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Hidden suppressive interactions are
common in higher-order drug combinations

Natalie Ann Lozano-Huntelman,1 April Zhou,1,2 Elif Tekin,1 Mauricio Cruz-Loya,2 Bjørn Østman,1 Sada Boyd,1

Van M. Savage,1,2,3 and Pamela Yeh1,3,4,*

SUMMARY

The rapid increase of multi-drug resistant bacteria has led to a greater emphasis
on multi-drug combination treatments. However, some combinations can be sup-
pressive—that is, bacteria grow faster in some drug combinations than when
treated with a single drug. Typically, when studying interactions, the overall ef-
fect of the combination is only compared with the single-drug effects. However,
doing so could miss ‘‘hidden’’ cases of suppression, which occur when the highest
order is suppressive comparedwith a lower-order combination but not to a single
drug.We examined an extensive dataset of 5-drug combinations and all lower-or-
der—single, 2-, 3-, and 4-drug—combinations. We found that a majority of all
combinations—54%—contain hidden suppression. Examining hidden interactions
is critical to understanding the architecture of higher-order interactions and can
substantially affect our understanding and predictions of the evolution of anti-
biotic resistance under multi-drug treatments.

INTRODUCTION

As the numbers of multi-drug resistant bacteria continue to increase globally (Bloom et al., 2018; Chokshi

et al., 2019; Povolo and Ackermann, 2019), there has been a greater emphasis on multi-drug treatments

(Fischbach, 2011; Rieg et al., 2018; Liu et al., 2020). Two or more drugs interact in three main ways: addi-

tively, synergistically, or antagonistically. Additive combinations are when no interaction between drugs

occurs; the combined effect is as expected, assuming each drug is acting independently (Bliss, 1939). A syn-

ergistic interaction occurs when two drugs work better than expected based on each single drug’s effects,

resulting in decreased bacterial fitness. An antagonistic interaction occurs when two drugs are less effec-

tive at killing bacteria in combination than expected based on each single drug’s effects (Box 1).

The most extreme form of antagonism, termed suppression, occurs when bacterial growth increases with a

combination of stressors rather than one single stressor alone (Yeh et al., 2006; Chait et al., 2007). This phe-

nomenon was first described over a century ago when Fraser (1870) showed that two different toxins if

administered by themselves would normally kill a rabbit but combined would keep the rabbit alive. Fraser

termed this ‘‘physiological antidote’’ to indicate that this was not the result of a chemical interaction of the

two toxins but rather an interaction of the two chemicals’ effects on the physiology of the organism (Fraser,

1870, 1872a, 1872b).

However, for over a century, the idea of one drug being an antidote for another was mostly ignored. More

recently, in the last decade and a half, there has been a renewed interest in this phenomenon of suppres-

sion (Yeh et al., 2006; Chait et al., 2007; Cokol et al., 2014; de Vos and Bollenbach, 2014; Bollenbach, 2015;

Singh and Yeh, 2017; Luka�ci�sin and Bollenbach, 2019; Tyers and Wright, 2019; Dean et al., 2020). Suppres-

sion was first defined in terms of antibiotic interactions when a systematic study of 2-drug interactions in 21

antibiotics was conducted, and approximately 10% of all interactions fell into the category of suppression

(Yeh et al., 2006). Since then, there has been significant newwork published on suppressive interactions and

their effects on the evolution of resistance, their mechanisms, and their prevalence.

Multiple advances have been made in the conceptual and experimental tools used to identify drug inter-

actions that have yielded intriguing results about suppressive interactions (Yeh et al., 2006; Toprak et al.,

2013; Cokol et al., 2014; Tekin et al., 2016; Katzir et al., 2019; Luka�ci�sin and Bollenbach, 2019). For example,

suppressive interactions have been shown to favor wild type (i.e., drug-sensitive strains) over drug-resistant
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strains in direct competition in vitro. This suggests that suppressive drug combinations could be used to

make levels of drug resistance lower in a bacteria population by decreasing the evolutionary fitness of

high-resistant strains (Chait et al., 2007). Other studies have shown that suppressive drug combinations

could both decrease the rate at which bacteria adapt and evolve resistance to drugs in combination

(Hegreness et al., 2008), as well as decrease the likelihood that resistance evolves from spontaneous mu-

tations (Michel et al., 2008). In addition, mechanisms of suppression are being elucidated. The first mech-

anism for suppression identified was the nonoptimal regulation of the ribosome, which drives the suppres-

sive nature of protein and DNA synthesis inhibitors (Bollenbach et al., 2009). Chaperone deletions can also

consistently promote suppressive interactions between chloramphenicol-nitrofurantoin and trimethoprim-

mecillinam (Chevereau and Bollenbach, 2015).

Even with this renewed focus on suppression, there has been a bias against publishing antagonistic and

suppressive interactions (Singh and Yeh, 2017). The few papers that have looked for suppressive

Box 1. Definitions of important terms used

COMBINATION TYPES

Higher-order combination: a drug combination of three or more drugs

Lower-order combination: a drug combination consisting of a smaller number of drugs that are included within a

higher-order combination; in a 5-drug combination all combinations with four of those drugs, all combinations with

three of those drugs, and all combinations of two of those drugs within the 5-drug combination are considered to be a

lower-order combination to that specific 5-drug combination

DRUG INTERACTIONS

Additive interaction: no interaction between drugs; under Bliss independence, the combined effect is as expected

assuming each drug is acting independently (Bliss, 1939)

Synergistic interaction: interaction between drugs is stronger than expected; drugs in combination are more effective

at inhibiting growth than expected under the additive model

Antagonistic interaction: interaction between drugs is weaker than expected; drugs in combination are less effective

at inhibiting growth than expected under the additive model

Suppressive interaction: interaction between drugs results in increased bacterial growth compared with the effects of

fewer numbers of drugs; drugs in combination are not only less effective at inhibiting growth than expected under the

additive model but also increases growth compared with lower-order combinations or single drugs

Net suppression: a suppressive interaction that occurs between the combination of drugs and the single-drug effects;

there is greater bacterial growth when exposed to a drug combination than when exposed to a single drug

Emergent suppression: a suppressive interaction that occurs solely because all drugs are present in the combination

Hidden suppression: a suppressive interaction that occurs between the combination of drugs and a lower-order

combination

OTHER USEFUL TERMS

Full-factorial: a dataset that examines higher-order combinations with all their possible lower-order combinations,

single-drug effects, along with positive and negative controls. For example, the full-factorial dataset for a single

5-drug combination includes the effects of the 5-drug combination as well as all possible 4-, 3-, and 2-drug combi-

nations of those five drugs, all single drugs, positive controls, and negative controls.

Structure: the way to describe where interactions (net and hidden) occur within a combination

Path: a unique heterarchical grouping containing one representative of each of all the lower-order combinations within

the highest-order combination

Nesting: a special type of structure where suppressive interactions occur when an N-drug combination is suppressive

to an (N-1)-drug combination and (N-1)-drug combination is suppressive to an (N-2)-drug combination, which is

suppressive to an (N-3)-drug combination; this nesting can continue until you compare a 2-drug combination with a

single drug.
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interactions have found that the amount of suppression varied to some degree but is consistently present in

a proportion of drug combinations screened. In drug pairs, the amount of suppression ranges from 5% to

17%. Yeh et al. (2006) reported 8% of the combinations were suppressive. Cokol et al. (2014) reported that

17% were found to be suppressive. This has been considered to be a conservative estimation because the

dataset was initially created to identify synergistic combinations (Cokol et al., 2011). Beppler et al. (2017)

reported 5% of the 2-drug combinations examined were suppressive. In studies examining higher-order

(more than two) drug combinations, suppression rates varied, 3% was observed in Beppler et al. (2017)

and 8% was observed in Tekin et al. (2018).

Suppressive interactions in 2-drug combinations are straightforward to identify: bacteria grow better in the

presence of two drugs together compared with at least one of the single drugs (Figure 1). Suppressive in-

teractions can also occur in higher-order drug combinations (Figure 1). For example, in a 5-drug combina-

tion, five drugs together could have less of an effect than four drugs, or they could have less of an effect

than three drugs, two drugs, or a single drug. Also, a 4-drug subset from that five-drug combination could

be suppressive to a 3-drug or 2-drug combination, or suppressive to a single drug.

Most studies examine interactions based on deviations from single-drug effects—termed ‘‘net suppres-

sion’’ (Box 1). This means the interaction of all the drugs in the combination is determined based only

on the comparison with all the single-drug effects (Cokol et al., 2011; Stergiopoulou et al., 2011; Otto-Han-

son et al., 2013; Tekin et al., 2017; Katzir et al., 2019). Some studies have also examined emergent interac-

tions and have identified ‘‘emergent suppression’’ (Box 1) or that the effects only from all drugs being in

combination are actually suppressive effects (Beppler et al., 2016, 2017; Tekin et al., 2016, 2017, 2018). In

Figure 1. Antibiotic interactions in 2-drug and 3-drug combinations

Hatched bars represent growth in a no-drug environment; black bars represent the fitness of bacteria treated with a single antibiotic. Light gray bars

represent the fitness of additive drug interactions, synergistic interactions are in red, antagonistic interactions are in green, and suppressive interactions are

in teal. Note that the 2-drug combinations do not need to have the same net interaction type for a 3-drug combination to have a particular net interaction.

Suppressive interactions are an extreme form of antagonism: notice that the bacteria treated with the suppressive drug combination has a higher fitness than

the single drugs. Importantly, suppressive interactions can be hidden: this occurs when the highest-order combination has higher fitness than a lower-order

combination but it does not have higher fitness than any of the single drugs. Thus, hidden suppression can only occur in a combination of 3 or more drugs.

Also, note that bacteria treated with the 3-drug combination with hidden suppression has a higher fitness compared with any of the 2-drug combinations but

not one of the single drugs.
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some instances, a suppressive interaction occurs due to suppression relative to a lower-order non-single-

drug rather than a single drug; these interactions are termed ‘‘hidden’’ (Beppler et al., 2017; Tekin et al.,

2018) (Figure 1). The term ‘‘hidden’’ is used because without examining the lower-order, non-single-drug

effects we would never realize there was a suppressive effect (Beppler et al., 2017). For example, when

examining a 3-drug combination’s effect on bacteria, the interaction of the 3-drug combination is typically

compared only with the single-drug effects. Often and not surprisingly, there is increased killing in the

3-drug combination compared with treatment with just one drug. However, the ‘‘hidden’’ part of the inter-

action comes from the fact that the 3-drug combination could do a worse job at killing bacteria than a sub-

set using two of the three drugs (Figure 1, Box 1). Thus, the phenomenon of hidden interactions means that

lower-order combinations are an important part of determining the interaction type of drug combinations.

Why do hidden interactions matter, and why does understanding the structure of these interactions mat-

ter? There are important consequences of interactions fromboth the basic science and the clinical perspec-

tives. From an evolutionary perspective, interactions play an important role in the ecological and evolu-

tionary trajectories of populations. Hidden suppressive interactions are typically not seen in a traditional

examination of drug combinations. Considering these hidden interactions would substantially alter the

topography of a fitness landscape.

Fitness landscapes are the visualization of the relationships between factors such as stressors or genetic

mutations and their effects on fitness (Wright, 1932, 1988). The highest peak in the fitness landscape is

the most optimal combination for the bacteria to grow. Although multiple peaks may indicate that there

are multiple good combinations of environments for the bacteria to grow, they also create valleys that

can be difficult for populations to cross because an individual with intermediate traits or environments be-

tween peaks will face an overall decrease in fitness (Figure 2).

From a clinical perspective, using combinations that have hidden suppressive interactions could change

the efficacy of a treatment: finding optimal combinations could be thrown off-course by hidden interac-

tions. Understanding the structure and patterns of hidden interactions could therefore be important

from both evolutionary and clinical perspectives.

However, studying hidden interactions has been difficult for two primary reasons: first, logistically, there has

been substantial difficulty in obtaining full-factorial, higher-order drug interaction measurements. To

obtain the full-factorial, growth measurements for all single and all lower-order subsets of drug combina-

tions need to be determined. For example, the full-factorial for a single 5-drug combination includes one

5-drug combination, five 4-drug combinations, ten 3-drug combinations, ten 2-drug combinations, five sin-

gle drugs alone, and a no-drug control. To obtain data from many full-factorial higher-order combinations

has historically been challenging. Second, understanding conceptually and theoretically how to quantify

interactions of higher-order drug combinations has been difficult. The logistic difficulty has been alleviated

by automated robotics that can handle thousands of measurements in parallel, allowing focused questions

that rely on large quantities of measurements. From the conceptual side, we can now accurately categorize

the properties of the combination and the interactions, including emergent properties (such as emergent

interactions and hidden suppression) (Beppler et al., 2016; Tekin et al., 2016, 2017, 2018). Emergent

Figure 2. An illustration of the fitness landscapes and the importance of ruggedness in evolutionary trajectories

(A) A smooth landscape only has one peak. As a population evolves to an environment there is always a path that leads to

the optimum set of traits resulting in the highest possible fitness.

(B) In a rugged landscape, multiple peaks and valleys make evolving to the highest fitness not as straightforward as in a

smooth landscape. Populations may have to cross a valley, which means (1) a loss of fitness must first occur before a net

increase in fitness, (2) the population can become stuck at a local peak rather than evolve and ascend to the global peak,

or (3) the population must make a jump from one peak to the next. Without the lower-order interactions, we may miss key

details of intermediate peaks and valleys in the fitness landscape.
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properties are only found in higher-order combinations and are solely because the combination is higher

order, that is, the interaction occurs only due to all drugs combining and not due to lower-ordered

combinations.

Here we propose a systematic examination of the structure of suppressive interactions (net, emergent, and

hidden) in higher-order drug combinations. Specifically, we ask (1) how prevalent are hidden suppressive

interactions? (2) What is the structure of a suppressive interaction: are they likely to be suppressive to the

next lower-order combination? For example, do we primarily see a 5-drug combination that is suppressive

relative to a 4-drug combination, or are there larger jumps in suppression, for example, a 5-drug combina-

tion that is suppressive relative to a 2-drug combination? Or is suppression likely to be nested—that is, if a

5-drug combination is suppressive, is it likely to be suppressive to 4-drug and 3-drug subsets within the 5-

drug combination? (3) Lastly, are some antibiotics or main mechanism of actions more likely to be involved

in general suppressive interactions?

RESULTS

We re-examined the dataset collected and published in Tekin et al. (2018) to examine the presence and

patterns of suppressive interactions (both hidden and net) within these combinations. A summary of

methods used in Tekin et al. (2018) is provided in the Transparent methods section of the supplemental

information. We compared the fitness of the highest-order interaction with all lower-order interactions,

to determine if hidden suppression was present within the combination. This information was then exam-

ined through the use of paths. A path is a unique heterarchical grouping containing one representative of

each of all the lower-order combinations within the highest-order combination (Figure 3). We use these

paths to identify what suppressive interactions occur within a combination and to detect nesting of hidden

suppression. That is, for example, ‘‘full’’ nesting occurs in a 5-drug combination when the 5-drug

A B

Figure 3. The paths for a 4-drug and a 5-drug combination consisting of drugs A, B, C, D, and E

(A) All 24 possible paths are shown for a 4-drug combination.

(B) All 120 possible paths are shown for a 5-drug combination. For both the 4-drug (A) and 5-drug (B) combinations, a single path is shown in a bold line with

the highest-order combination and each lower-order combination highlighted in gray. This single path represents a unique set of drugs, one at each level of

combinations (4-drug, 3-drug, 2-drug, and a single drug), allowing for an assessment of any nesting. For this example, nested hidden suppression occurs

when the 5-drug combination is suppressive to the 4-drug, the 4-drug combination is suppressive to a 3-drug combination, and the 3-drug combination is

then suppressive to a 2-drug combination. And, if appropriate, the 2-drug combination is suppressive to the single-drug effects (this is only considered if the

combination is net suppressive). If this is true for all paths the combination is considered to be fully nested. If this is only observed in some paths the

combination is considered to be partially nested.
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combination (A + B + C + D + E) is suppressive to a 4-drug combination (A + B + D + E) and that 4-drug

combination is suppressive to a 3-drug combination (A + D + E), which is then suppressive to a 2-drug com-

bination (A + D). Analyzing paths will enable us to understand the structure of the interactions—deter-

mining which comparisons between a specific lower-order combination and the highest-order combina-

tion are suppressive (Box 1). For a fuller description of the rationale behind the use of paths, please see

the transparent methods section of the supplemental information. Please note that when referring to a sin-

gle drug the full name of the antibiotic is written out, and when referring to a combination as a single entity

the abbreviations of the drugs (Table 1) within the combination are used. For example, a combination con-

taining the drugs ampicillin, fusidic acid, and streptomycin is listed as AMP + FUS + STR.

The prevalence of hidden suppression

Nearly all higher-order combinations of unique drugs had at least one dose that produced a hidden sup-

pressive interaction. Out of all the possible 182 higher-order drug combinations (fifty-six 3-drug

combinations + seventy 4-drug combinations + fifty-six 5-drug combinations) only five (four 3-drug combi-

nations and one 5-drug combination) had no unique dose that had hidden suppression: AMP + FUS + ERY,

AMP + FOX + FUS, FOX +CRP + FUS, STR + FOX + FUS, and TMP + STR + FUS +DOX. Among all 20,790 of

unique drug-dose combinations studied, suppressive interactions are observed in 54% (11,302) of combi-

nations.With only 17% (3,534) of the total combinations identified as net suppressive (Tekin et al., 2018), the

remaining 7,768 combinations with suppressive interactions only contain hidden suppressive interactions.

By solely considering the highest-order combination and the single-drug effects, 69% of the combinations

with suppressive interactions would not be identified (i.e., 7,768 out of 11,302). As the number of drugs in a

unique drug dosage combination increases so does the percentage of combinations with hidden suppres-

sion: 33% of the 3-drug combinations, 48% of the 4-drug combinations, and 59% of the 5-drugs combina-

tions had hidden suppression (Figure 4).

Table 1. A list of the names, concentrations, main mechanism of action, mean relative growth compared with a no-

drug control, and the abbreviation of the antibiotics used in this study

Name (Abbreviation)

Main Mechanism

of Action

Concentration

(mM)

Relative

Growth (%)

Standard

Error (%)

Ampicillin (AMP) Cell wall 1–2.89

2–2.52

3–1.87

1–77.43

2–86.01

3–87.06

1–3.05

2–1.74

3–2.42

Cefoxitin sodium salt (FOX) Cell wall 1–1.78

2–1.37

3–0.78

1–83.46

2–92.13

3–93.33

1–4.73

2–2.58

3–1.81

Trimethoprim (TMP) Folic acid biosynthesis 1–0.22

2–0.15

3–0.07

1–79.59

2–74.63

3–68.20

1–3.89

2–4.26

3–3.93

Ciprofloxacin hydrochloride (CPR) DNA gyrase 1–0.03

2–0.02

3–0.01

1–92.14

2–92.14

3–91.06

1–1.69

2–2.40

3–2.17

Streptomycin (STR) Aminoglycoside

Ribosome, 30S

1–19.04

2–16.6

3–12.25

1–81.10

2–90.77

3–83.53

1–6.50

2–1.37

3–4.30

Doxycycline hyclate (DOX) Ribosome, 50S 1–0.35

2–0.27

3–0.15

1–75.15

2–76.53

3–70.01

1–5.51

2–5.13

3–4.73

Erythromycin (ERY) Ribosome, 50S 1–16.62

2–8.29

3–1.78

1–84.25

2–84.29

3–79.63

1–5.77

2–5.60

3–5.91

Fusidic acid sodium salt (FUS) Ribosome, 30S 1–94.42

2–71.01

3–37.85

1–82.31

2–78.82

3–82.62

1–2.51

2–2.83

3–2.47
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In cases where the net interaction is synergistic or additive, hidden suppression can still occur when the

highest-order combination is compared with a lower-order combination (Figures 1, S1, and S2). Impor-

tantly, for a combination to contain hidden suppression, it is not dependent on the interaction type based

on comparing the fitness values to the single drugs alone. For instance, a synergistic 4-drug combination

that results in 20% relative fitness compared with no-drug environments can have a lower-order synergistic

2-drug combination that results in 10% relative fitness. This example then also has hidden suppression

because the 4-drug combination results in more bacterial growth than the lower-order 2-drug combination

but is still below the additive effects of the single drugs (Figure 1). Net additive combinations had hidden

suppression in 27% of 3-drug combinations, 40% in 4-drug combinations, and 67% in 5-drug combinations

(Figure 5). In net synergistic combinations, hidden suppression was found in 0% of 3-drug combinations, 7%

of 4-drug combinations, and 23% in 5-drug combinations (Figure 5). Hidden suppression in net antagonistic

combinations also increased as the number of drugs increased: 52% of 3-drug combinations, 71% of 4-drug

combinations, and 72% in 5-drug combinations. In contrast, combinations that are net suppressive showed

a decrease in the amount of hidden suppression as the number of drugs increased: 96% of 3-drug combi-

nations, 92% of 4-drug combinations, and 88% in 5-drug combinations. These trends—the increase in the

amounts of hidden suppression in synergistic, additive, and antagonistic with the increase in the number of

drugs and the decrease in hidden suppression with the increase in the number of drugs among the sup-

pressive interactions—are also observed when examining emergent interactions (Figure 5).

The structure of hidden suppression

When addressing the structure of hidden suppression, it is important to recognize that in each drug com-

bination multiple lower-order interactions are occurring. For example, in a 3-drug combination, there are

three unique 2-drug combinations within it. Using the same framework, in a 5-drug combination there are

ten unique 2-drug combinations, ten unique 3-drug combinations, and five unique 4-drug combinations.

This results in a total of 25 possible hidden interactions. Combinations that contain hidden suppressive in-

teractions can have suppressive interactions with one of the 25 possibilities, all of them, or any amount in

between.

The highest-order combination has N drugs and is compared with all of the lower-order combinations to

see where hidden suppression took place (Table 2). When comparing net suppressive combinations and

those that only have hidden suppression, there are more instances of hidden suppression in combinations

that are net suppressive no matter the number of drugs in the lower-order combination (Table 2, Figure 6).

For example, in a 4-drug combination, there is suppression to the 3-drug combinations in 71% in net sup-

pressive combinations, whereas in combinations with only hidden suppression it was only observed 60% of

the time. Combinations that are net suppressive also have the highest amounts of hidden suppression

occurring between all possible lower-order combinations (Figure 6). For example, in a 5-drug combination,

there are a total of ten possible 2-drug combinations. In net suppressive 5-drug combinations, hidden sup-

pression occurs between the highest-order combination and all possible 2-drug combinations roughly 60%

of the time. This occurs in less than 20% of 5-drug combinations that only have hidden suppression. This

Figure 4. Hidden suppression is present in a majority of higher-order combinations

Hidden suppression was found in all levels examined—3-drug, 4-drug, and 5-drug combinations. The amount of hidden

suppression increases as the number of drug increases.
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trend, of hidden suppression being more common in net suppressive combinations than only hidden sup-

pression combinations, can be observed no matter how many drugs are in the highest-order combination

or the number of drugs in the lower-order combination it is being compared to. It also strengthens as the

number of drugs in the highest-order combination increases. Figure 6 compares the amounts of hidden

A

B

Figure 5. The distributions and relative proportion of hidden suppression for each interaction type for net

(A) and emergent (B) interactions for 3-, 4-, and 5- drug combinations. The proportion of combinations with hidden

suppression (HS) of suppressive interactions (teal) decreases as the number of drugs in a combination increases. The

percentage written inside the darker shades of the bars represents the proportion of combinations with hidden

suppression present in that specific interaction type. The y axis is the percentage of each interaction type within the

designated level of the drug combination, showing the overall distribution of net or emergent interactions. For example,

in (A) the net suppressive 4-drug combinations, 92% of the combinations have hidden suppression within them. As the

number of drugs increases, the amount of hidden suppression within additive, synergistic, and antagonistic combinations

also increase.

Table 2. Net suppressive combinations have more hidden suppression than combinations that are not net

suppressive

Hidden Suppression Found Between Hidden Suppression Only (%) Net Suppression (%)

5-Drugs versus 4-drugs 53 80

5-Drugs versus 3-drugs 41 79

5-Drugs versus 2-drugs 40 80

4-Drugs versus 3-drugs 60 71

4-Drugs versus 2-drugs 61 75

3-Drugs versus 2-drugs 76% 77%
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suppression in net suppressive combinations and only hidden suppression combinations. Overall, the dif-

ference between net suppressive combinations and only hidden suppression combinations is smaller in

3-drug combinations than in 5-drug combinations. This is especially true when observing if there is hidden

suppression for all possible options of N-drugs in a lower-order combination.

For net suppressive combinations, full nesting—when fitness at any order is greater than the fitness of the

next lower-order combination in all paths including single-drug effects—was only observed in the 3-drug

and 4-drug combinations. A majority of net suppressive combinations were considered to have net sup-

pression, wherein at least one path, the fitness at any order must be greater than the fitness of all lower-

orders (defined in the transparent methods, Table S1) (Figure S3). When examining the potential nesting

of non-net suppressive combination, single-drug effects do not need to be considered because by defini-

tion there would be no suppression to the single drugs. All net synergistic combinations only contain hid-

den suppression that does not fall into any special case.

Likelihood of specific drugs or mechanisms of action involved in suppressive interactions

We used logistic regressions to determine if any drug or the main mechanism of action may have a positive

association with general suppressive interactions (hidden and net). The presence of trimethoprim alone

was found to be significantly positively associated with suppressive interactions for 3-drug, 4-drug, and

5-drug combinations (Tables 3, S2, and S6). Ciprofloxacin, doxycycline, and erythromycin only had a signif-

icant positive association with suppressive interactions in 4-drug and 5-drug combinations (Tables S2 and

S6). The presence of trimethoprim increased the odds of a 3-drug, 4-drug, and 5-drug combination being

suppressive by roughly 2-fold (p < 0.001). The combined presence of ciprofloxacin and trimethoprim

(CPR + TMP) and cefoxitin and trimethoprim (FOX + TMP) were also found to significantly increase the

Figure 6. Hidden suppressive interactions occur more frequently within net suppressive combinations rather

than within non-net suppressive combinations

The amounts of hidden suppression are shown out of the total number of lower-ordered combinations within a single

higher-order combination that is either net suppressive (teal) or has some instances of hidden suppression (gray).
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probability of finding suppressive interactions in 3-drug, 4-drug, and 5-drug combinations (p < 0.001) (Ta-

bles 4, S3, and S7). The combined presence of ampicillin and ciprofloxacin, ciprofloxacin and erythromycin,

doxycycline and cefoxitin, and erythromycin and trimethoprim had a positive association with suppressive

interactions for 4-drug and 5-drug combinations (p < 0.001) (Tables S3 and S7).

When considering themainmechanism of action rather than individual antibiotics, the presence of the anti-

biotic acting on folic acid biosynthesis (trimethoprim) was found to be significantly positively associated

with suppressive interactions (p < 0.01) in 3-drug, 4-drug, and 5-drug combinations (Tables 5, S4, and

S8). There were only two positive associations that occur across all levels of higher-order drug combina-

tions (i.e., 3-drugs, 4-drug, and 5-drug combinations): they are with the antibiotic acting on folic acid

biosynthesis, trimethoprim, alone (p < 0.0001) and the combination of two main mechanism of actions—

folic acid biosynthesis and the DNA gyrase (p < 0.001) (Tables 6, S5, and S9). The probability of a combi-

nation having suppressive interactions decreases with the presence of an antibiotic acting on the 30S ribo-

somal subunit alone in the 3-drug, 4-drug, and 5-drug combinations (p < 0.0001) (Tables 5, S4, and S8).

DISCUSSION

Although it was previously reported that higher-order drug combinations had a substantial amount of sup-

pressive interactions (14% in Beppler et al. (2017) and 8% in Tekin et al. (2018)), there has been no further

work on understanding the patterns and prevalence of higher-order suppressive interactions, particularly

hidden interactions. The idea of hidden suppressive interactions was first introduced by Beppler and col-

leagues several years ago (Beppler et al., 2017). New technologies are now allowing rapid detection of sup-

pressive interactions using both very small volumes of bacterial culture and antibiotic combinations (<1uL)

and very short time frames of several hours (Cokol et al., 2011, 2014; Churski et al., 2012). New conceptual

advances allow us to examine higher-order interactions and emergent properties of drug combinations

(Beppler et al., 2016; Tekin et al., 2016; Katzir et al., 2019; Luka�ci�sin and Bollenbach, 2019). Because of

this, suppressive interactions have received more focus recently (see review Singh and Yeh (2017)). We

have shown that even with recent advancements and interest in suppression, one can severely underesti-

mate the number of suppressive interactions by not considering hidden suppression.

When examining hidden suppression, increasing the number of drugs in a combination also increases the

number of possible lower-order combinations, thus possibly increasing the total number of combinations

with hidden suppression interaction. When we look at the overall percentage of combinations with hidden

suppression, this value steadily increases from 33% to 48%–59% as the number of drugs increases (Figure 4).

This would explain the trends we see in Figure 5 for synergistic, additive, and antagonistic combinations.

However, this does not offer a viable explanation for the negative correlation between the amount of hid-

den suppression and the number of drugs in a combination of net and emergent suppressive

combinations.

Table 3. Logistic regression of a single drug with 3-drug combinations with some levels of suppressive interactions

(hidden and net)

Term Coefficient

Confidence

Interval

p Value Odds Ratio Probability (%)0.30% 99.70%

AMP �0.416 �0.720 �0.117 1.58E-04 0.660 40

CPR 0.019 �0.277 0.311 0.863 1.019 50

DOX 0.096 �0.198 0.388 0.371 1.100 52

ERY �0.112 �0.409 0.183 0.302 0.894 47

FOX �0.085 �0.382 0.208 0.429 0.918 48

FUS �0.868 �1.185 �0.560 2.96E-14 0.420 30

STR �1.684 �2.053 �1.337 5.02E-38 0.186 16

TMP 0.729 0.443 1.018 3.75E-12 2.074 67

AIC: 1678.2 Bonferroni- corrected a: 0.00625 Degrees of Freedom: 1512

Terms in bold have a significant positive association with suppressive interactions.
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In 2-drug combinations, it has been shown that a combination of DNA synthesis inhibitors and protein syn-

thesis inhibitors has higher amounts of suppression (Yeh et al., 2006; Chait et al., 2007; Bollenbach et al.,

2009). Thus, we expected that we might find some drugs or main mechanisms of actions more consistently

involved in suppressive interactions, and this was indeed the case. We have shown that there is a significant

positive association with suppressive interactions and interference with the 50S ribosomal subunit in com-

bination with a DNA gyrase in 4-drug combinations and a significant positive association with suppressive

interactions and interference with the 30S ribosomal subunit in combination with a DNA gyrase in 5-drug

combinations. These findings are supported by the one suppressive mechanism that is very well under-

stood (Bollenbach et al. (2009).

The main mechanism of action is one way that antibiotics are commonly grouped. We expected to see

similar patterns of association between the logistic regressions based on specific drugs and the main

mechanism of actions. We observe this similarity with the main mechanism of actions affecting folic acid

biosynthesis trimethoprim, affecting the 50S ribosomal subunit—doxycycline and erythromycin and

Table 4. Logistic regression of pairwise drugs with 3-drug combinations with some levels of suppressive

interactions (hidden and net)

Term Coefficient

Confidence

Interval

p Value Odds Ratio Probability (%)0.10% 99.90%

AMP + CPR 0.126 �0.576 0.817 0.571 1.134 53

AMP + DOX 0.252 �0.379 0.877 0.208 1.287 56

AMP + ERY �0.778 �1.498 �0.097 4.95E-04 0.460 31

AMP + FOX �0.524 �1.291 0.212 0.029 0.592 37

AMP + FUS �1.671 �2.593 �0.861 1.27E-09 0.188 16

AMP + STR �1.432 �2.477 �0.559 2.23E-06 0.239 19

AMP + TMP 0.953 0.305 1.627 6.08E-06 2.594 72

CPR + DOX 0.159 �0.439 0.753 0.403 1.172 54

CPR + ERY �0.208 �0.836 0.406 0.294 0.812 45

CPR + FOX �0.857 �1.565 �0.182 1.01E-04 0.425 30

CPR + FUS �0.307 �1.008 0.359 0.159 0.736 42

CPR + STR �0.755 �1.561 �0.027 1.94E-03 0.470 32

CPR + TMP 0.739 0.122 1.379 2.25E-04 2.094 68

DOX + ERY �0.189 �0.798 0.407 0.326 0.828 45

DOX + FOX 0.570 �0.039 1.185 3.51E-03 1.768 64

DOX + FUS 0.388 �0.238 1.002 0.050 1.474 60

DOX + STR �0.939 �1.783 �0.186 2.10E-04 0.391 28

DOX + TMP �1.044 �1.685 �0.420 2.31E-07 0.352 26

ERY + FOX 0.182 �0.485 0.846 0.392 1.199 55

ERY + FUS �0.775 �1.498 �0.101 4.93E-04 0.461 32

ERY + STR 0.030 �0.682 0.699 0.890 1.031 51

ERY + TMP 0.464 �0.155 1.094 0.020 1.590 61

FOX + FUS �0.848 �1.632 �0.122 4.23E-04 0.428 30

FOX + STR �1.607 �2.635 �0.740 8.27E-08 0.201 17

FOX + TMP 1.026 0.387 1.698 9.05E-07 2.790 74

FUS + STR �0.942 �1.924 �0.104 1.06E-03 0.390 28

FUS + TMP �0.058 �0.688 0.559 0.769 0.943 49

STR + TMP �0.978 �1.756 �0.259 4.08E-05 0.376 27

AIC: 1579.7 Bonferroni-corrected a: 0.00179 Degrees of Freedom: 1512

Terms in bold have a significant positive association with suppressive interactions.
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affecting DNA gyrase—ciprofloxacin. As previously described, the identification of DNA gyrases and pro-

tein synthesis can be expected to be positively associated with suppressive interactions. However, folic

acid biosynthesis interference is positively associated with suppressive interactions in all levels of drug

combinations (3-drug, 4-drug, and 5-drug combinations). We suggest that this cellular mechanism may

also be a mechanism for suppression and could be a fruitful avenue for future studies.

Hidden suppressive interactions can affect fitness landscapes, which means they ultimately could affect the

evolutionary trajectory of populations. For example, if we use a drug combination with a corresponding

fitness landscape based only on information from the single drugs and the 5-drug combination, we could

end up with a landscape topography that looks very different from a fitness landscape where we had infor-

mation from all lower-order drugs (Figure 7). This is not surprising because we have more information in the

latter than the former. Qualitatively, the fitness landscapes are similar, but there are quantitative differ-

ences (Sanchez-Gorostiaga et al., 2019). In contrast, in cases where hidden suppression is present, a land-

scape without the lower-order interaction information would look very different from a landscape with all

the lower-order interactions (Figures 7 and S4). Qualitatively, there are important differences between the

fitness landscape because there are local valleys and peaks that are present in the latter and not present in

the former. These valleys and peaks can affect how a population evolves and where it ends up (Østman

et al., 2011; Palmer et al., 2015; Bendixsen et al., 2017).

Within a specific drug pair, recent work has shown that the concentrations at which two drugs veer into sup-

pressive territory (from, for example, additivity) could be understood via a cost-benefit analysis. There is a

trade-off between a drug inducing resistance (good for the bacterial cell) and increasing toxicity (bad for

the bacterial cell), and this trade-off could explain why certain concentrations in one drug pair are suppres-

sive, whereas other concentrations exhibit different interaction types (Wood and Cluzel, 2012). Further-

more, with some exceptions, suppressive interactions, as with most interactions, are typically robust to ge-

netic mutations (Chevereau and Bollenbach, 2015).

Clinicians traditionally favor treatments with synergistic combinations, because it limits the number of an-

tibiotics prescribed to the patient limiting any potential adverse effects (Lepper and Dowling, 1951; French

et al., 1985; Sun et al., 2013; Arya et al., 2019), rather than treatment with suppressive combinations. This is

because by definition, using suppressive interactions means using higher drug concentrations to achieve

the same bacterial killing effect as drugs that are additive or synergistic. Thus, hidden suppressive interac-

tions are ones that could be confounding in the clinic. As more treatments move to higher-order combina-

tions of drugs (Mbuagbaw et al., 2016; Sun et al., 2016; Morimoto et al., 2018; Tsigelny, 2019), it becomes

critical to understand where suppressive interactions may be hidden, to avoid surprising and unwelcome

clinical outcomes. For example, as shown in Figure 7, if one were to use a combination of CPR + ERY +

STR + FUS + TMP and if we only compared the results of the five drugs together with all the single drugs

alone, we would think this was a potentially useful combination, in that killing efficiency seems to

increase relative to the five single drugs by themselves. But once we examine these in light of emergent

properties, what we see is that CPR + ERY + STR + FUS + TMP has a lower killing efficiency than CPR +

STR + FUS + TMP.

Table 5. Logistic regression of the main mechanism of actions with 3-drug combinations with some levels of

suppressive interactions (hidden and net)

Term Coefficient

Confidence

Interval

p Value Odds Ratio Probability (%)0.50% 99.50%

Cell wall �0.267 �0.517 �0.018 5.76E-03 0.765 43

Folic acid biosynthesis 0.742 0.470 1.017 2.74E-12 2.100 68

DNA gyrase 0.035 �0.246 0.314 0.747 1.036 51

Ribosome, 30S �1.462 �1.719 �1.212 5.36E-50 0.232 19

Ribosome, 50S 0.062 �0.188 0.312 0.524 1.064 52

AIC: 1716 Bonferroni-corrected a: 0.01 Degrees of Freedom: 1512

Terms in bold have a significant positive association with suppressive interactions.
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In conclusion, we show here that higher-order drug combinations exhibit a large number of suppressive

interactions, and these interactions are primarily hidden. That is, we would never know there was a suppres-

sive interaction if we only looked at the effects of the highest-order combinations and compared that with

all the single-drug effects. Uncovering hidden suppressive interactions could decrease surprises regarding

how populations evolve to drug combinations. At the same time, identifying hidden suppression can yield

valuable information about underlying reasons regarding which drug combinations could be useful and

which ones should be avoided.

Limitations of the study

Here we exemplify the need to consider hidden interactions and the possible implications of hidden sup-

pression. To do this we examined an extensive dataset and found intriguing results. However, ideally, addi-

tional data could be analyzed with an even larger group of drugs examined, allowing for multiple represen-

tatives from each antibiotic class and the main mechanism of actions. The dataset from Tekin et al. (2018)

used low levels of inhibition for each individual drug in an attempt to have detectable growth when anti-

biotics are used in 5-drug combinations. The low inhibition of each individual drug can affect the fraction

of net-suppressive interactions by narrowing the range of a suppressive interaction. But ultimately these

concentrations were chosen to avoid killing off the entire bacterial populations before a 5-drug combina-

tion could be examined. Finally, future studies of drug interactions can incorporate bootstrapping and

other methods to determine robustness of results.

Resource availability

Lead contact

Dr. Pamela Yeh, PhD holds the role of lead contact and can be reached at pamelayeh@ucla.edu

Materials availability

This study did not generate new unique reagents.

Data and code availability

All data and code has been made freely available via Mendeley Data (https://data.mendeley.com/

datasets/ts2hnd72yf/1).

Table 6. Logistic regression of the pairwise main mechanism of actions with 3-drug combinations with some levels of suppressive interactions

(hidden and net)

Term Coefficient

Confidence Interval

p Value Odds Ratio Probability (%)0.20% 99.80%

Cell wall + folic acid biosynthesis 1.016 0.548 1.495 5.52E-10 2.762 73

Cell wall + DNA gyrase �0.417 �0.949 0.096 0.021 0.659 40

Cell wall + ribosome, 30S �1.565 �2.050 �1.109 6.46E-22 0.209 17

Cell wall + ribosome, 50S 0.265 �0.114 0.645 0.044 1.303 57

Folic acid biosynthesis + DNA gyrase 0.742 0.175 1.326 1.90E-04 2.100 68

Folic acid biosynthesis + ribosome, 30S �0.304 �0.790 0.172 0.068 0.738 42

Folic acid biosynthesis + ribosome, 50S �0.522 �1.022 �0.038 2.10E-03 0.593 37

DNA gyrase + ribosome, ribosome, 30S �0.529 �1.082 �0.009 4.25E-03 0.589 37

DNA gyrase + ribosome, ribosome, 50S �0.039 �0.507 0.428 0.808 0.961 49

Ribosome, 30S + ribosome, 50S �0.160 �0.572 0.252 0.262 0.852 46

Cell wall + cell wall �0.584 �1.148 �0.044 2.18E-03 0.558 36

Ribosome, 30S + ribosome, 30S �1.565 �2.411 �0.857 3.93E-09 0.209 17

Ribosome, 50S + ribosome, 50S �0.402 �0.905 0.085 0.019 0.669 40

AIC: 1670.9 Bonferroni-corrected a: 0.0039 Degrees of Freedom: 1512

Terms in bold have a significant positive association with suppressive interactions.
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METHODS

All methods can be found in the accompanying transparent methods supplemental file.
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Figure 7. Fitness graphs show the importance of considering hidden interactions

Fitness graphs show similar information as a fitness landscape; they both help to visualize the relationships between

stressors or genetic mutations and their effects on fitness. However, fitness graphs can be more appropriate for discrete

data. Here we show fitness graphs of two synergistic 5-drug combinations (for abbreviations see Table 1). Drug

combination 1 has no hidden suppression (top), and drug combination 2 has hidden suppression (bottom). The left-hand

side shows the fitness graphs not considering the hidden suppression; notice how similar these two appear to be.

Although the figures on the right-hand side show the fitness graphs including the lower-order combinations, notice the

increase in ruggedness is due to the hidden suppressive interactions (the decrease in fitness at one of the 4-drug

combinations) in the bottom right. The edges in red highlight the paths involved in hidden suppression. For more

detailed information about these paths please see Figure S4.
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SI Figure 1. Examples from the data of antibiotic interactions in 2-drug and 3-drug combinations, 
Related to Figure 1. Combinations are listed above bar graphs for each example (for abbreviations see 
Table 1). Hatched bars represent growth in a no-drug environment, black bars represent the fitness of 
bacteria treated with a single antibiotic. Light gray bars represent the fitness of additive drug interactions, 
synergistic interactions are in red, antagonistic interactions are in green and suppressive interactions are 
in teal. Note that the 2-drug combinations do not need to have the same net interaction type for a 3-drug 
combination to have a particular net interaction. Suppressive interactions are an extreme form of 
antagonism: notice that the bacteria treated with the suppressive drug combination has a higher fitness 
than the single drugs. Importantly, suppressive interactions can also be hidden when the highest-order 
combination has higher fitness than a lower-order combination and not the single drugs. Thus, hidden 
suppression can only occur in a combination of 3 or more drugs. Also note, that bacteria treated with the 
3-drug combination with hidden suppression has a higher fitness compared to any of the 2-drug 
combinations but not one of the single drugs.   
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SI Figure 2. Hidden suppression can be within a net additive combination, Related to Figure 1. The 
bars in black show the effects of the single drugs. The grey bars on the left show the additive 
expectations given the single drug effects while the bar on the right shows the actual relative growth when 
exposed to the combination. The 2-drug combinations have varying interactions, combination AB is an 
antagonistic interaction (green bar), combination AC is an additive interaction so the expected grey bar is 
the same as the relative growth that is observed, and BC is a synergistic combination (red bar). Due to 
the nature of a hidden suppressive interaction, a net additive combination can have hidden suppressive 
interactions (3-drug combination in dark gray) as long as at least one of the lower-order interactions is 
synergistic (2-drug combination BC in red). Note that although the three-drug combination (dark gray) has 
the same value as the strictly additive case (light gray) it is considered to have hidden suppression 
because one of the lower-order 2-drug combinations is synergistic (red). This makes the 3-drug 
combination have higher fitness than the 2-drug lower-order combination. 
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SI Figure 3. Distribution of special cases of hidden suppression structure, Related to Figure 5. All 
net synergistic combinations only have hidden suppression that does not adhere to any special case. 3-
drug combinations were only tested for fully hidden suppression, hidden suppression, nested 
suppression, and partially suppressed, because all other special cases are trivial in a 3-drug combination. 
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SI Figure 4. Paths of example synergistic drug combination with hidden suppression, Related to 
Figure 7. All 120 paths for the combination CPR+ERY+STR+FUS+TMP (for abbreviations see Table 1). 
Paths highlighted in red with bold edges contain hidden suppression between the 5-drug combination and 
the 4-drug combination CPR+STR+FUS+TMP (shaded in grey). These highlighted paths are the same 
paths shown in Figure 7.  
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Supplemental Tables 
 
SI Table 1. Special Case Definitions, Related to Figure 3. A description of each special case definition 
for both net suppressive interactions and not net suppressive interactions. 

Net Suppression Classification 
(𝑫𝑨𝐍 > 𝟏. 𝟑) 

Hidden Suppression Classification 
*𝒘𝐍 𝒘𝐦𝐢𝐧	𝐨𝐟	𝐥𝐨𝐰𝐞𝐫	𝐨𝐫𝐝𝐞𝐫𝐬8 > 𝟏. 𝟑9 

Special Case  Definition  Special	Case	 Definition 

Fully Nested 
Suppression 

In all paths, fitness at any 
order must be greater 
than the fitness of all 
lower-orders. 

Fully Nested Hidden 
Suppression 

In all paths, fitness at any 
order must be greater 
than the fitness of all 
lower-orders, excluding 
the single drugs. 

Partially Nested 
Suppression 

In at least one path, 
fitness at any order must 
be greater than the 
fitness of all lower-orders. 

Partially Nested 
Hidden Suppression 

In at least one path, 
fitness at any order must 
be greater than the 
fitness of all lower-
orders, excluding the 
single drugs. 

Fully Suppressed 

In all paths, fitness at the 
highest-order(𝑤D) is 
greater than the fitness of 
all lower-orders. 

Fully Hidden 
Suppression 

In all paths, fitness at the 
highest-order(𝑤D) is 
greater than the fitness of 
all lower-orders, 
excluding the single 
drugs. 

Partially Suppressed 

Only some paths have 
the highest-order(𝑤D) 
fitness greater than all 
lower-order fitness. 

Partially Hidden 
Suppression 

Only some paths have 
the highest-order(𝑤D) 
fitness greater than all 
lower-order fitness, 
excluding the single 
drugs. 

Suppressive 
Interaction with 
Hidden Suppression 

The highest-order 
combination does not 
fulfill any other conditions 
but still has at least one 
hidden suppressive 
interaction.  

Hidden Suppressive 
Interaction 

The highest-order 
combination does not 
fulfill any above 
conditions, but still has 
an element of hidden 
suppression. 

No Hidden 
Suppression 

No paths have the 
highest-order(𝑤D) fitness 
greater than lower-order 
fitness, excluding first-
order(𝑤E). 

 

 
  



 
 

SI Table 2. Logistic regression of single drug with 4-drug combinations with some levels of 
suppressive interactions (hidden and net), Related to Table 3. Terms in bold have a significant 
positive association with suppressive interactions. 

Term Coefficient 
Confidence 

Interval p-value Odds Ratio Probability 
0.30% 99.70% 

AMP -0.270 -0.414 -0.127 2.50E-07 0.763 43% 
CPR 0.430 0.287 0.574 2.37E-16 1.537 61% 
DOX 0.214 0.071 0.357 4.22E-05 1.239 55% 
ERY 0.517 0.374 0.661 7.30E-23 1.677 63% 
FOX 0.385 0.242 0.528 2.09E-13 1.469 60% 
FUS -0.829 -0.976 -0.683 3.75E-54 0.437 30% 
STR -1.333 -1.481 -1.187 2.61E-135 0.264 21% 
TMP 0.799 0.655 0.944 1.11E-51 2.223 69% 

AIC: 6693.7 Bonferroni-corrected 𝛼: 0.00625 Degrees of Freedom: 5670 
 
SI Table 3. Logistic regression of pairwise drugs with 4-drug combinations with some levels of 
suppressive interactions (hidden and net), Related to Table 4. Terms in bold have a significant 
positive association with suppressive interactions. 

Term Coefficient Confidence Interval p-value Odds Ratio Probability 0.10% 99.90% 
AMP+CPR 0.329 0.036 0.622 4.65E-04 1.389 58% 
AMP+DOX 0.039 -0.251 0.328 0.677 1.039 51% 
AMP+ERY -0.548 -0.839 -0.258 3.69E-09 0.578 37% 
AMP+FOX -0.185 -0.477 0.106 0.047 0.831 45% 
AMP+FUS -0.356 -0.653 -0.061 1.71E-04 0.700 41% 
AMP+STR -0.416 -0.716 -0.119 1.36E-05 0.660 40% 
AMP+TMP 0.694 0.395 0.995 5.26E-13 2.001 67% 
CPR+DOX 0.622 0.327 0.920 5.87E-11 1.863 65% 
CPR+ERY 0.860 0.559 1.165 7.30E-19 2.363 70% 
CPR+FOX -0.519 -0.815 -0.224 4.02E-08 0.595 37% 
CPR+FUS -0.520 -0.816 -0.226 3.69E-08 0.595 37% 
CPR+STR -0.652 -0.949 -0.358 5.72E-12 0.521 34% 
CPR+TMP 0.958 0.641 1.281 8.83E-21 2.606 72% 
DOX+ERY 0.191 -0.101 0.485 0.042 1.211 55% 
DOX+FOX 0.517 0.228 0.807 2.48E-08 1.677 63% 
DOX+FUS -0.132 -0.421 0.156 0.153 0.877 47% 
DOX+STR -0.574 -0.868 -0.283 8.63E-10 0.563 36% 
DOX+TMP -0.159 -0.463 0.147 0.104 0.853 46% 
ERY+FOX 0.122 -0.172 0.418 0.198 1.129 53% 
ERY+FUS -0.026 -0.314 0.260 0.774 0.974 49% 
ERY+STR -0.098 -0.387 0.189 0.286 0.906 48% 
ERY+TMP 0.724 0.413 1.041 5.59E-13 2.063 67% 
FOX+FUS -0.250 -0.540 0.038 6.77E-03 0.779 44% 
FOX+STR -0.012 -0.302 0.276 0.893 0.988 50% 
FOX+TMP 1.204 0.897 1.518 7.50E-34 3.334 77% 
FUS+STR -0.054 -0.361 0.252 0.584 0.948 49% 
FUS+TMP -0.497 -0.798 -0.200 2.11E-07 0.608 38% 
STR+TMP -1.087 -1.392 -0.787 2.92E-29 0.337 25% 

AIC: 6308.8 Bonferroni-corrected 𝛼: 0.00179 Degrees of Freedom: 5670 
 
  



 
 

SI Table 4. Logistic regression of the main mechanism of actions with 4-drug combinations with 
some levels of suppressive interactions (hidden and net), Related to Table 5. Terms in bold have a 
significant positive association with suppressive interactions. 

Term Coefficient 
Confidence 

Interval p-value Odds 
Ratio Probability 

0.50% 99.50% 
Cell Wall 0.280 0.136 0.425 5.69E-07 1.324 57% 

Folic Acid Biosynthesis 0.848 0.709 0.988 1.64E-55 2.335 70% 
DNA gyrase 0.493 0.355 0.632 3.68E-20 1.637 62% 

Ribosome, 30S -1.706 -1.877 -1.540 1.47E-149 0.182 15% 
Ribosome, 50S 0.613 0.468 0.760 3.23E-27 1.847 65% 

AIC: 6871.4 Bonferroni-corrected 𝛼: 0.01 Degrees of Freedom: 5670 
 
SI Table 5. Logistic regression of the pairwise main mechanism of actions with 4-drug 
combinations with some levels of suppressive interactions (hidden and net), Related to Table 6. 
Terms in bold have a significant positive association with suppressive interactions. 

Term Coefficient 
Confidence 

Interval p-value Odds 
Ratio Probability 

0.20% 99.80% 
Cell Wall+Folic Acid 

Biosynthesis 1.112 0.796 1.433 6.62E-24 3.040 75% 
Cell Wall+DNA gyrase -0.219 -0.540 0.102 0.049 0.803 45% 

Cell Wall+Ribosome, 30S -0.488 -0.841 -0.131 7.11E-05 0.614 38% 
Cell Wall+Ribosome, 50S 0.263 -0.071 0.592 0.022 1.301 57% 

Folic Acid 
Biosynthesis+DNA 

gyrase 
0.870 

0.564 1.184 
5.15E-16 2.388 70% 

Folic Acid 
Biosynthesis+Ribosome, 

30S 
-0.737 

-1.084 -0.399 
5.13E-10 0.479 32% 

Folic Acid 
Biosynthesis+Ribosome, 

50S 
0.183 

-0.160 0.528 
0.124 1.201 55% 

DNA gyrase+Ribosome, 
Ribosome, 30S -0.418 -0.769 -0.072 5.34E-04 0.658 40% 

DNA gyrase+Ribosome, 
Ribosome, 50S 0.782 0.459 1.109 3.76E-12 2.185 69% 

Ribosome, 30S+Ribosome, 
50S -0.300 -0.641 0.046 0.012 0.741 43% 

Cell Wall+Cell Wall -0.081 -0.288 0.127 0.263 0.923 48% 
Ribosome, 30S+Ribosome, 

30S -0.749 -0.971 -0.533 4.70E-23 0.473 32% 

Ribosome, 
50S+Ribosome, 50S 0.346 0.138 0.556 1.82E-06 1.413 59% 

AIC: 6695.6 Bonferroni-corrected 𝛼: 0.0039 Degrees of Freedom: 5670 
 
 
  



 
 

SI Table 6. Logistic regression of single drug with 5-drug combinations with some levels of 
suppressive interactions (hidden and net), Related to Table 3. Terms in bold have a significant 
positive association with suppressive interactions. 

Term Coefficient 
Confidence 

Interval p-value Odds Ratio Probability 
0.30% 99.70% 

AMP 0.033 -0.057 0.123 0.317 1.033 51% 
CPR 0.351 0.261 0.441 9.27E-27 1.420 59% 
DOX 0.148 0.058 0.237 7.02E-06 1.159 54% 
ERY 0.261 0.172 0.351 1.65E-15 1.299 56% 
FOX 0.205 0.115 0.294 4.60E-10 1.227 55% 
FUS -0.465 -0.556 -0.374 5.03E-44 0.628 39% 
STR -0.292 -0.383 -0.201 1.36E-18 0.747 43% 
TMP 0.572 0.482 0.661 2.25E-68 1.771 64% 

AIC: 17458 Bonferroni-corrected 𝛼: 0.00625 Degrees of Freedom: 13602 
 
SI Table 7. Logistic regression of pairwise drugs with 5-drug combinations with some levels of 
suppressive interactions (hidden and net), Related to Table 4. Terms in bold have a significant 
positive association with suppressive interactions. 

Term Coefficient Confidence Interval p-value Odds Ratio Probability 0.10% 99.90% 
AMP+CPR 0.738 0.547 0.929 1.41E-33 2.091 68% 
AMP+DOX -0.008 -0.197 0.181 0.891 0.992 50% 
AMP+ERY -0.480 -0.669 -0.292 1.78E-15 0.619 38% 
AMP+FOX -0.065 -0.254 0.124 0.286 0.937 48% 
AMP+FUS 0.298 0.097 0.500 3.75E-06 1.347 57% 
AMP+STR -0.131 -0.327 0.066 0.037 0.877 47% 
AMP+TMP -0.041 -0.232 0.149 0.499 0.960 49% 
CPR+DOX 0.128 -0.062 0.318 0.035 1.136 53% 
CPR+ERY 0.513 0.323 0.703 3.81E-17 1.670 63% 
CPR+FOX -0.337 -0.526 -0.149 2.29E-08 0.714 42% 
CPR+FUS -0.238 -0.434 -0.041 1.60E-04 0.788 44% 
CPR+STR -0.570 -0.766 -0.375 7.58E-20 0.565 36% 
CPR+TMP 0.704 0.512 0.898 4.02E-30 2.023 67% 
DOX+ERY 0.266 0.076 0.457 1.31E-05 1.305 57% 
DOX+FOX 0.496 0.306 0.687 3.98E-16 1.642 62% 
DOX+FUS -0.502 -0.697 -0.307 9.13E-16 0.606 38% 
DOX+STR -0.461 -0.657 -0.266 1.73E-13 0.631 39% 
DOX+TMP 0.740 0.548 0.933 3.89E-33 2.095 68% 
ERY+FOX 0.369 0.180 0.560 1.28E-09 1.447 59% 
ERY+FUS -0.483 -0.678 -0.289 7.90E-15 0.617 38% 
ERY+STR -0.183 -0.378 0.012 3.45E-03 0.833 45% 
ERY+TMP 0.821 0.629 1.015 2.54E-40 2.274 69% 
FOX+FUS -0.609 -0.803 -0.415 1.19E-22 0.544 35% 
FOX+STR 0.466 0.267 0.666 2.80E-13 1.594 61% 
FOX+TMP 0.315 0.124 0.507 2.59E-07 1.371 58% 
FUS+STR 1.174 0.933 1.426 3.24E-50 3.236 76% 
FUS+TMP -0.388 -0.585 -0.193 6.09E-10 0.678 40% 
STR+TMP -0.802 -0.999 -0.607 2.60E-37 0.448 31% 
AIC: 17458 Bonferroni-corrected 𝛼: 0.00179 Degrees of Freedom: 13602 

  



 
 

SI Table 8. Logistic regression of the main mechanism of actions with 5-drug combinations with 
some levels of suppressive interactions (hidden and net), Related to Table 5. Terms in bold have a 
significant positive association with suppressive interactions. 

Term Coefficient 
Confidence 

Interval p-value Odds 
Ratio Probability 

0.50% 99.50% 
Cell Wall 0.498 0.374 0.621 3.289E-25 1.645 62% 

Folic Acid Biosynthesis 0.677 0.586 0.767 1.343E-82 1.967 66% 
DNA gyrase 0.457 0.366 0.548 1.416E-38 1.579 61% 

Ribosome, 30S -1.296 -1.454 -1.142 8.45E-102 0.274 21% 
Ribosome, 50S 0.585 0.462 0.709 2.201E-34 1.795 64% 

AIC: 17234 Bonferroni-corrected 𝛼: 0.01 Degrees of Freedom: 13602 
 
SI Table 9. Logistic regression of the pairwise main mechanism of actions with 5-drug 
combinations with some levels of suppressive interactions (hidden and net), Related to Table 6. 
Terms in bold have a significant positive association with suppressive interactions. 

Term Coefficient 
Confidence 

Interval p-value Odds 
Ratio Probability 

0.20% 99.80% 
Cell Wall+Folic Acid 

Biosynthesis -1.609 -2.078 -1.165 2.14E-24 0.200 17% 

Cell Wall+DNA gyrase -0.984 -1.397 -0.580 3.45E-12 0.374 27% 
Cell Wall+Ribosome, 30S -0.983 -1.617 -0.369 5.34E-06 0.374 27% 

Cell Wall+Ribosome, 50S 3.715 2.907 4.585 1.67E-37 41.06 98% 
Folic Acid 

Biosynthesis+DNA 
gyrase 

0.431 
0.207 0.654 

2.47E-08 1.540 61% 

Folic Acid 
Biosynthesis+Ribosome, 

30S 
1.932 

1.329 2.576 
3.81E-19 6.900 87% 

Folic Acid 
Biosynthesis+Ribosome, 

50S 
0.193 

-0.220 0.603 
0.174 1.213 55% 

DNA gyrase+Ribosome, 
Ribosome, 30S 1.300 0.748 1.889 4.53E-11 3.669 79% 

DNA gyrase+Ribosome, 
Ribosome, 50S 0.030 -0.373 0.429 0.827 1.031 51% 

Ribosome, 30S+Ribosome, 
50S -3.349 -4.018 -2.712 1.04E-49 0.035 3% 

Cell Wall+Cell Wall 0.322 0.197 0.448 1.44E-13 1.379 58% 
Ribosome, 

30S+Ribosome, 30S 0.395 0.272 0.521 4.36E-20 1.485 60% 
Ribosome, 

50S+Ribosome, 50S 0.521 0.395 0.650 4.36E-32 1.683 63% 

AIC: 16981 Bonferroni-corrected 𝛼: 0.0039 Degrees of Freedom: 13602 
  



 
 

Transparent Methods 
 
Experimental set-up of Tekin et al. (2018) 
 
The data set examined was originally collected and published in Tekin et al. (2018). A pathogenic E. coli 
strain CFT073 was isolated from human clinical specimens and obtained from ATCC (700928). A culture 
of CFT073 was streak-purified on Luria Broth (LB) (10 g/l tryptone, 5 g/l yeast extract, and 10 g/l NaCl) 
agar and a single colony was selected to make individual aliquots of bacteria stored in 25% glycerol and 
frozen at -80°C. For each day of experiments, a new aliquot was used, which was thawed and diluted by 
a factor of 102 in LB and a culture was grown for approximately 4 hours at 37°C.  
 
Eight different antibiotics that span a range of mechanisms of action was used (Table 1): Ampicillin 
(A9518), Cefoxitin Sodium Salt (C4786), Ciprofloxacin Hydrochloride (MP Biomedicals 199020), 
Doxycycline Hyclate (D9891), Erythromycin (E6376), Fusidic Acid Sodium Salt (F0881), Streptomycin 
(S6501), and Trimethoprim (T7883) (Table 1). All drugs were obtained from Sigma Aldrich unless 
otherwise noted. Each antibiotic was prepared in solution in 100% DMSO, except for streptomycin which 
was dissolved in 50% DMSO. 
 
Dose-response curves were generated using GraphPad Prism 7 
(http://www.graphpad.com/quickcalcs/Ecanything1/) to estimate IC10, IC5, and IC1 for each antibiotic, 
using 20-step 2-fold dilutions beginning at 0.1mM. For fusidic acid, the concentration used to begin the 2-
fold dilutions was 1mM, since using 0.1mM to begin the dilutions resulted in the inability to determine an 
IC50 using Graphpad Prism 7. Three concentrations at the sub-inhibitory level were used so that growth 
still occurred but was slowed in comparison to no-growth bacteria (Table 1). Once usable concentrations 
were determined, source plates (one plate with one antibiotic and two plates with two antibiotics 
combined in DMSO) were made using 100% DMSO except in the case of streptomycin where 50% 
DMSO was used. 
 
All possible 2-, 3-, 4-, and 5-drug combinations of the antibiotics listed in Table 1 at each of the three 
possible drug concentrations were tested. This resulted in 13,608 5-drug-dose combinations, 5,670 4-
drug-dose combinations, 1,512 3-drug-dose combinations, 251 2-drug-dose combinations, and 24 single 
drug treatments. Each well was filled on each experimental plate to a total volume of 50μL. 25μL of LB 
was pinned with 250nL of antibiotics from the appropriate source plates and 25μL of the inoculum (a 10-4 
dilution of the over day culture). Plates were incubated at 37°C and read at OD590 every 4hr for 16hr. 
Each combination had a minimum of three replicates.  
 
Calculation of growth measurements 
 
Growth measurements for each well were approximated from the maximum linear slope of the log 
transformed optical density (OD) readings that occurred over each time step (0hr to 4hr, 4hr to 8hr, 8hr to 
12hr, and 12hr to 16hr) as a relative proxy to an exponential growth rate. These growth measurements 
were then normalized to the positive no-drug control wells to determine relative fitness values. Fitness 
values below 5% were considered to be lethal and fitness values that were +100% were set back to be 
100%. These fitness values were then used to evaluate drug interactions based on the methods used in 
Tekin et al. (2018). 
 
Measurement of interactions by Tekin et al. (2018) 
 
To measure the deviation from additivity, known as “net interactions,” Bliss Independence methods (Bliss, 
1939) were followed. The Bliss independence method is widely used to categorize interactions  (Sühnel, 
1998, Meletiadis et al., 2005, Yeh et al., 2006, Petraitis et al., 2009, Zhao et al., 2014, Baeder et al., 
2016, Koch et al., 2016, Liu et al., 2018). Bliss independence assumes that at a set concentration of an 
antibiotic the relative effect is completely independent of each other. A deviation from this expectation 
results in either a synergistic interaction (positive deviation, Figure 1) or antagonistic interaction (negative 
deviation, Figure 1). 
 



 
 

To measure net interactions, methods outlined in Beppler et al. (2016), Tekin et al. (2016), and Tekin et 
al. (2018) were used. This framework is used to examine 2-, 3-, 4-, and 5-drug combinations but can also 
be expanded to N number of drugs (Tekin et al., 2018). To find the net interaction, or the deviation from 
additivity for N drugs (DAN) the fitness effects (𝑤) contributed by each drug alone are removed from the 
overall fitness effect (𝑤GH,GJ,GK…GM) assuming Bliss independence (Equation 1). Note that “Deviation from 
Additivity” could more accurately be termed “Deviation from Independence” but because of prior usage of 
the term DA in the field of systems biology and microbiology, we continue to use this terminology here.  
 

𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧	𝟏: [𝑫𝑨𝑵]𝑫𝟏,𝑫𝟐,𝑫𝟑…𝑫𝑵 = 𝒘𝑫𝟏,𝑫𝟐,𝑫𝟑…𝑫𝑵 −𝒘𝑫𝟏𝒘𝑫𝟐𝒘𝑫𝟑 …𝒘𝑫𝑵 

After the initial interaction value is determined, a rescaling process is used to better distinguish between 
interaction types (Tekin et al., 2016).  For rescaling, when the DA is synergistic one rescales to the lethal 
case. This is because when measuring growth, it is not possible to be deader than dead. If the interaction 
was not synergistic then it was normalized to the minimum fitness of an individual drug within the 
deviation from additivity formulas. Equation 2 shows the example for a 3-drug combination.  

𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧	𝟐:	𝑫𝑨𝒓𝒆𝒔𝒄𝒂𝒍𝒆𝒅 =
[𝑫𝑨𝑵]𝑫𝟏,𝑫𝟐,𝑫𝟑…𝑫𝑵

a𝒎𝒊𝒏(𝒘𝑫𝟏, 	𝒘𝑫𝟐, 𝒘𝑫𝟑,…𝒘𝑫𝑵)−𝒘𝑫𝟏𝒘𝑫𝟐𝒘𝑫𝟑 …𝒘𝑫𝑵a
 

Emergent interactions were also examined. An emergent interaction is the interaction that is unique to 
either the three, four, or five drugs being present within a combination. For example, when considering all 
possible drug effects that can be occurring within a single 3-drug combination there are a total of seven 
effects. First, all three individual drugs have their own effect. These effects are accounted for when we 
are determining the deviation from additivity. Next, there are three pairwise interactions that can also 
interact with the individual drug effects of the third drug. And finally, there is the emergent effect, which is 
the interaction that is strictly because of the three drugs being in combination. Similar to the DA 
calculations the emergent calculations (E3) removes the effects of the single drugs but then also removes 
the effects of the pairwise interaction only leaving the effects uniquely due to the 3-drug combination 
(Equation 3). This can then be rewritten only in fitness effects. (Equation 4). 

𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧	𝟑:	𝑬𝟑 = 𝑫𝑨𝑿,𝒀,𝒁 − 𝒘𝑿𝑫𝑨𝒀,𝒁 − 𝒘𝒀𝑫𝑨𝑿,𝒁 − 𝒘𝒁𝑫𝑨𝑿,𝒀 
𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧	𝟒:𝑬𝟑 = 𝒘𝑿𝒀𝒁 −𝒘𝑿𝒘𝒀𝒁 −𝒘𝒀𝒘𝒁𝑿 −𝒘𝒁𝒘𝒀𝒁 + 𝟐𝒘𝑿𝒘𝒀𝒘𝒁 

 

The same principals can be expanded out to accommodate N number of drugs within a combination 
Tekin et al. (2018). These emergent interactions were then rescaled in a similar way as the DA values as 
described in Tekin et al. (2018). 

Analysis of Prevalence and Patterns of Suppression and Hidden Suppression 
 
The median DAN of drug-dose replicate experiments was used to determine patterns of suppression in 
three, four, and five drug-dose combinations. A cutoff value of DAN > 1.3 to classify combinations as net 
suppressive was used. This cutoff value is based on the framework used by Beppler et al. (2017), which 
only examined 2-drug and 3-drug combinations. All combinations, regardless of net interaction, were 
screened for hidden suppression. 
 
Following this identification of net interactions, “paths” were generated for each of the drug-dose 
combinations. A “path” is a unique heterarchical grouping containing one representative of each of all the 
lower-order combinations within the highest-order combination. These paths facilitate comparisons of 
nested fitness values within N-order combinations, which are used to determine cases of suppression and 
hidden suppression. For instance, when evaluating possible hidden suppression in a 4 drug-dose 
combination, pairwise drug-dose combination values can only be compared to those of 3 drug-dose 
combinations that they are a part of, rather than those of all possible 3 drug-dose combinations (Figure 
3A). Fitness values of all combinations and single drugs were included in these paths, resulting in six 



 
 

paths for each 3-drug-dose combination, 24 paths for each 4-drug-dose combination (Figure 3A), and 120 
paths for each 5-drug-dose combination (Figure 3B).  
 
To identify the presence of hidden suppression, the fitness of the highest-order combination 
*𝑤𝑫𝟏,𝑫𝟐,𝑫𝟑…𝑫𝑵9 was divided by the fitness of the lower-order combination with the smallest fitness 
*min*𝑤𝑫𝟏,𝑫𝟐,𝑫𝟑…𝑫𝑵m𝟏 …	𝑤𝑫𝟏,𝑫𝟐99 (Equation 5). 
 

Equation 5. 𝑯𝒊𝒅𝒅𝒆𝒏	𝒔𝒖𝒑𝒑𝒓𝒆𝒔𝒊𝒐𝒏	 ⇔	
𝒘𝑫𝟏,𝑫𝟐,𝑫𝟑…𝑫𝑵

𝐦𝐢𝐧s𝒘𝑫𝟏,𝑫𝟐,𝑫𝟑…𝑫𝑵m𝟏,….𝒘𝑫𝟏,𝑫𝟐	
t
≥ 𝟏.3 

  
A value greater than or equal to 1.3 indicates the presence of hidden suppression. Once the presence of 
hidden suppression was determined within a combination, each path was examined in-depth for all 
possible hidden suppression relationships. The net interaction, representative fitness values of inclusive 
combinations, and single drugs were compared and used to assess if the combination could be 
considered a special case, listed in SI Table 1.   
 
Data for combinations with any suppressive interactions, net or hidden, was analyzed through the use of 
logistic regression in R using the ‘glm’ function. The variables were first changed to binary, with 1 
indicating presence and 0 indicating the absence of drug or the main mechanism of action creating the 
initial sets of predictors. Because hidden suppressive interactions require at least three drugs to be 
present to be defined, this makes it necessary for the logistic regression model to not have an intercept 
term. This is because the case where all dummy variables are zero corresponds to no drug being present, 
in which case any suppressive interaction is not possible by definition. Single drugs and 2-drug 
combinations were evaluated separately for a clearer interpretation of the data and to ensure model 
identifiability without removing variables. Coefficients, confidence intervals, p-values, odds ratios, and the 
probability from the logistic regressions are available in Tables 3-6 and SI Tables 2-9. 

 
Program Languages Used 
 
The data analysis is performed in MATLAB version 2015a, Python version 3.7.0, and R 4.0.2. PRISM was 
used by Tekin et al. (2018) for their study but was not needed in the reanalysis performed by this study. 
Measurement of interactions and interaction type determination was performed in MATLAB. Generation 
of paths and the identification of hidden suppression and special cases were performed in Python. The 
determination of the growth measurements and logistic regressions were performed in R. 
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