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1 Supplementary Information

1.1 Extended Results

1.1.1 Dataset overview

The E. coliinteraction matrix was assayed on solid medium, where susceptibility was qualitatively
assessed based on the clearance achieved by three phage dilutions, whereas all other datasets
were assayed in liquid medium and relied on the area under the optical density curve to quantify
susceptibility. Positive interactions, or those resulting in infection, were defined as any non-zero
interaction in the E. coli dataset and based on criteria specified by the publishing authors for
Klebsiella, Pseudomonas, and Vibrionaceae datasets.

Phylogenetic trees based on amino acid alignments of conserved genes were generated for each
dataset [71, 72]. These show host-strain diversity within individual datasets and shared
phylogenetic clades between the two Klebsiella datasets, which are the only datasets covering
the same host phylogenies (Supp. Fig. 2-6). A phage gene-sharing network representing all
datasets showed that phages across datasets and host phylogenies were interspersed within
phage clusters (Supp. Fig. 7-8) [18]. This suggested that phages with similar gene content, possibly
representing structural or mechanistic similarities, are capable of infecting diverse hosts. These
results suggest that gene content-based features could likely be shared across datasets and that
pooling of datasets may improve model performance.

1.1.2 Workflow development and optimization

To generate phylogeny-independent numerical features representing strain and phage genomes,
we used binary presence/absence matrices of either protein families, in a pangenome-like
structure, or amino acid k-mers, allowing us to capture sequence variants and key residues. These
feature generation workflows were run independently, with whole strain and phage proteomes
represented as protein families or k-mers, or sequentially, representing only proteins belonging
to predictive protein families as k-mers. We tested MCL and MMSeqs2 clustering algorithms for
protein-family construction, including varied inflation values (the MCL argument controlling
clustering stringency) and MMSeqs2 sequence identity and coverage thresholds (Supp. Fig. 9-10)
[51, 52]. We then compared eight machine learning algorithms across four development datasets,
identifying CatBoost gradient-boosted decision trees as the most consistently high-performing
model (Supp. Fig. 12-13). We implemented recursive feature elimination (RFE) to identify
predictive subsets of feature tables of up to 20,000 protein family-based features or 100,000 k-
mer features and benchmarked this strategy against five alternative feature selection methods



(Supp. Fig. 14). Feature selection was chosen over dimension reduction to enable both simplified
feature assignment to novel strains and biological interpretation of predictive features.

We tested whether performance was improved by filtering phylogenetically linked features prior
to feature selection, decreasing the risk of overfitting and increasing the likelihood of identifying
features linked to mechanism, rather than phylogeny. To accomplish this, strains and phages are
clustered based on feature content (hierarchical or HDBSCAN clustering [57]) and features unique
to a single cluster were removed. This typically removed less than 10% of features, while
improving model generalizability. We also explored the impact of iterative feature selection and
modeling across various train-test splits, selecting features based on recurrence across feature
selection iterations and using an ensemble-learning approach for final predictions (Supp. Fig. 15-
19). Train-test splitting based on strain or phage clusters was also tested, forcing models to learn
features predictive of interaction in distinct phylogenetic clades. This also prevents very similar
strains from being present in training and testing datasets, limiting overfitting during feature
selection and model training.

Finally, we tested the impact of k-length on model performance for k-mer-based feature tables.
Large feature sets with k-mer-based genome representations (20% possible AA k-mer sequences)
limited full proteome k values to 3-4, resulting in up to 160,000 features. Values of k from 3-15
were tested when filtering to predictive proteins only, which significantly decreased k-mer
diversity enabling larger k values.

1.1.3 Modeling Error Analysis

First, an analysis of overall model bias revealed consistent over-prediction bias, with 58 strains
showing systematic over-prediction (>20% deviation from observed infection rates) compared to
only 11 under-predictors. This bias correlated negatively with strain susceptibility (r =-0.207, p =
8.3x10°), being most pronounced in less susceptible strains, consistent with the positive
correlation between strain susceptibility and model performance (r = 0.310, p = 2.3x10°) (Supp.
Fig. 29-30). This indicates that a larger proportion of interactions are falsely predicted to be
infectious in strains with narrow susceptibility profiles. Several factors likely contribute to this
behavior. First, by nature of their narrow susceptibility, the dataset includes few phages capable
of infecting similar strains, preventing models from learning relevant feature sets. Whether these
strains are truly only suspectable to a small set of phages, possibly through extensive defense
mechanisms or distinct receptors variants, cannot be distinguished from the possibility that the
tested phage set is not representative of appropriate phage diversity for these strains. This
highlights the importance of including a phylogenetically broad set of phages in experimental
datasets.



To explore this further, we investigated the impact of phylogenetic distribution of strains and
phages on prediction accuracy. For all strain genomes, we constructed phylogenetic trees based
on core-genome concatenated marker genes and examined how prediction performance varied
across phylogenetic space (Supp. Fig. 2-6). For each strain, we calculated the mean distance to its
five closest phylogenetic neighbors as a measure of phylogenetic isolation. Surprisingly, we found
no consistent relationship between phylogenetic isolation and strain-level prediction
performance (MCC) (r =-0.055, p = 0.60), indicating that the presence of closely related strains in
the training data does not necessarily improve prediction accuracy (Supp. Fig. 29). This further
supports our observations when modeling combined Klebsiella datasets, suggesting that
mechanisms of phage susceptibility are not directly linked to phylogeny and are not necessarily
vertically inherited. In contrast to this, a significant negative correlation was observed between
phage performance and phylogenetic isolation (r = -0.425, p = 1.9x10°), where proteomic
equivalence was used as a metric of phage genomic similarity (Supp. Fig. 30). This relationship
indicates that models performed less well when predicting infection by more distinct phages. This
highlights the importance of phage diversity in interaction datasets and the possible performance
benefit of phage phylogenetic redundancy.

To systematically quantify where models fail to recognize distinguishing genetic features dictating
strain infection patterns, we calculated pairwise Jaccard similarities between strain pairs and
phage pairs based on their experimental interaction profiles and compared these to model-
predicted interaction similarities across 66,795 strain pairs and 4,371 phage pairs. This calculation
evaluates whether strains pairs and phages pairs with similar interaction profiles are predicted to
behave similarly. The result is a sensitive metric of strain- or phage-level predictive performance,
where a one-to-one relationship indicates perfect accordance and a large distance from this line
indicates discordance and the inability of the model to capture critical information. Given our
strain-based cross-validation design, where all phages appear in both training and test sets,
phage-phage similarity correlations were expectedly high (r = 0.893, p < 1x10?*?), indicating
models effectively capture phage-specific infectivity patterns (Supp. Fig. 32C-D). In contrast,
strain-strain similarity correlations were moderate (r = 0.387 (p < 1x107*?) for all strains, r = 0.493
(p < 1x101?) for strains infected by >20 phages) (Supp. Fig. 32A-B). The improved correlation for
broadly susceptible strains matches the observation that models better capture similarity
patterns among these strains. Analysis of extreme discordance cases, where shared interactions
differed significantly from shared predicted interactions, revealed fundamental model failures in
capturing relevant biological information. We identified strain pairs where models predicted
nearly identical interaction patterns (similarity > 0.9) despite minimal biological overlap (true
similarity < 0.3), exemplified by E. coli BL21 comparisons to E. coli strains ECOR22, ECOR42 and
ECOR54. This indicates the model's failure to capture BL21's distinct phage susceptibility patterns,
which result from its laboratory-adapted genetic background including truncated



lipopolysaccharide and altered outer membrane protein composition compared to wild-type
strains. Conversely, strain pairs like E. coli IAl45 compared to E. coli strains ECOR57, ECOR59, and
ECOR71 showed high biological similarity (>0.7) but low predicted similarity (<0.3), indicating
failure to recognize shared mediators of infection. This information may help identify strains and
phages with abnormal interaction patterns, possibly uncovering novel mediators or sequence
variants of biological interest.



2 Supplementary Tables

Supplementary Table 1. Model performance across datasets when predicting infection of known strains by
unseen phages.

Dataset AUROC MCC No:‘:;':: ed Brier score
Pseudomonas 0.925 0.682 0.869 0.115
Vibrionaceae 0.924 0.487 0.659 0.030
E. coli 0.870 0.510 0.563 0.146
Klebsiella-2 0.814 0.294 0.312 0.037
Klebsiella-1 0.687 0.178 0.102 0.088

Supplementary Table 2. Model performance across datasets when predicting interactions between unseen
strain-phage pairs.

Dataset AUROC MCC No:‘:;':: ed Brier score
Vibrionaceae 0.920 0.436 0.515 0.025
E. coli 0.812 0.410 0.381 0.134
Pseudomonas 0.766 0.283 0.576 0.238
Klebsiella-2 0.675 0.194 0.147 0.022
Klebsiella-1 0.577 0.068 0.032 0.064




Supplementary Table 3. Phage list used in experimental validation.

Phage Full Phage Name Genor_ne Genome Size InteracFion RB-
ID Accession (bp) matrix TnSeq
T2 Escherichia phage T2 MH751506.1 163832 X

Plvir Escherichia phage P1vir NC_005856.1 94800 X

phi92 Escherichia phage phi92 FR775895.2 148612 X

BasO1 Ej:uhgel:lizi;cp!:je MZ501051 50126 x

Bas02 Escherichia phage JeanPiccard MZ501080 47149 X

Bas03 Escherichia phage JulesPiccard MZ501087 47731 X

Bas04 Escherichia phage FritzSarasin MZ501069 51777 X

Bas05 | Escherichia phage PeterMerian MZ501101 47775 X X

Bas06 Escherichia phage Karllaspers MZ501090 51474 X

Bas07 Escherichia phage MZz501079 51129 x X

JakobBernoulli
Bas08 Escherichia phage MZ501059 50731 X
DanielBernoulli

Bas09 Escherichia phage PaulSarasin MZ501099 51285 X X

Bas10 Escherichia phage Isaaklselin MZ501077 49911 X X

Basl2 | Escherichia phage BrunoManser MZ501053 49298 X

Bas13 Escherichia phage MZ501092 50192 x

LeonhardEuler

Basl4 | Escherichia phage TheodorHerzl MZ501107 43627 X

Bas15 E;::T;;Zfagzie MZ501097 44550 X

Bas16 Escherichia phage MZ501070 44295 X

GeorgBuechner

Bas17 Escherichia phage KarlBarth MZ501088 43104 X

Bas18 | Escherichia phage Oekolampad MZ501095 44882 X

Bas19 Egﬁ:i:phr:iﬂf;?ag: MZ501057 58073 x X

Bas20 Escherichia phage MZ501068 59834 x

FritzHoffmann

Bas21 Eg:g;:;;%fehnaie MZ501071 56589 x X

Bas22 Escherichia phage KurtStettler MZ501091 58567 X

Bas25 Escherichia phage VogelGryff MZ501110 58342 X X

Bas27 | Escherichia phage TrudiGerster MZ501108 114179 X

Bas28 Escherichia phage IrmaTschudi MZ501076 115446 X

Bas29 Escherichia phage SuperGirl MZ501105 110821 X

Bas31 | Escherichia phage DaisyDussoix MZ501058 113532 X

Bas33 | Escherichia phage HildyBeyeler MZ501074 111607 X

Bas34 Escherichia phage SelmaRatti MZ501103 107080 X




Bas35 Escherichia phage WilhelmHis MZ501113 166861
Bas36 Escherichia phage Paracelsus MZ501096 167732
Bas37 Escherichia phage KarlGJung MZ501089 167832
Bas38 Escherichia phage AugustSocin MZ501052 167411
Escherichia phage
Bas39 EriedrichMiescher MZ501066 169509
Bas41 Escherichia phage MZ501067 165574
FriedrichZschokke
Escherichia phage
Bas42 . MZz501050 168255
AndreasVesalius
Escherichia phage
Bas43 . . MZ501106 166115
TadeuszReichstein
Bas44 Escherichia phage MZ501046 166773
AdolfPortmann
Bas45 | Escherichia phage PaulHMueller MZ501098 170053
Bas46 Escherichia phage MZ501056 169031
ChristianSchoenbein
Bas47 Escherichia phage MZ501047 168968
AlbertHofmann
Bas48 | Escherichia phage CarlMeissner MZ501054 137623
Bas49 Escherichia phage EmilHeitz MZ501062 139980
Bas51 Escherichia phage MZ501111 140659
WalterGehring
Bas52 Escherichia phage RudolfGeigy MZ501102 137380
Bas54 Escherichia phage MaxBurger MZ501093 136346
Bas56 Escherichia phage AlexBoehm MZ501048 135345
Bas57 Escherichia phage MaxTheCat MZ501094 135061
Bas58 Escherichia phage MZ501073 136906
HeinrichReichert
Escherichia phage
Bas59 MZ501061 131526
EduardKellenberger
Basb0 | Escherichia phage PaulScherrer MZ501100 150425
Bas61 Escherichia phage EmilieFrey MZ501063 146666
Bas63 Escherichia phage MZ501086 87100
JohannRWettstein
Basb4 | Escherichia phage JeanTinguely MZ501081 39451
Escherichia phage
Bas65 JacobBurckhardt MZz501078 39451
Bas67 | Escherichia phage ErnstBeyeler MZ501064 39315
Bas68 Escherichia phage CarlSpitteler MZ501055 39466
Bas69 | Escherichia phage AlfredRasser MZ501049 70849




3 Supplementary Figures
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Supplementary Figure 1. Phage-host interaction matrices. The interaction matrices for five
published datasets. Clusters of strains and phages indicate conserved infection patterns within
these groups. Dark purple represents interactions resulting in infection and light purple indicates

interaction that did not result in infection.
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Supplementary Figure 2. Klebsiella dataset tree. Phylogenetic tree based on core-genome
concatenated marker genes alignments. Dark orange indicates mixed Klebsiella spp. dataset and
light orange indicates Klebsiella pneumoniae dataset.
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Supplementary Figure 3. E. coli dataset tree. Phylogenetic tree based on core-genome
concatenated marker genes alignments. Grey bars indicate number of infectious phages out of
94-phage set. Green bars indicate prediction performance in 20-fold cross-validation for models
with strain-based train-test splitting (unseen strains).
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Supplementary Figure 4. Klebsiella-1 dataset tree Phylogenetic tree based on core-genome
concatenated marker genes alignments. Grey bars indicate number of infectious phages out of
59-phage set. Green bars indicate prediction performance in 20-fold cross-validation for models
with strain-based train-test splitting (unseen strains).
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Supplementary Figure 5. Klebsiella-2 dataset tree. Phylogenetic tree based on core-genome
concatenated marker genes alignments. Grey bars indicate number of infectious phages out of
46-phage set. Green bars indicate prediction performance in 20-fold cross-validation for models
with strain-based train-test splitting (unseen strains).
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Supplementary Figure 8. Phage gene sharing network for public datasets. Gene sharing network
shows distribution of phages across datasets (color). Edges indicate vConTACT2 gene sharing
similarity metric.
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Supplementary Figure 9. Impact of MMSeqs2 identity thresholds on model performance.
Heatmaps show model performance (MCC) across 25 MMSeqs2 identity threshold combinations.
Receiver operating characteristic curves should model performance (AUROC) across 25 MMSeqs2
identity threshold combinations across E. coli (A), Klebsiella-1 (B), Klebsiella-2 (C), and
Pseudomonas (D) datasets
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Supplementary Figure 17. Impact of ensemble features selection and modeling approach
iterations in Klebsiella-2 dataset.
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iterations in Pseudomonas dataset.



Modeling Iterations
100 90 80 70 60 50 40 30 25 20 15 10

100

Modeling lterations

MCC Performance Grid

(U |
3 5 10 15 20 25 30 35 40
Feature Selection Cutoff

Gradient Magnitude (Lower = Plateau)

Feature Selection Cutoff

45 5

0.8

0.6

0.4

0.2
10 20 30 40 50

Normalized Gradient Magnitude

Modeling Iterations

Modeling Ilterations

Smoothed Performance Surface

10 20 30 40 50
Feature Selection Cutoff

Optimal Plateau Region (Gradient < 0.01)

100 A .’
.
80
1
60
40
20
10 20 30 40 50

Feature Selection Cutoff

0.70
0.68
0.66 g
=
0.64

0.62

1.0
0.8

0.6

Optimal Region

T
o
'S

0.2

- 0.0

Supplementary Figure 19. Combined analysis of the impact of ensemble features selection and

modeling approach iterations in all development datasets.



A MCC B .
. o . - CatBoost
T o .00 -0.570 B
_8 £ O—ED - Gradient boosting
[%] 0.565 <
©
g e 0.555 -'g‘ .—{:I l—. - Random forest Dataset
[ 0.560 [o) E. coli
e g [fe  -we .
= c 0.555 o ® Klebsiella-1
- KNN
s % EI}. Klebsiella-2
- 0.550 P "
< b 3 —m—’ - Logistic regression @ pseudomonas
g 0.545 = '—{::f = SV
w

0.2

Rl 0550  0.555 . .
0.540 :‘— - Naive bayes

02 04 06 08 09 E ~ < o

Phage Identity Threshold S c S =

D. - Mcc
o
o -0.9
2o 0.8
o.
-% ] 0.7
Y
L - 0.6
o - 0.5
c
=5 Q- 0.4
8 - 0.3
E o
N 0.2
. - 0.1
U ' ' ' . ' —
2 ° o w w o L e e
g 5 9 =z e 5 1 3 10 20 30 40 50
o © v 9 €T . .
v z 3 z v Feature Selection Iterations
i} 0 I
9 3 0
g ©
Feature Selection Method
E. 12 F. «{-* -Log10 + Hierarchical Split
24 < T &> -Hierarchical Split
T 3 [ — — -Log10 + HDBSCAN Filter
£ 4- - T s }+—>-Loglo
g Dataset 8 o T 1 -Inverse Frequency + Feature Filter
v 6 ® E. coli s [ T713 -L0g10 + Feature Filter
= 7- - ® Klebsiella-1 > ﬂj—' -Inverse Frequency + Hierarchical Split
= 5 4 o o - Default
S Klebsiella-2 £ P L | — -Log10 + HDBSCAN Split
¥ - ® Pseudomonas 8 I 1 . -Inverse Frequency + HDBSCAN Split
S 10 o [ P -Log10 + Hierarchical Filter
o 11+ = L D L ] - Inverse Frequency + Hierarchical Filter
12- 1] o -Inverse Frequency + HDBSCAN Filter
13- ° —oTe +—* -Inverse Frequency
OMmrE AT AN OMmO T o 5 10
~Y A aRa®a .
k-length Rank (lower is better)

Supplementary Figure 20. Modeling workflow optimization. A) Mixed effect model of MMSeqs2
identity thresholds on model performance (MCC). B) Impact of modeling algorithm on model
performance across datasets (MCC). C) Impact of feature selection method on training model
performance (MCC) in the E. coli dataset. D) Impact of feature selection and modeling iterations
on model performance (MCC) in the E. coli dataset. E) Rank order impact of k length on model
performance (MCC) of unseen strains across datasets, based on 20-fold cross-validation F) Rank
order impact of hyperparameters on model performance (MCC) of unseen strains across datasets,
based on 20-fold cross-validation.



True Positive Rate
4 e
g S
¢ 9

°
N
&

0.00- %
0.00

B. 1oo-

0.75-

0.50-

True Positive Rate

0.25-

0.00- J*
0.00

True Positive Rate

000

025 " 050 075

False Positive Rate

025 " 050 075

False Positive Rate

025 " 050 075

False Positive Rate

1.00- 08
0.6~
0.75-
s 004
a o
2 0.50
9 =
& 0.2
025
0.0-
0.00-
000 " 025 050 075 ' 100
Recall
1.00-
075
0.75-
s 0 0.50-
@ o
2 0.50 g
£
0.25
0.25-
0.00-
0.00-
000 " 025 ' o050 075 ' 100
Recall
1.00- 1.0-
0.75-
0.5-
c
2 Q
@ o
2 0.50 g
g
o 0.0-
0.25-
0.00- 050

000 " 025 ' o050 075 ' 100
Recall

i
+
s
£ e sfe

Vibrio -
coli
Pseudomonas -

Kiebsiella - 2 -

i
-~

E. coli
Vibrio -

Kiebsiella - 2 -

Pseudomonas -

[}

Vibrio
E. coli -

Klebsiella - 1
Klebsiella - 2 -

Klebsiella - 1 -

Klebsiella - 1

t

MCC Standard Deviation MCC Standard Deviation

MCC Standard Deviation

0.2-

01

0.0-

|
:
w

Kiebsiella - 1 -

Kiebsiella - 1

Pseudomonas -

Vibrio -

Kiebsiella - 2

Klebsiella - 1-

Kiebsiella - 2 -

Pseudomonas:

Klebsiella - 2 -

g
£
¢

Dataset

Pcwi

B «ebsieta - 1
Klebsiella - 2
. Pseudomonas

W vivrio

Supplementary Figure 21. Model performance across datasets. Receiver operating characteristic

(ROC) curves show prediction performance variability across datasets, when predicting phages

infecting previously unseen strains (A), hosts for previously unseen phages (B), and interactions

between previously unseen strain-phage pairs (C).
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Supplementary Figure 26. Combining datasets within the Klebsiella genus. A) Models trained by
combining both Klebsiella datasets (dark green) showed increased performance across both
datasets, in comparison to models trained on single datasets (light green). Displayed AUROC
curves are from 20-fold cross-validation. B) Boxplots show performance of individual rounds of
cross validation when combining both Klebsiella datasets (dark green) in comparison to models
trained on single datasets (light green). A significant increase in performance was observed in the
Klebsiella-2 dataset (p = 0.024). C) The change in MCC of individual Klebsiella strains was
compared to the phylogenetic distance to the nearest strain from the added dataset. D) The
change in AUROC of individual Klebsiella strains was compared to the phylogenetic distance to
the nearest strain from the added dataset.
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Responsible for synthesis of pseudouridine from uracil [rluD] (557 strains) -
it binds specifically double-stranded DNA at a 9 bp consensus (dnaA box) 5-TTATC CA A CA A-3' [dnaA] (542 strains) -

Thiol-specific peroxidase that catalyzes the reduction of hydragen peroxide and organic hydroperoxides to water and alcohols, respectively [tyrR] (558 strains) -

TP

&

serves to protect cells from the toxic effects of hydrogen peroxide [KatE] (546 strains) -

Releases the supercoiling and torsional tension of DNA, which is introduced during the DNA replication and transcription, by transiently cleaving and rejoining one strand of the DNA duplex [topB1, topB2] (546 strains) -

Type | restriction-modification system methyltransferase subunit [] (37 strains) -
silverDB [] (43 strains) -

Catalyzes the reduction of dihydromonapterin to tetrahydromonapterin [folM] (558 strains) -
Protein of unknown function (DUF3168) [] (33 strains)-

Important for reducing fluoride concentration in the cell, thus reducing its toxicity [crcB] (558 strains) -

Torceey

ParB-like nuclease domain [ybdM] (538 strains) -

Member of the two-component regulatory system CusS CusR [cops, cuss] (543 strains) -

Mechanosensitive channel of miniconductance that confers protection against mild hypoosmotic shock [ybdG] (553 strains) -

Forms pores that allow passive diffusion of cations across the outer membrane [cusC, oprj] (556 strains) -

Functions as a ribosomal silencing factor [rsfS] (558 strains) -

Can also reduce toxic chromate to insoluble and less toxic Cr(3 ) [yieF] (559 strains) -

Catalyzes the hydrolysis of the N-glycosidic bond of AMP to form adenine and ribose 5-phosphate [amn] (556 strains) -

Catalyzes the excretion of spermidine [mdt]] (550 strains) -

IGPS catalyzes the conversion of PRFAR and glutamine to IGP, AICAR and glutamate [hisF] (556 strains) -

Belongs to the resistance-nodulation-cell division (RND) (TC 2 [cusA] (548 strains) -

Belongs to the class-| aminoacyl-RNA synthetase family [leus] (556 strains) -

Belongs to the carbamate kinase family [yqeA] (398 strains) -

Belongs to the binding-protein-dependent transport system permease family [ybdL] (559 strains) -

Belongs to the binding-protein-dependent transport system permease family [fepB] (558 strains) -

Belongs to the ABC transporter superfamily [folK] (560 strains) -

Associates with aggregated proteins, together with IbpA, to stabilize and protect them from irreversible denaturation and extensive proteolysis during heat shock and oxidative stress [ibpAl (559 strains) -
GIpM protein [glpM, ydgC] (558 strains) -

transporter activity [ynfM] (556 strains) -

IGPS catalyzes the conversion of PRFAR and glutamine to IGP, AICAR and glutamate [hisH] (557 strains) -

Involved in the biosynthesis of the siderophore enterobactin (enterochelin), which is a macrocyclic trimeric lactone of N-(2,3-dihydroxybenzoyl)-serine [irp5] (558 strains) -
Part of the UhpABC signaling cascade that controls the expression of the hexose phosphate transporter UhpT [uhpA] (558 strains) -

transcriptional regulator [ynfL] (557 strains) -

Phage tail tube, TTP, lambda-like [] (44 strains) -

Required for disulfide bond formation in some periplasmic proteins [dsbG] (557 strains) -

Responsible, at least in part, for anchoring of the major outer membrane lipoprotein (Lpp) [ybiS] (558 strains) -

The transhydrogenation between NADH and NADP is coupled to respiration and ATP hydrolysis and functions as a proton pump across the membrane [pntB] (555 strains) -
Thiol-specific peroxidase that catalyzes the reduction of hydrogen peroxide and organic hydroperoxides to water and alcohols, respectively [ahpC] (558 strains) -

This protein is involved in the initial step of iron uptake by binding ferrienterobactin (Fe-ENT), an iron chelatin siderophore that allows E [fepA] (549 strains) -

Transfers the fatty acyl group on membrane lipoproteins [k] (558 strains) -

Type | site-specific restriction-modification system R (restriction) subunit and related helicases [hsdR] (36 strains) -

catalytic activity [ibrA, ybdN] (553 strains) -

exonuclease activity [] (33 strains) -
transcriptional Regulatory protein [rsta] (559 strains) -

Arginine omithine antiporter [arcD] (555 strains) -
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Feature Importance

Supplementary Figure 27. Annotations of predictive features shared across datasets. Plot shows
feature importance of 54 predictive features that were shared across E. coli, Klebsiella, and
Pseudomonas datasets. Y-axis shows the most common annotation of genes associated with each
predictive features and number of strains encoding that features. X-axis shows feature
importance across 50 models used in ensemble learning.
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Supplementary Figure 28. E. coli dataset prediction bias overview. The distribution of prediction
confidences across 20-fold cross-validation leaving out 10% of strains from the E. coli dataset. The
majority of predictions were of no-infection, consistent with distributions observed in the
experimental dataset (A). The proportion of true-positives (TP) and true-negatives (TN) increases
as confidence scores move away from 0.5 classification threshold (B). Prediction bias compared
to true infection rates show a negative correlation in strains (C) and a positive correlation in

phages (D).
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Supplementary Figure 29. Impact of strain characteristics on prediction performance. The
relationship between strain susceptibility (number of infecting phages) and strain-level MCC (left)
and phylogenetic isolation based on concatenated marker gene alignments and strain-level MCC
(right) were evaluated for the E. coli (A / B), Klebiella-1 (C/ D), Klebiella-2 (E / F), and Pseudomonas
(G / H) datasets.
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Supplementary Figure 30. Impact of phage characteristics on prediction performance. The
relationship between phage infectivity (number of infected strains) and phage-level MCC (left)
and phylogenetic isolation based on proteomic equivalence (PEG) and phage -level MCC (right)
were evaluated for the E. coli (A / B), Klebiella-1 (C / D), Klebiella-2 (E / F), and Pseudomonas (G /
H) datasets.
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Supplementary Figure 31. Predictive model performance and calibration curves. Column 1 shows
ROC (blue) and precision-recall (red) curves. Column 2 shows calibration curves comparing
predicted vs. observed infection rates for the E. coli (A), Klebiella-1 (B), Klebiella-2 (C),
Pseudomonas (D), and Vibrionaceae (E) datasets.
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Supplementary Figure 32. Comparing experimental and predicted interaction profiles. Jaccard
similarities between strain pairs and phage pairs based on their experimental interaction profiles
and compared these to model-predicted interaction similarities across 66,795 strain pairs (A) and
4,371 phage pairs (C), and between broadly susceptible strains (infected by >= 20 phages) (B) and
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Supplementary Figure 34. RB-TnSeq hits in E.
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shows E. coli ECOR27 genes (X-axis) with strong fitness effects when submitted to one of 19
phages (Y-axis). Color represents fitness scores with positive in green and negative in blue.
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Supplementary Figure 35. Mapping RB-TnSeq hits from E. coli ECOR27 to predictive features. The

heatmap shows fitness values associated with all RB-TnSeq hits with links predictive features in
E. coli ECOR27. The X-axis shows tested phages and the Y-axis gene names of RB-TnSeq hits
ordered by Shapley Additive exPlanations (SHAP) feature importances. SHAP values indicate

whether presence of a given feature (blue) or absence (orange) is associated with increased
likelihood of infection (SHAP value > 0) or decreased likelihood of infection (SHAP value < 0). The
colored bar shows relationship between RB-TnSeq hits and predictive features, including whether

the predictive feature in directly linked to the gene in question (dark brown), linked through a
neighborhood analysis (medium brown), or linked through STRING-DB (light brown). Gene names
on the far right show the annotation associated with the predictive feature.
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Supplementary Figure 36. Enrichment of RB-TnSeq hits in predictive features. Hypergeometric
distributions show the expected overlap in predictive and RB-TnSeqs given random sampling.
Dashed lines show observed overlap and associated p-values.
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Supplementary Figure 37. Classification of predictive features based on relevance to known
mediators of phage-host interactions. Proteins associated with predictive features were
annotated and classified into having a positive (green) or negative (purple) impact of phage-host
interactions across E. coli (A), Klebsiella-1 (B), and Klebsiella-2 (C) datasets.



