctgtgccagttcgtaatgtctggtc

JM301 acattacgaactggcacagatGGATGAAGTGGCTAGTTTACAAGAGTATATATCATTGAC
JM302 ggatccagatcttccttcaggttatgaccGTTTGTTCCATCACACTACTCTTCTTTTGCC

JM303 caggtatgaaaacaagcttaggcatggg

JM304 gctgaaatttaattgtc tgtgacattcggtcggettaatagetcacgcetatgee

JM305 ggcatagcgtgagctattaagccgaccgaatgtcacattttttgacaattaaatttcage

JM306 aatcccaaaacttgtcgaattaaatttaattacactctaaaattcgtgaatttttaatgg

JM307 aaattcacgaattttagagtgtaattaaatttaattcgacaagttttgggattgttaagg

JM308 gaacGTATTTTAGTTAATGGTGATTCAATGGAACCTATG

JM309 tttaCATAGGTTCCATTGAATCACCATTAACTAAAATAC

JM310 CCATTAGTTCAACAAACGCTCGTGAGCTTACTATGCCATTATTaataacttagec

JM311 CCAATTTTCGTTTTGTCACTTTGCTTGATATATGAGAATTATTTAACC

IM312 CAAGCAAAGTGACAAAACGAAAATTGGATAAAGTGGGATATTTTTAAAATATAT
IM313 ggctaagttatt AATAATGGCATAGTAAGCTCACGAGCGTTTGTTGAACTAATGG

IM314 CGGATTTAGAGATACCAAATTAATATAGTCTTCGC

IM315 TAGCAAAGGCTTTAAACGTTAACGAAGC

IM316 GCGCTCTGTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAACTAAATTTGTTTAGCAGG
IM317 ATAGCTCTAAAACAGAGCGCAATTAATTATTGCGGATATTCCT

JM318 TTTGAATGGTCCCAAAACTAAATTTGTTTAGCAGGTAAACCGTGCTTT

JM319 ACAGCATAGCTCTAAAACAGAGCGCAATTAATTATTGCGGATATTCCT

JM320 23acGTGTTCTCTTCAATCCATTCATCTATTGCTg

IM321 23aacAGCAATAGATGAATGGATTGAAGAGAACAC

IM322 2aacCGAATATACAGGAAGAATACACGATGTTGTg

IM323 23aacACAACATCGTGTATTCTTCCTGTATATTCG

IM324 23acGTTTGTGTATCAGCCATATTTTGCTTTAATg

IM325 2aaacATTAAAGCAAAATATGGCTGATACACAAAC

IM326 GTGCGATTACAAAATTTTTTAGACAAAAATAGTCTNNNNNGTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAACAGTGCCGAGG
IM327 TTTTTAGACAAAAATAGTCTNNNNNGTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAACAGTGCCGAGGAAAAATTAGGTGCGCTTGGC
JM328 cgagctctgataaatatgaacatGGATGAAGTGGCTAGTTTACAAGAGTATATATCATTG
JM329 CACTTCATCCatgttcatatttatcagagctcgtgctataattatactaattttataagg
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JM330

TGTCATGATAATAATGGTTTCTTAGGATTCTGTGATTTGGATCCTTCCAGAAGTC

JM331 CGAAAAGTGCCACCTGACGTAAATTACGAATCTTCTCCTGACGTTTTTTTAAATCTTG

IM332 CAAGATTTAAAAAAACGTCAGGAGAAGATTCGTAATTTACGTCAGGTGGCACTTTTCG

JM333 CTGGAAGGATCCAAATCACAGAATCCTAAGAAACCATTATTATCATGACATTAACC

IM334 GGTTTCTTAGGATTCTGTGATTTGGATCCTTCCAGAAGTCTTTTTCTTGCACTG

JM335 AAATTACGAATCTTCTCCTGACGTTTTTTTAAATCTTGACTGTTCATTC

IM336 GAAGGAGATATACCATGGGCGCCAGCGTTAATAGATCTTGTACAGCAAGG

IM337 CAGCCGGATCAAGTATACATTTGTTCTTAAAGCATTTTTTCCCATAAAAACAACC

JM338 TTAAGAACAAATGTATACTTGATCCGGCTGCTAACAAAGCCC

JM339 TAACGCTGGCGCCCATGGTATATCTCCTTCTTAAAGTTAAACAAAATTATTTCTAGAGG

JM340 GCGTTGCGCCATACTTGCACATTATCAAACAAAATCAATTATTAAAATAGATGTTTAAG

IM341 GCGGTGGCAGCAGCCTAGGCCATCCCCTAGAAATTAATCAATGCG

IM342 CGCATTGATTAATTTCTAGGGGATGGCCTAGGCTGCTGCCACCGC

IM343 GATTTTGTTTGATAATGTGCAAGTATGGCGCAACGCAATTAATGTAAGTTAGCTC

IM344 AAAATTTTTTAGACAAAAATCtgagcatctGTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAACTGCGCTGGTTG
IM345 agatgctcagATTTTTGTCTAAAAAATTTTGTAATCGCACTATTTGTCTCAGC

IM346 AAAATTTTTTctcacccccgAGTCTACGAGGTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAACTGCGCTGGTTG
IM347 CTCGTAGACTcggggetgagAAAAAATTTTGTAATCGCACTATTTGTCTCAGCTAGACTT

M348 CccecggggggAGACAAAAATAGTCTACGAGGTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAACTGCGCTGGTTG
JM349 TCGTAGACTATTTTTGTCTccccccggggGTAATCGCACTATTTGTCTCAGCTAGACTTC

JM350 gaccagacattacgaactggcacagatGATTCTGTGATTTGGATCCTTCCAGAAGTC

JM351 gatcttccttcaggttatgaccAAATTACGAATCTTCTCCTGACGTTTTTTTAAATCTTG

JM352 TAAAAAAACGTCAGGAGAAGATTCGTAATTTggtcataacctgaaggaagatctggatcc

JM353 GACTTCTGGAAGGATCCAAATCACAGAATC Catctgtgccagttcgtaatgtctggtc

IM354 AAAATTTTTTAGACAAAAATCtgagcatctGTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAACTGCGCTGGTTGATTTCTTCTTGCGCTTTTT
JM355 GAGCTAACTTACATTAATTGCGTTGCGCacctctggtgaaggagttggc

JM356 GCGGTGGCAGCAGCCTAGGgtttaaggttggtgtcttttttacctgtttgaaaacaaag

JM357 ctttgttttcaaacaggt: gacaccaaccttaaacCCTAGGCTGCTGCCACCGC

JM358 gccaactccttcaccagaggtGCGCAACGCAATTAATGTAAGTTAGCTC

JM359 23acGTGTTCTCTTCAATCCATTCATCTATTGCTg

JM360 22aacAGCAATAGATGAATGGATTGAAGAGAACAC

IM361 2aacGTTTGTGTATCAGCCATATTTTGCTTTAATg

IM362 22aacATTAAAGCAAAATATGGCTGATACACAAAC

JM363 aaactcgcttcttctttactctcTAGGGATAACAg

JM364 aaaacTGTTATCCCTAgagagtaaagaagaagcga

JM365 aaacagaagctatatcctaaaatTAGGGATAACAg

JM366 aaaacTGTTATCCCTAattttaggatatagcttct

JM367 GTTAAGTATAAGAAGGAGATATACATatgtatctgctggtgagctttgatct

JM368 CAGCAGttaaataaaaatcagtttcggttctttgttcacgg

JM369 gaaccgaaactgatttttatttaaCTGCTGCCACCGCTGA

IM370 acatATGTATATCTCCTTCTTATACTTAACTAATATACTAAGATGGGG
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JM371 TCACCACAGCatgaaagatgtgatctatgtggagaatcattattttgtg

JM372 TTCTGTTCGAttaattgccaacttcaatcatcttcgge

IM373 tgattgaagttggcaattaalTCGAACAGAAAGTAATCGTATTGTACACGG
JM374 acatagatcacatctttcatGCTGTGGTGATGATGGTGATGG

JM375 TAAGAAGGAGATATACCATGaaagatgtgatctatgtggagaatcattattttgtg
IM376 tcacatctttCATGGTATATCTCCTTCTTAAAGTTAAACAAAATTATTTCTAGAGG
IM377 NNNNNatgAGTGCCGAGGAAAAATTAGGTGCGCTTGGC

IM378 NNNNNatgAAAGCACGGTTTACCTGCTAAACAAATTTA

IM379 NNNNNtacAGTGCCGAGGAAAAATTAGGTGCGCTTGGC

JM380 NNNNNtacAAAGCACGGTTTACCTGCTAAACAAATTTA

JM381 NNNNNctaAGTGCCGAGGAAAAATTAGGTGCGCTTGGC

JM382 NNNNNctaAAAGCACGGTTTACCTGCTAAACAAATTTA

JM383 CGCAGTATATTTTAGATGAAGATTATTTCTTAATAACTAAAAATATGGTATAA
IM384 AAAAAGCGCAAGAAGAAATCAACCAGCGCA

JM385 AGAAATAATCTTCATCTAAAATATACTGCGGAAAATCATATAGTTC
JM386 aaaacctacagaaaacactaaattaataagaaagagccaaacctcgaaag
JM387 ttaaaagctgttccaattgaaaccaaagtgctttctcttatctattattc

JM388 taag actttggtttcaattggaacagcttttaaaaagcaaatatgagcec
JM389 ggctctttcttattaatttagtgttttctgtaggtttttaggcataaaactatatg
JM390 aaacTgtggagaggCAATCCATTCATCTATTGCTg

JM391 22aacAGCAATAGATGAATGGATTGcectctccacA

JM392 aaacTgggtgtgcgCAGCCATATTTTGCTTTAATgE

JM393 aaaacATTAAAGCAAAATATGGCTGcegcacacccA

IM394 ATGCGTCCGGCGTAGA

JM395 GATTATGCGGCCGTGTACAA

JM396 cctttgatattaatgagaaaaaactgctgctgaatgtg

IM397 gaacATGTCACCTAAGTCAACACCATCATTTTTTATTCTg

JM398 cgatcAGAATAAAAAATGATGGTGTTGACTTAGGTGACAT

JM399 23acGTCACGAGGTTATTATGTACGAGTTAATCAg

JM400 23aacTGATTAACTCGTACATAATAACCTCGTGAC

JM401 2aacTTTGACGCAATAGGTGCTATAACTAAAATGg

IM402 2aaacCATTTTAGTTATAGCACCTATTGCGTCAAA

JM403 23acATGTAAACTTGTAATTAATCCGTAAGCCATg

IM404 22aacATGGCTTACGGATTAATTACAAGTTTACAT

JM405 2aacTTATACTCTTGGTAAATCCTAGAATTGTTAg

IM406 2aaacTAACAATTCTAGGATTTACCAAGAGTATAA

IM407 2aacGTACATAATAACCTCGTGACCTTTTTCGTTg

JM408 23aacAACGAAAAAGGTCACGAGGTTATTATGTAC

JM409 catatagttttatgcctaaaaacctacagatagtttaaaatcatttgttcaaaaat
JM410 ggctcatatttgetttttaaaagetcactgtgaattattatcaaaacc

JM411 ggctcatatttgetttttaaaagcttttagtccagetctaagatttg
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IM412 CAAAATTTTTTAGACAAAAATAGTCTNNNNNGTTTTAGAGCTATGCTGTTTTGAATGGTC
IM413 AGTGCCGAGGAAAAATTAGGTGCGCTTGGCGTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAACTGCGCTGGTTGATTTCTTCTTGCGCTTTTT
IM414 GCCAAGCGCACCTAATTTTTCCTCGGCACTTTATACCATATTTTTAGTTATTAAGAAATA
IM415 TCAATGAGTGGTATCCAAGACGAAAACTTATTTTGTTATCACAATTTTCGGTTGACATC
IM416 GATGTCAACCGAAAATTGTGATAACAAAATAAGTTTTCGTCTTGGATACCACTCATTGA
JM417 cgagctctgataaatatgaacatgaatatcctaaatcagttgtttcattttagttacc

JM418 atcgcatccgattgcagtataaatttagtccagctctaagatttgaggtgaag

JM419 cttcacctcaaatcttagagctggactaaatttatactgcaatcggatgegat

JM420 ggtaactaaaatgaaacaactgatttaggatattcatgttcatatttatcagagctcg

JM421 catatagttttatgcctaaaaacctacagaATCACAAGCTGATGTATTATTTTTG

JM422 ggctcatatttgetttttaaaagctGTCCCTTCTCACATTTCAATACTAG

JM423 cgagctctgataaatatgaacatATCACAAGCTGATGTATTATTTTTG

IM424 CTCGTAGGATATCTTTTCTACCAGA

JM425 TCTGGTAGAAAAGATATCCTACGAGgtttttgtactctcaagatttaagtaactgtacaacatgatgatgaagtatcgtcatctactaac
IM426 CAAAAATAATACATCAGCTTGTGATatgttcatatttatcagagctcg

IM427 agttttatgcctaaaaacctac atcctaaatcagttgtttcattttagttacc

JM428 ctcaaatgatttttgagattttcatacc

IM429 ggtatgaaaatctcaaaaatcatttgagGTTTTAGAGCTGTGTTGTTTCGAATGGTTCCAAAACGGTGAAAAAGGTTCACTGTACGAGTACTTA
JM430 ggtttcggaatgaagtgaataacgttgtttag

JM431 cagcttatcgttcagaagccttaagg

JM432 gcaaagcaaatagttccatttttggaaaagg

JM433 ggatgatgcgtggtctttccg

JM434 gtcaaaattcctcatgtatcgtcacgac

JM435 ggtaagaacagatgtcctaggaaatcage

JM436 gagagggacatgctgccaag

JM437 gtgagacttttggcggttactgaaaag

JM438 gaccatcttcttttacaaacaacagagaagtatc

JM439 ctgatgaaaaacttttacagaaatttttagaaagtaagg

JM440 gaaaattttaatttgcatgtaactgggcagtg

JM441 gtcgttaaaccgtgtgctctacgacc

JM442 GCTATAACTAAAATGgttttagagctatgctgttttgaatggtcccaaaacttcagecaca

JM443 ACCTATTGCGTCAAAgttttgggaccattcaaaacagcatagctctaaaacctcgtagac

IM444 2aacTGTAATTGTCATACTTGATAAGTCTACTATg

IM445 23aacATAGTAGACTTATCAAGTATGACAATTACA

JM446 aaaaatcatacgaggtttttgtactctcaagatttaagtaactgtacaacatgatgatga

IM447 aaaaacctcgtatgatttttgagattttcatacccacatagtgattataa

JM448 AGATATCCTttGAGgtttttgtactctcaagatttaagtaactgtacaacatgatgatga

IM449 233aacCTCaaAGGATATCTTTTCTACCAGATTTCGTAATCGCACTATTAATC

JM450 gtttttgtactctcaagatttaagtaactgtacaacagcttttaaaaagcaaatatgage

JM451 gttgtacagttacttaaatcttgagagtacaaaaacctcaaatgatttttgagattttca

IM452 AGAGCTGTGTTGTTTCGAATGGTTCCAAAACTTTTGTTATCACAATTTTCGGTTGACATC
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JM453 ACCATTCGAAACAACACAGCTCTAAAACCTCGTAGGATATCTTTTCTACCAGATTTCGTA
JM454 gataaatatgaacatTTTGGTAATAGGCATTATTACAAATG

JM455 ttgcagtataaaCTACACCCTGTAGACTTTTTAATAAAATTG

JM456 AAAGTCTACAGGGTGTAGtttatactgcaatcggatgegat

JM457 ATGCCTATTACCAAAatgttcatatttatcagagctcg

JM458 GTTTCAACTTATTATAAGAAGCGGaacttttcactggagttgtcc

JM459 ACCTCCCTTATAACCGCTTCTTATTTGTATAGTTCATCCATGCC

IM460 ATACAAATAAGAAGCGGTTATAAGGGAGGTTTGTTAGTTGATAGC

IM461 2aagttCCGCTTCTTATAATAAGTTGAAACTTCCGTCTATAG

IM462 2aacCGCTATAGACGGAAGTTTCAACTTATTATAg

IM463 22aacTATAATAAGTTGAAACTTCCGTCTATAGCG

IM464 GTTGGTCACAGATATGGAGTACAATCACTAATTTTG

IM465 TCACGCATTGATGACATGAACGCTATAG

JM466 cctgtccttttaccagacaaccattacc

IM467 CTTTGTCGTTTGAAACAACCGAACTACC

IM468 23acGCTATAGACGGAAGTTTCAACTTATTATAAg

IM469 2aaacTTATAATAAGTTGAAACTTCCGTCTATAGC

IM470 23acATAGACGGAAGTTTCAACTTATTATAAGGGg

IM471 2aaacCCCTTATAATAAGTTGAAACTTCCGTCTAT

IM472 tatgtgggtatgaaaatctcaaaa

JM473 gttacttaaatcttgagagtacaaaaacA

IM474 gttacttaaatcttgagagtacaaaaacT

JM475 gttacttaaatcttgagagtacaaaaacG

IM476 TAGTGCGATTACGAAATCTGG

IM477 GAAACAACACAGCTCTAAAACa

IM478 GAAACAACACAGCTCTAAAACE

IM479 GAAACAACACAGCTCTAAAACE

JM480 gggattattaaatgagtgacttagttcatatcatcaaaaatgaggg

JM481 ccctcatttttgatgatatgaactaagtcactcatttaataatccc

JM482 gaagaaatgacttggagagttaaattccactgcccag

JM483 ctgggcagtggaatttaactctccaagtcatttcttc

JM484 atgaaaatctcaaaaatcatttgagGTTTTAgtactctcaagatttaagTGGTTCCAAAACatgatgatgaagtatcgtcatctactaac
JM485 ctcaaatgatttttgagattttcatacccac

IM486 TCTGGTAGAAAAGATATCCTACGAGgtttttGAGCTGTGTTGTTTCGAAtaactgtacaacGGTGAAAAAGGTTCACTGTACGAGTACTTA
IM487 CTCGTAGGATATCTTTTCTACCAGATTTCGTAATC

JM488 atgatgaagtatcgtcatctactaacCCAGAAAACAagtcgttgaggcagagagta

JM489 TCTGGgttagtagatgacgatacttcatcatcatgtttacgtcctgttgaatctttg

JM490 GGTGAAAAAGGTTCACTGTACGAGTACTTATGGCGagtcgttgaggcagagagta
JM491 ATAAGTACTCGTACAGTGAACCTTTTTCACCgtttacgtcctgttgaatctttg
JM492 atgatgatgaagtatcgtcatctactaacGTTTTAgtactctcaagatttaagTGGTTCCAAAACcttcacctcaaatcttagagetggactaaa
JM493 gttagtagatgacgatacttcatcatcatg
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JM494

GGTGAAAAAGGTTCACTGTACGAGTACTTAgtttttGAGCTGTGTTGTTTCGAAtaactgtacaacTCAATGAGTGGTATCCAAGACGAAAACTTA

JM495 TAAGTACTCGTACAGTGAACCTTTTTCACC

JM496 catgatgatgaagtatcgtcatctactaac

JM497 GGAACCacttaaatcttgcagaagctacTaagataaggcttcatgecg

JM498 AgtagcttctgcaagatttaagtGGTTCCgtaaggcegtcccttacactattattatag

JM499 GTTGTTTCGAATaacTTtacACCACAATTATTATTATATAGTTTTATAACTAATATGTC

JM500 GGTgtaAAgttATTCGAAACAACACAGCGAGTaAAAATAAGGCTTAGTCCGTACTCAAC

JM501 GAGCTAACTTACATTAATTGCGTTGCGCTTAAATATTTACCTTTTTAATCAATGG

JM502 GCGGTGGCAGCAGCCTAGGGGGTTATATGGTGGTTTATCC

JM503 GGATAAACCACCATATAACCCCCTAGGCTGCTGCCACCGC

M504 CCATTGATTAAAAAGGTAAATATTTAAGCGCAACGCAATTAATGTAAGTTAGCTC

JM505 GATTACGAAATCTGGTAGAAAAGATATCCTtHGAGGTTTTAGAGCTGTGTTGTTTCGAATGGTTCCAAAACGGTGAAAAAGGTTCACTGTACGAGTACTTA
JM506 AGGATATCTTTTCTACCAGATTTCGTAATCGC

JM507 ATCATTAATTAATAATAGGTTATGTTTAGAGATCGATACCCACCCCGAAGAAAAGGGGACGAGAACACGTATGCCGAAGTATATAAATCATCAGTACAAAG
JM508 TCTAAACATAACCTATTATTAATTAATGATTTTTTAAGCCAGTCAC

JM509 TGCTGAAGAGAGGAAAGCGTATCG

JM510 CGATACGCTTTCCTCTCTTCAGCA

JM511 GCTAGTAAACCGCCTCGCGCagcttttaaaaagcaaatatgagcec

JM512 ggctcatatttgetttttaaaagctGCGCGAGGCGGTTTACTAGC

JM513 TCTGGTAGAAAAGATATCCTACGAGgtttttGAGCTGTGTTGTTTCGAATGGTTCCAAAACGGTGAAAAAGGTTCACTGTACGAGTACTTA
IM514 TCTGGTAGAAAAGATATCCTACGAGGTTTTAGAGCTGTGTTGTTTCGAAtaactgtacaacGGTGAAAAAGGTTCACTGTACGAGTACTTA
M523 GCGGATAACAATTAAGCTTGTACAATAAAAGGAGAAATGTTATTTGCC

IM524 CCTAGGAGCTCTCGAGATCTACTTCCTCCTCTATCATAATAAATTTAAA

JM525 TTTAAATTTATTATGATAGAGGAGGAAGTAGATCTCGAGAGCTCCTAGG

IM526 GGCAAATAACATTTCTCCTTTTATTGTACAAGCTTAATTGTTATCCGC

IM527 tgGTCTTCgtctcggaagctcaaGAAGACCGTTTTAGAGCTGTGTTGTTTCGAATGGTTCCAAAACGATTGTGCCCGCTAGTAAA

JM528 gGTCTTCttgagcttccgagacGAAGACcaGTTTTGGAACCATTCGAAACAACACAGCTCTAAAACCTCGTGGACCAATTTTCG

JM529 GATTGAGAAAATATTGACTTTCCGTATTCCCTA

JM530 TAGGGAATACGGAAAGTCAATATTTTCTCAATC

JM531 atgaaaatctcaaaaatcatACgagGTTTTAgtactctcaagatttaagTGGTTCCAAAACatgatgatgaagtatcgtcatctactaac

JM532 ctcGTatgatttttgagattttcatacccac

JM533 TCTGGTAGAAAAGATATCCTttGAGgtttttGAGCTGTGTTGTTTCGAAtaactgtacaacGGTGAAAAAGGTTCACTGTACGAGTACTTA
IM534 CTCaaAGGATATCTTTTCTACCAGATTTCGTAATC

JM535 gagagggacatgctgccAGAgtctactttaatgagetctttggtaaac

JM536 gtttaccaaagagctcattaaagtagacTCTggcagcatgtccctctc

JM537 caaacatctacaatctgtctaaatg

JM538 GTGAGGGTCACTCTGCCaagATTTATTTTAATACGCTTTTCGGTA

JM539 TACCGAAAAGCGTATTAAAATAAATcttGGCAGAGTGACCCTCAC

JM540 AAACctcgtTGGTTGATTTCTTCTTGCGCTTTTTg

JM541 22aacAAAAAGCGCAAGAAGAAATCAACCAacgag

IM542 AAACagatgTGGTTGATTTCTTCTTGCGCTTTTTg
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M543 22aacAAAAAGCGCAAGAAGAAATCAACCAcatct

JM544 tggttgacgacttgatggCgccatttagacagattgtagatg

JM545 catctacaatctgtctaaatggcGeceatcaagtcgtcaacca

IM546 ATTTAACCTTGCTAGTGATATTATGGCGCCATTTAGGCCAATTATAGA

IM547 TCTATAATTGGCCTAAATGGCgCCATAATATCACTAGCAAGGTTAAAT

JM548 aatcatttgaggtttttgtactctcaagatttaagtaactgtacaacatgatgatgaagtatcgtcatctacta
JM549 tagtagatgacgatacttcatcatcatgttgtacagttacttaaatcttgagagtacaaaaacctcaaatgatt
JM550 TATCCTACGAGGTTTTAGAGCTGTGTTGTTTCGAATGGTTCCAAAACGGTGAAAAAGGTTCACTGTACGAGTAC
JM551 GTACTCGTACAGTGAACCTTTTTCACCGTTTTGGAACCATTCGAAACAACACAGCTCTAAAACCTCGTAGGATA
JM552 tagtataataaagcattttaacattatacttttgataatcgtttatcgtc

JM553 gactaggttgtctcagcattttigtcaataaataaggtgtcacagt

JM554 actgtgacaccttatttattgacaaaaatgctgagacaacctagtc

JM555 gattatcaaaagtataatgttaaaatgctttattatactaacgttatata

JM556 atttcttttttcttgtaaaa ttcttaaaggttttatagtttt

JM557 CTCTATCAAATCCTTATAATCTACTCTCTAACAAAATGATTATCCCATTCAA

JM558 TTGAATGGGATAATCATTTTGTTAGAGAGTAGATTATAAGGATTTGATAGAG
JM559 aaacctttaagaactttctttttttac aaattagataaat

JM560 catatagttttatgcctaaaaacctacagaTAGAGATAAAAGAGTCCTTTGGATG

JM561 CAAAAATAATACATCAGCTTGTGATAACTTTGTATATTCCAAGATTTGATAAA
IM562 TTTATCAAATCTTGGAATATACAAAGTTATCACAAGCTGATGTATTATTTTTG
JM563 CATCCAAAGGACTCTTTTATCTCTAtctgtaggtttttaggcataaaactatatg

JM564 cattacgaactggcacagattagtttaaaatcatttgttcaaaaataaaatcc

JM565 ggattttattttigaacaaatgattttaaactaatctgtgccagttcgtaatg

JM566 ggtccattcactattctcattcccttttcagataattttagatttgcettttcta

JM567 tagaaaagcaaatctaaaattatctgaaaagggaatgagaatagtgaatggacc

JM568 CTATCAAATCCTTATAATCTACTCTCTAACAAAATGATTATCCCATTCAACTTCA
JM569 cattacgaactggcacagatTAGAGATAAAAGAGTCCTTTGGATG

JM570 CATCCAAAGGACTCTTTTATCTCTAatctgtgccagttcgtaatg

JM571 ggtccattcactattctcattcccttttcagataattttagatttgcettttcta

JM572 tagaaaagcaaatctaaaattatctgaaaagggaatgagaatagtgaatggacc

IM573 CAATCGTATGACAAATTATGATaaGTACTTGCCAAATCAAAAAGTTCTTC

IM574 CAAATAATTCCTTTTTAAAAGATTTTAATTAATTATATTATACC

IM575 GGTATAATATAATTAATTAAAATCTTTTAAAAAGGAATTATTTG

IM576 TTTTGATTTGGCAAGTACHtATCATAATTTGTCATACGATTGATAAAAGC

IM577 GATTCTGTGATTTGGATCCTTCCAGAAGTCTTTTTCTTGC

JM578 GCAAGAAAAAGACTTCTGGAAGGATCCAAATCACAGAATC

JM579 actggcacagatAAACACTAAATTAATAAGAAAGAGCCAAACCTCGAAAG

JM580 ggatccagatcttccttcaggttatgaccGCGCGAGGCGGTTTACTAGC

JM581 GCTAGTAAACCGCCTCGCGCggtcataacctgaaggaagatctggatcc

JM582 TCTTTCTTATTAATTTAGTGTTTatctgtgccagttcgtaatgtctggtc
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Supplementary DNA sequences (5°-3’)

>pJM37gw (Swap spacers 2 and 4)
GGTCTCAAAACTGCGCTGGTTGATTTCTTCTTGCGCTTTTTGTTTTAGAGCTA
TGCTGTTTTGAATGGTCCCAAAACAGTGCCGAGGAAAAATTAGGTGCGCTTG
GCGTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAACAGGAATATCCGCAA
TAATTAATTGCGCTCTGTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAACT
TATATGAACATAACTCAATTTGTAAAAAAGTTTTAGAGCTATGCTGTTTTGAAT
GGTCCCAAAACTAAATTTGTTTAGCAGGTAAACCGTGCTTTGTTTTAGAGCTA
TGCTGTTTTGAATGGTCCCAAAACTTCAGCACACTGAGACTTGTTGAGTTCC
ATGTTTTAGAGACC

>pJM73gw (LAS Duplication in Spacer 4)
GGTCTCaaaacTGCGCTGGTTGATTTCTTCTTGCGCTTTTTGTTTTAGAGCTAT
GCTGTTTTGAATGGTCCCAAAACTTATATGAACATAACTCAATTTGTAAAAAA
GTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAACAGGAATATCCGCAATA
ATTAATTGCGCTCTGTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAACAAA
ATTTTTTAGACAAAAATAGTCTACGAGGTTTTAGAGCTATGCTGTTTTGAATG
GTCCCAAAACTAAATTTGTTTAGCAGGTAAACCGTGCTTTGTTTTAGAGCTAT
GCTGTTTTGAATGGTCCCAAAACTTCAGCACACTGAGACTTGTTGAGTTCCA
Tgttttagagacc

>pJM87gw (Position 5 phage targeting spacer)
GGTCTCAAAACTGCGCTGGTTGATTTCTTCTTGCGCTTTTTGTTTTAGAGCTA
TGCTGTTTTGAATGGTCCCAAAACTTATATGAACATAACTCAATTTGTAAAAA
AGTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAACAGGAATATCCGCAAT
AATTAATTGCGCTCTGTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAACAG
TGCCGAGGAAAAATTAGGTGCGCTTGGCGTTTTAGAGCTATGCTGTTTTGAA
TGGTCCCAAAACGTGTTCTCTTCAATCCATTCATCTATTGCTGTTTTAGAGCT
ATGCTGTTTTGAATGGTCCCAAAACTAAATTTGTTTAGCAGGTAAACCGTGCT
TTGTTTTAGAGCTATGCTGTTTTGAATGGTCCCAAAACTTCAGCACACTGAGA
CTTGTTGAGTTCCATGTTTTAGAGACC

>pJM258
aaaatgctgagacaacctagtctctcacttgttgaticagtaatattgaatatcctaaatcagttgtttcattttagttac
cgtataagatatttacaaaaatctgatgaaaaacttttacagaaatttttagaaagtaaggattgacaagaacagt
tattgattttataatcactatgtgggtatgaaaatctcaaaaatcatttgaggtttttgtactctcaagatttaagtaactg
tacaacATGAAAATCACAGGACAAGCGCAATTTACTgtttttgtactctcaagatttaagtaact
gtacaacTGATATTGTAGAATACTTCTTTAACTATTAgtttttgtactctcaagatttaagtaact
gtacaacggtcataacctgaaggaagatctggatcctaatgaattcatctgcaggggcccatcagtctgacgac
caagagagccataaacaccaatagccttaacatcatccccatatttatccaatattcgttccttaatttcatgaaca
atcttcattctttcttctctagtcattattattggtccattcactattctcattcc

>pJM259
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aaaatgctgagacaacctagtctctcacttgttgaticagtaatattgaatatcctaaatcagttgtttcattttagttac
cgtataagatatttacaaaaatctgatgaaaaacttttacagaaatttttagaaagtaaggattgacaagaacagt
tattgattttataatcactatgtgggtatgaaaatctcaaaaatcatttgaggtttttgtactctcaagatttaagtaactg
tacaacACACAATGTATACATCATGGCAGACAAACAgtttttgtactctcaagatttaagtaact
gtacaacTAGGGTCTAATCGAAAAGCAGGCGTCTAGAgtttttgtactctcaagatttaagtaa
ctgtacaacTCTTAAACAAGCCACAATTCGATCAGCCAA(gtttttgtactctcaagatttaagta
actgtacaactgagaccagtctcggaagctcaaaggtctcgtttttgtactctcaagatttaagtaactgtacaacA
TGAAAATCACAGGACAAGCGCAATTTACTgtttttgtactctcaagatttaagtaactgtacaac
TGATATTGTAGAATACTTCTTTAACTATTAgtttttgtactctcaagatttaagtaactgtacaac
ggtcataacctgaaggaagatctggatcctaatgaattcatctgcaggggcccatcagtctgacgaccaagaga
gccataaacaccaatagccttaacatcatccccatatttatccaatattcgttccttaatttcatgaacaatcttcattct
ttcttctctagtcattattattggtccattcactattctcattce

>pJM261
TTAGAGAGTAGATTATAAGGATTTGATAGAGGAGGAATTAAGTTGCTTGACA
TATGATTATTAAGAAATAATCTAATATGGTGACAGTCACATCTTGTCTAAAAC
GTTGATATATAAGGATTTTTAAGGTATAATAAATATAAAAATGGAATTATTTTG
AAGCTGAAGTCATGCTGAGATTAATAGTGCGATTACGAAATCTGGTAGAAAA
GATATCCTACGAGGTTTTAGAGCTGTGTTGTTTCGAATGGTTCCAAAACTTAA
TACAGGTTTTTACAAAAGCTTTACCATGTTTTAGAGCTGTGTTGTTTCGAATG
GTTCCAAAACCAGAACACGCAAGAGTGCAAACGTTAGCTCGTTTTAGAGCTG
TGTTGTTTCGAATGGTTCCAAAACqggtcataacctgaaggaagatctggatcctaatgaattcat
ctgcaggggcccatcagtctgacgaccaagagagccataaacaccaatagccttaacatcatccccatatttat
ccaatattcgttccttaatttcatgaacaatcttcattctttcttctctagtcattattattggtccattcactattctcattce

>pdM262
TTAGAGAGTAGATTATAAGGATTTGATAGAGGAGGAATTAAGTTGCTTGACA
TATGATTATTAAGAAATAATCTAATATGGTGACAGTCACATCTTGTCTAAAAC
GTTGATATATAAGGATTTTTAAGGTATAATAAATATAAAAATGGAATTATTTTG
AAGCTGAAGTCATGCTGAGATTAATAGTGCGATTACGAAATCTGGTAGAAAA
GATATCCTACGAGGTTTTAGAGCTGTGTTGTTTCGAATGGTTCCAAAACTGAT
GTTAATGGGCACAAATTTTCTGTCAGGTTTTAGAGCTGTGTTGTTTCGAATGG
TTCCAAAACCCACATGCAATCGCAGCCTTTGTACTCGCAGTTTTAGAGCTGT
GTTGTTTCGAATGGTTCCAAAACTATCCCAGCTTTTGACGCAACGCTCGGAA
AGTTTTAGAGCTGTGTTGTTTCGAATGGTTCCAAAACtgagaccagtctcggaagctca
aaggtctcGTTTTAGAGCTGTGTTGTTTCGAATGGTTCCAAAACTTAATACAGGT
TTTTACAAAAGCTTTACCATGTTTTAGAGCTGTGTTGTTTCGAATGGTTCCAA
AACCAGAACACGCAAGAGTGCAAACGTTAGCTCGTTTTAGAGCTGTGTTGTT
TCGAATGGTTCCAAAAC(ggtcataacctgaaggaagatctggatcctaatgaattcatctgcagggg
cccatcagtctgacgaccaagagagccataaacaccaatagccttaacatcatccccatatttatccaatattegt
tccttaatttcatgaacaatcttcattctttcttctctagtcattattattggtccattcactattctcattcc
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