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“Evolutionary adaptation is a special and onerous concept that should not be used unnecessarily, 11 

and an effect should not be called a function unless it is clearly produced by design and not by 12 

chance.” – George Williams(1) 13 

 14 

Abstract   15 

The last few years have witnessed a rapid expansion of reported bacterial defense mechanisms. 16 

Alongside established mechanisms of defense against molecular parasites (e.g. CRISPR-Cas, 17 

restriction-modification), hundreds of novel defenses are being described each year, contributing 18 

to an ever-expanding ‘bacterial immune system’. Terms like ‘defense’ and ‘immune’ are often 19 

used as shorthand for an observed anti-infection phenotype, but they can also be read as 20 

implying an evolutionary adaptation with a specific anti-infection function. Despite the field’s 21 

rapid progress, there is currently no widely agreed framework for identifying bacterial defense 22 

adaptations. The question then emerges: when is a defense mechanism an evolved adaptation? 23 

Here, we leverage prior debates in evolutionary biology over adaptation to propose four main 24 

‘evidence’ criteria, spanning bioinformatic comparative tests, experimental fitness assays, 25 

evolutionary theory, and their integration. Together, these criteria can strengthen the case that 26 

a defense mechanism is an evolved defensive adaptation. We highlight how these criteria are 27 

met for the most established model systems such as CRISPR-Cas, and how they also provide a 28 

clear research agenda for other newly identified defense mechanisms. Beyond bacterial 29 

immunity, these criteria offer a research roadmap to address functional controversies across 30 

microbiology. 31 

 32 
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Importance  33 

The rapid growth of the bacterial defense literature is an exciting frontier in microbiology. But it 34 

also blurs a critical distinction: functional terms like “defense” and “immune” are used either to 35 

refer to an experimentally demonstrated protection phenotype or to the stronger evolutionary 36 

claim that a system evolved because it provides protection (a defense adaptation). This 37 

distinction matters in practice, because traits that are directly shaped by selection for defense 38 

are more likely to yield robust, predictable protection across contexts—key for phage therapy, 39 

synthetic biology, and microbial engineering. Here we offer an integrative framework to drive 40 

the identification of evolutionary adaptations. We synthesize four complementary evidence 41 

criteria spanning comparative bioinformatics, experimental fitness assays, evolutionary 42 

hypothesis development, and integration across approaches. Using CRISPR–Cas and surface 43 

modification as worked examples, we outline a practical research agenda for strengthening 44 

adaptation claims across the rapidly growing bacterial immunity field. 45 

 46 

Introduction  47 

All around us, bacteria are challenged by mobile genetic elements (MGEs), whose interactions 48 

with hosts can span the parasite—mutualist continuum. MGEs (bacteriophages (phages), 49 

plasmids, etc.) have coevolved with their bacterial hosts for billions of years, shaping the course 50 

of evolution and diversification in the microbial world and beyond(2–4). Phages alone have been 51 

estimated to be responsible for as much as 40% of daily bacterial deaths(5), posing a major 52 

evolutionary driver for their hosts(6). Beyond phage-induced death, diverse MGEs can also 53 

impose costs that range from marginal losses of fecundity through to complete growth arrest(7, 54 
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8). In light of these substantial mortality and fecundity costs caused by parasitism, it is natural to 55 

expect that bacteria will carry a diverse arsenal of defensive adaptations to limit the costs of 56 

parasite infection. 57 

 58 

Ten years ago, the list of defined defense mechanisms in bacteria was short. Restriction-59 

modification (RM)(9), abortive infection(10), and clustered regularly interspaced short 60 

palindromic repeats-CRISPR associated (CRISPR-Cas)(11–13) were and still are the best known 61 

mechanisms through which bacteria can defend themselves against their molecular parasites. 62 

Since the discovery of CRISPR-Cas as a defense mechanism however, the molecular, genomic, 63 

and bioinformatic tools available to researchers have resulted in an explosion of newly 64 

discovered defense mechanisms(14–26) (Fig. 1).  Combined, these defenses have come to be 65 

known as the ‘bacterial immune system’(27–31), potentially echoing the complex suite of 66 

coordinated defensive tools of the vertebrate adaptive and innate immune systems(32, 33). Over 67 

the last few years alone, over 250 new phage defense mechanisms have in rapid succession been 68 

discovered via a combination of computational and experimental approaches(19). Additionally, 69 

bioinformaticians have—through computational prediction—suggested the existence of over 70 

7000 potential defense genes(23). 71 
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 72 

Fig. 1. The bacterial defense literature is rapidly expanding. Hits per 100,000 citations 73 

(proportion for each search by year) when searching for ‘phage defense’ on PubMed, using the 74 

‘PubMed by Year’ tool(34). Highlighted through the timeline are restriction modification (RM)(9), 75 

abortive infection (Abi)(10), Phage growth limitation (Pgl)(35), toxin-antitoxin systems (TA)(36), 76 

CRISPR-Cas(11–13), prokaryotic Argonaute proteins (pAgos)(37), bacteriophage exclusion 77 

(BREX), and cyclic oligonucleotide-based anti-phage signalling system (CBASS)(22). Note that 78 

proportional measures of research activity underplay the absolute increase in the defense 79 

literature, given the increasing volume of publications per year (see Fig. S1 for increase in raw 80 

paper counts).  81 

 82 

The exploding number of defense mechanisms (Fig. 1) raises a fundamental question: how do we 83 

know that a mechanism of interest is truly the product of natural selection for the adaptive role 84 
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of anti-parasite defense? To guide this discussion, we distinguish between a measurable 85 

phenotype (e.g. a gene reducing phage replication in defined lab conditions) and its evolutionary 86 

origin as an adaptation shaped by natural selection. From a practical standpoint, understanding 87 

whether a trait evolved specifically to limit MGE activity can inform predictions about its stability 88 

and context-specific effectiveness—critical applied concerns for fields such as phage therapy, 89 

synthetic biology, and microbial engineering. In this perspective, we outline a general and 90 

iterative approach combining experiment, bioinformatics, and evolutionary theory to provide the 91 

most robust support for claims of evolutionary adaptation, applicable to defense mechanisms 92 

and the study of adaptation in biology in general. Due to most defenses being described as having 93 

anti-phage functions, this perspective will also largely focus on bacteria-phage dynamics unless 94 

otherwise specified. 95 

 96 

Four criteria to identify adaptations  97 

The identification and study of adaptive function or ‘design’ has a central yet controversial place 98 

in evolutionary biology. It is widely accepted that natural selection is a driver of the appearance 99 

of biological design, capable of producing complex adaptations with close fit between form and 100 

function - with the vertebrate eye being a canonical example(38, 39). Yet the observation of a 101 

measurable phenotype (e.g. the ability of a protein to bind a specific substrate) does not ensure 102 

that this phenotype is an adaptation shaped by natural selection. Recognition of this imperfect 103 

mapping between measurable phenotype and evolutionary adaptation has led to repeated 104 

debate over decades. For example, Williams described adaptation as an ‘onerous concept’(1), 105 

meaning that any claim of adaptation carries a substantial burden of proof, as it asserts historical 106 
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shaping by natural selection, and not merely a present-day effect. Relatedly, Gould and Lewontin 107 

critiqued what they called adaptationist ‘just-so’ storytelling(40, 41): post hoc narratives that 108 

explain a phenotype via prior selection but without sufficient independent evidence or evaluation 109 

of alternate hypotheses. More recently, the same issues have led to heated controversy over the 110 

evolutionary relevance of molecular phenotypes in the human genome(42–45) (discussed in 111 

more detail below).  We pose these classic cautions here because the current explosion of 112 

defense systems makes it especially easy to move from ‘this locus affects phage’ to ‘this locus 113 

evolved for defense’ without clearly stating assumptions or evaluating competing hypotheses. 114 

More broadly, this tension reflects a classic distinction in biological explanation between 115 

mechanistic (‘how’) and evolutionary (‘why’) questions. Mayr’s proximate/ultimate framing(46) 116 

and Tinbergen’s ‘four questions’(47) provide a useful context for keeping these explanatory goals 117 

distinct, while still treating them as complementary. 118 

 119 

By reviewing this history of debate over the identification of evolutionary adaptations, we 120 

identify a best-practice iterative approach, combining layers of experimental, comparative 121 

(bioinformatic), and conceptual/theoretical evidence(48). This approach identifies four main 122 

criteria (Fig. 2) to help winnow a broad menu of defense mechanisms towards a list of well-123 

supported defense adaptations. Here, we briefly sketch these criteria, before applying them to 124 

some of the more well-studied defense mechanisms. 125 

  126 
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 127 

Fig. 2. A workflow for evaluating defense mechanisms in an evolutionary context. Starting from 128 

an initial defense mechanism discovery (typically bioinformatic (1) or experimental (2)), we flag 129 

the importance of explicitly identifying alternate defense and non-defense evolutionary 130 

hypotheses (3), and using these hypotheses to drive additional experimental and bioinformatic 131 

tests. Arrows highlight the importance of integration (4) by flagging how, for example, 132 

bioinformatic discoveries (1) can drive experimental predictions (2) by inspiring new testable 133 

hypotheses (3). Similarly, experimental data (2) can drive bioinformatic predictions (1), mediated 134 
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by new functional hypotheses and associated conceptual models (3). Mechanisms can cycle 135 

through these steps multiple times as new data accumulates, both within and across multiple 136 

studies (4). The criteria sub-components are discussed in the main text. We underline that while 137 

our third criterion is inclusive of formal (e.g. mathematically explicit, 3C) theory, mathematical 138 

modelling is not necessary for criterion 3.  139 

 140 

1. Bioinformatic tools and comparative analyses  141 

The observation of similar traits in distinct lineages in response to similar environmental 142 

challenges lends support to an adaptive interpretation of the trait(48, 49). Returning to the eye, 143 

the hypothesis that this trait is a product of natural selection is further supported by the presence 144 

of distinct, independently evolved ‘camera eye’ solutions in distinct taxa (vertebrates and 145 

cephalopods), and their loss in taxa that live in the dark(50). Evaluating adaptive hypotheses 146 

using comparative methods can therefore provide valuable evidence, but also faces a number of 147 

challenges, principally in the identification of functional similarities (homologues—similarity due 148 

to common ancestry, and analogues—similarity due to convergence) across lineages (1A), and 149 

the use of appropriate statistical analysis (1B).  150 

 151 

2. Experimental phenotypes and fitness effects 152 

Any adaptive trait that is the product of natural selection must confer a fitness advantage under 153 

relevant environmental conditions. Demonstrating that phenotype expression correlates with 154 

fitness can therefore provide evidence of adaptation(51). Notes of caution must be sounded 155 

however, as misspecification of the experimental environment or timescale of an assay can 156 
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generate false negative or positive associations between a trait of interest and specific measures 157 

of fitness(51). These concerns can be mitigated by conducting experimental assays using a range 158 

of fitness metrics (2A), natural environments (2B), and native genomic backgrounds (2C).  159 

 160 

3. Adaptive hypotheses and evolutionary theory  161 

Many studies report a phenotype affecting bacteria–phage interactions (e.g. reduced phage 162 

replication) and describe this using functional language (‘defense,’ ‘immunity,’ ‘anti-phage’). In 163 

mechanistic and molecular contexts, such terms are often used as shorthand for an 164 

experimentally demonstrated effect in a particular assay or environment, without implying why 165 

the trait exists. In evolutionary contexts, however, the same terms are commonly taken to imply 166 

an adaptation claim—that the trait evolved because it confers defense. This split in default 167 

interpretation mirrors the classic proximate–evolutionary distinction(46) and Tinbergen’s 168 

framing of complementary questions(47). 169 

 170 

Even when authors intend only an operational, assay-specific statement, this functional ‘defense’ 171 

phrasing can subtly invite adaptive ‘what it is for’ interpretations unless the intended level of 172 

inference is stated explicitly. Considering these conflicting readings of the same terminology, we 173 

underline the importance of making any implicit adaptive hypotheses explicit (3A), examining 174 

alternative adaptive and non-adaptive hypotheses (3B), and encourage the use of formal 175 

mathematical modelling approaches to sharpen inferences and generate testable predictions 176 

(3C). We emphasize that mechanistic demonstrations are foundational; our goal is simply to be 177 

explicit about when the claim shifts from what it may do to why it evolved. 178 
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 179 

To underline the importance of an evolutionary perspective when dealing with functional 180 

questions on a molecular scale, the ‘Encyclopedia of DNA elements’ (ENCODE) debate is 181 

instructive(44, 45). Based on vast volumes of expression and protein-binding data, The ENCODE 182 

project concluded that ~ 80% of the human genome is functionally involved in regulatory control 183 

of coding DNA(42, 43). This result was a striking departure from prevailing views that most of the 184 

human genome is ‘junk DNA’, and resulted in heated critiques from evolutionary biologists(44, 185 

45). In short, these critiques revolved around a failure to assess simple alternative and non-186 

adaptive hypotheses (e.g. some proteins will bind promiscuously to a broad range of DNA sites), 187 

and therefore a failure to avoid the trap of ‘pan-adaptationism’(45).  A recurring  concern with a 188 

naïve adaptationist approach is that adaptive hypotheses (e.g. ‘the eye is a camera’; ‘non-coding 189 

region x is a regulatory element’) are generated in light of a phenotype of interest, and then 190 

supported by existence of the phenotype itself(48). Without other lines of evidence, this 191 

approach can result in hypotheses being tuned to limited phenotypic observations, and the pitfall 192 

of ‘just so’ storytelling(40). This is why we underline the importance of other experimental and 193 

bioinformatic lines of evidence, together with their integration. 194 

 195 

4. Integration across approaches 196 

We finally highlight the importance of an iterative integration of the broad approaches outlined 197 

above(48). For example, phenotypic data on bacteria/phage interactions (criterion 2) can 198 

generate adaptive and non-adaptive hypotheses (criterion 3) which then deliver predictions for 199 

both experimental (criterion 2) and bioinformatic tests (criterion 1); which in turn will drive 200 
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revisions to functional hypotheses (criterion 3), and so on. We note that this integration criterion 201 

is not simply a test for the presence of criteria 1-3 above, it is an additional test for their 202 

integration and agreement, so that different research avenues provide a complementary and 203 

coherent picture of adaptation (Fig. 2). Typically, the deepest level of integration develops over 204 

time across multiple studies, with confidence in an existing conclusion increasing (or decreasing) 205 

in light of new data. This iterative process can be seen as a form of Bayesian updating(48) and is 206 

consistent with the principle of abductive reasoning(52).  We see this level of multi-study 207 

integration of multiple and distinct lines of evidence as an important benchmark response to 208 

Williams’ recognition of adaptation as an onerous concept(1).  209 

 210 

The bacterial immune system  211 

With so many newly proposed defense mechanisms and the inevitability of more to come, robust 212 

ways of categorising them are essential. A number of existing classification schemes exist, 213 

focusing on genetic and molecular similarities, host fate, and mode of action(30, 31, 53). Here, 214 

we propose a simple functional classification to aid our subsequent discussion of adaptation (Fig. 215 

3), contrasting individual cell-level defense mechanisms that promote individual survival of a cell 216 

(Fig. 3A) and defense mechanisms that result in individual cell death while promoting group 217 

survival (Fig. 3B) (see supplemental appendix for more detail on cell- vs group-level defenses). 218 

 219 



 

 13 

 220 

Fig. 3. Individual cell-level versus group-level defenses. A Individual cell-level defenses protect 221 

cells from phage or MGE mediated death as well as potentially protecting neighboring cells by 222 

limiting phage amplification (e.g. CRISPR-Cas, RM). B Group-level defenses promote the 223 

persistence of groups of cells (demarcated by dotted lines) by limiting phage amplification in 224 

initially infected focal cells, often via rapid cell death (e.g. abortive infection). See the appendix 225 

for further discussion on cell- vs group-level defenses. 226 

 227 

In bacteria, the majority of sequenced genomes (78%) encode at least two defense mechanisms, 228 

with some containing dozens(30). Defenses are usually found together on so-called ‘defense 229 

islands’, and many a phage defense mechanism has been discovered through guilt-by-230 

association/co-localization approaches(54) focusing on the uncharted genomic sea that 231 

immediately surrounds these expanding ‘islands’. In this section we have attempted to give a 232 
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brief overview of a rapidly growing field, and consequently have omitted many emerging 233 

mechanisms. For an up-to-date overview of defense mechanisms, we recommend using the 234 

online tools ‘PADLOC’(55) and ‘DefenseFinder’(19). As the list of proposed defense mechanisms 235 

grows, our key questions remain: are all these systems truly evolved adaptations to enhance host 236 

defense? What evidence is appropriate to make such a claim?  237 

 238 

Reviewing the evidence and challenges to the field 239 

Fig. 2 summarizes a general workflow to identify, test, and refine adaptive hypotheses in biology. 240 

To provide a model case in the context of bacterial defense mechanisms specifically, we first 241 

apply our criteria to CRISPR-Cas (Box 1), highlighting a defense mechanism that generally 242 

addresses all criteria discussed above. 243 

 244 

While we hold up CRISPR-Cas as a successful model of adaptive reasoning (Box 1), we have by no 245 

means reached the last word on this topic. The comparative bioinformatic observation of 246 

widespread CRISPR-Cas carriage(31) still stands in some tension with the experimental 247 

observation that the acquisition of CRISPR spacers is rarely observed in the lab. One possible 248 

explanation is that prior experiments have tended to miss the mark on the ‘relevant 249 

environment’ criterion 2B(56–61), or perhaps CRISPR-Cas is less often a decisive defensive 250 

mechanism in nature(62). 251 

 252 

Looking beyond CRISPR-Cas, an initial survey of defense mechanisms highlights that while 253 

adaptive claims for some defense mechanisms are relatively well supported, our approach flags 254 
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potential conflicts between criteria for some mechanisms (Box 2).  In the following sections we 255 

discuss common issues raised by our analysis, referring back to specific criteria outlined in Figure 256 

2 throughout. 257 

 258 

[Box 1] 259 

 260 

CRISPR-Cas as a model defense 261 

 262 

1. Bioinformatic tools and comparative analyses  263 

1A and B) Identifying and analysing similar traits across lineages using appropriate tools. 264 

Comparative analyses of CRISPR-Cas systems face a substantial challenge: among all the 265 

complexity of CRISPR-Cas architectures, there are no universally present orthologues that can 266 

serve as the basis for a common phylogeny. The cas1 gene (important for spacer insertion) is 267 

among the most prevalent genes, but is still absent in many lineages(63). In contrast, the critical 268 

destructive nuclease genes are represented by multiple analogous variants (e.g. cas9 or cas13, 269 

or multi-part variants in Class 1 CRISPR-Cas systems(63)). Given this challenge, comparative 270 

genomicists have developed new, innovative methods combining phylogenetic analyses of 271 

common (though not ubiquitous) Cas genes (notably cas1) with analyses of shared architecture 272 

and gene content, e.g. using network-based tools of shared gene content(63, 64). These 273 

approaches have produced increasingly robust classification schemes to help understand the 274 

diversity of CRISPR-Cas systems across the bacterial and archaeal phylogeny, and have also shed 275 
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light on potential pathways to CRISPR-Cas evolution, based on the co-option of multiple mobile 276 

genetic element genes(63). 277 

 278 

2. Experimental phenotypes and fitness effects:  279 

2A) Use of multiple fitness metrics. The fitness benefits and costs provided by CRISPR-Cas have 280 

been evaluated via a broad range of direct and indirect measures. Direct measures of fitness 281 

effects of CRISPR-Cas include the utilisation of time-shift and cross-infection assays to 282 

experimentally verify trends in phage resistance as exemplified by Laanto et al.(65). Indirect 283 

‘proxy’ measures of fitness include measurements of spacer diversity and acquisition of novel 284 

spacers, as spacer carriage implies a potential future benefit of immunity to a matching phage or 285 

MGE. The implied fitness benefits of spacer carriage can be further parsed by matching spacers 286 

to locally prevalent phage genomes. Sequenced spacers tend to match sympatric rather than 287 

allopatric phages, indicating evolutionary matching of defenses to locally prevalent MGEs(66, 67). 288 

 289 

2B) Use of relevant environments. The fitness consequences of CRISPR-Cas carriage have been 290 

experimentally evaluated under a broad range of potentially relevant conditions, including 291 

variation in force of infection(58), nutrient availability(56, 61), and interspecific competition(57). 292 

Alseth et al., for example, highlighted the role of interspecific competition in increasing the costs 293 

of resistance via surface receptor modification, and therefore promoting CRISPR-based phage 294 

immunity in a community context(57). Fitness costs of CRISPR carriage have also been 295 

established through studies on the risk of autoimmunity(68), restriction of horizontal gene 296 

transfer (HGT)(69), and other genetic conflicts(70). 297 
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 298 

2C) Use of native genomic backgrounds. While CRISPR-Cas genetic engineering tools are 299 

deployed in a variety of genetic backgrounds, basic research into the intrinsic defensive functions 300 

of CRISPR-Cas is typically carried out in native genomic backgrounds. For example, some of the 301 

earliest work on CRISPR was done using Streptococcus thermophilus and its native CRISPR-Cas 302 

immune system(71); a model organism that is still used today(60). Other bacteria commonly used 303 

for studying CRISPR-Cas in its native genomic background are Pseudomonas aeruginosa(56, 57), 304 

Pectobacterium atrosepticum(72), Sulfolobus solfataricus(73), and more(74). 305 

 306 

3. Functional hypotheses and evolutionary theory:  307 

3A) Adaptive design hypothesis CRISPR-Cas has a clear adaptive rationale, featuring multiple 308 

components working in tandem to perform complex tasks associated with learning, memory, 309 

recognition, and killing of parasite threats(75). Figure 4 maps these coordinated functional tasks 310 

onto molecular components which have been intensively characterized both alone and in 311 

combination(75). These functional tasks are centred around two largely ubiquitous (they are in 312 

most, but not all CRISPR systems) proteins: Cas1 and Cas2, which are involved in spacer 313 

acquisition(76). Beyond these two proteins, there is extensive variation in Cas genes between 314 

CRISPR-Cas sub-types (15). Additionally, it is worth noting how the target spacer that is integrated 315 

is not random, as most CRISPR systems have a short sequence (the protospacer adjacent motif 316 

(PAM)) located next to the protospacer and that plays an important role in spacer acquisition and 317 

interference(76). These highly conserved features are shared across most CRISPR-Cas systems, 318 

with some variation based on type (i.e. type I vs type II systems, and the sub-types therein)(63). 319 
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 320 

3B) Alternative hypotheses. Alternate functional hypotheses for CRISPR-Cas have also been 321 

investigated, and CRISPR systems do show remarkable functional versatility in addition to their 322 

role in adaptive defense(63, 64). For example, alternate functions involving regulatory control of 323 

gene expression have been proposed for a sub-set of CRISPR-Cas systems(77), and some may 324 

have lost their immune function completely(77–79). 325 

 326 

3C) Formal mathematical theory. The detailed knowledge of CRISPR-Cas components and their 327 

coordination (Fig. 4) provides a valuable springboard for the application of mathematical models 328 

in an attempt to capture the logical structure of a biological process, and then derive predictions 329 

on system (CRISPR-Cas) behaviour in different contexts(80–83). For example, Gurney et al. used 330 

population dynamical modelling to evaluate conditions that could favour the evolution of CRISPR-331 

based phage immunity, when simpler surface-based ‘defense’ mechanisms are available (e.g. loss 332 

of or change to surface factors that also function as phage receptors)(84). They found that 333 

CRISPR-Cas may be selected for over surface modification when phages have limited abilities to 334 

undergo continued co-evolutionary escape from CRISPR-based immunity, and/or when surface 335 

factor modification is sufficiently costly(84). 336 

 337 

4. Integration across approaches:  338 

While the CRISPR field continues to be dominated by mechanistic molecular characterisation of 339 

specific CRISPR-Cas systems(63), a growing thread of evolution-informed research links design 340 

concepts/theory with experimental and bioinformatic data(56, 60, 85).  Collectively this work 341 
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generally buttresses the adaptive defense hypothesis, via mutually reinforcing theoretical, 342 

experimental and bioinformatic lines of evidence.  343 

 344 

 345 

Fig. 4. The CRISPR-Cas adaptive design hypothesis showcases the complex coordination of 346 

multiple component parts. CRISPR-Cas has a clear and established design rationale, featuring 347 

complex and coordinated components for the learning, memory, recognition, and destruction of 348 

invading phages. In short, CRISPR-Cas is activated upon infection, after which a small sequence 349 

of parasite DNA can be incorporated into the bacterial genome as a so-called ‘spacer’(71, 75). 350 

Once a spacer has been acquired and incorporated in the CRISPR array, subsequent infection by 351 
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the same or other genetic parasites with a sequence that matches a spacer will trigger the 352 

immune response(71, 75). The gene lists on the right provide a brief sample of genes associated 353 

with each functional sub-task.  354 

 355 

[end Box 1] 356 

 357 

[Box 2] 358 

Surface modification – defense adaptation or structural trade-off?  359 

To highlight the importance of our functional hypothesis and evolutionary criterion 3, we review 360 

a more challenging and borderline case, namely the widespread occurrence of reduced phage 361 

susceptibility mediated by the modification or masking of a cell envelope feature (‘phage 362 

receptor’)(86). Mutations leading to modifications or loss of phage-binding surface factors are 363 

routinely reported to confer fitness advantages when challenged with phage (supporting 364 

experimental criterion 2) and are consistently reported for genetically unrelated receptors across 365 

phylogenetically distinct bacterial systems(87, 88) (supporting criterion 1). 366 

 367 

Given this volume of supportive data, why the challenge? First, consider criterion 3A: what 368 

exactly is the hypothesised adaptive mechanism of defense? A strong adaptive hypothesis should 369 

state, in concrete mechanistic terms, what the trait of interest does and how this benefits the 370 

carrier. The surface modification mechanism is very simple – the reduction of a pre-existing 371 

vulnerability, like removing or boarding a doorway in the face of an external threat. Note that in 372 

contrast to CRISPR-Cas (Box 1), surface modification provides no active processes of defense, and 373 
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while simple traits can be adaptations, the complex coordination of multiple component parts 374 

(the vertebrate eye; CRISPR-Cas, Fig. 4) can offer supporting evidence for the organising force of 375 

natural selection(89, 90).  376 

 377 

Next, we turn to criterion 3B: what are the alternative hypotheses? In the context of surface 378 

modification, it is broadly accepted that the varied surface factors in question (pili(91), 379 

flagella(92), LPS(87), capsular polysaccharides(93), and more(87)) have important and 380 

environment-specific adaptive roles (e.g. nutrient uptake(94), motility(92) or antibiotic 381 

resistance(95)), and a secondary cost of generating vulnerability to phage infection(96). In 382 

environments where phage pressure is high and specific nutrient uptake is non-essential 383 

(common in laboratory experiments using rich media), the trade-off between the costs and 384 

benefits of receptor expression can readily tip towards loss(56, 57). Therefore, and despite 385 

satisfying Criteria 1 and 2, surface modification can also be understood as the result of a 386 

cost/benefit trade-off governing receptor expression. 387 

 388 

We note here that surface modification is not solely a mutational process. The expression level 389 

of surface factors is often under regulatory control, and the case has been made that these 390 

regulatory systems serve to mitigate risks of infection, by limiting phage receptor expression  in 391 

phage-prone environments(97). Intriguingly, one example of surface factor regulatory control  is 392 

itself encoded by a prophage, and has been implicated in limiting super-infection(98). This 393 

example illustrates our discussion of ‘agency’ or ‘who protects who from whom’ in the main text 394 

(criterion 3A). In light of the multi-functional roles and regulation of surface factors, we view 395 



 

 22 

surface modification as a trait where the relative importance of defense versus other functions 396 

likely varies across environments and lineages.  397 

 398 

Beyond the specifics of surface modification, we stress the importance of developing and 399 

assessing multiple alternate adaptive and non-adaptive hypotheses(99), keeping in mind the 400 

potential for ‘spandrels’(40); phenotypes that are byproducts of other adaptive traits. For any 401 

given trait – what are the alternative functions that may be the focus of selection, and what non-402 

adaptive processes could give rise to the trait in question? We note that evidence based primarily 403 

on an inability of parasites to bind to or reproduce within a cell may simply be a consequence of 404 

damaged cellular machinery, rather than an active and selectively tailored process of adaptive 405 

defense. We further note that alternate functions can still play a critical role in the derivation of 406 

novel adaptive roles, via the process of exaptation(100).  407 

[end Box 2] 408 

 409 

Challenges raised by bioinformatic tools and comparative methods (criterion 1).  410 

Bioinformatic tools are a major driver behind the discovery of novel defense mechanisms(101, 411 

102). Much of the progress is based on tools that allow large-scale database mining, focusing on 412 

varied principles of proximity to known defensive genes (e.g. sequence similarity, gene co-413 

occurrence(102), or physical distance/co-localization/‘guilt by association’(101)). In addition to 414 

discovery tasks, bioinformatic tools also provide novel means to conduct hypothesis tests on 415 

biological data. When addressing hypotheses across multiple lineages, this raises core challenges 416 

within the field of phylogenetic comparative methods:  417 
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 418 

Identifying similar traits across lineages (1A). In order to conduct a comparative analysis, we first 419 

need to identify functionally similar traits that are shared across multiple lineages. Today, this is 420 

increasingly led by bioinformatic tools (e.g. ‘reciprocal best hit’ via BLAST, and hidden Markov 421 

models (HMM)) to identify orthologous genes). What is more challenging is to identify traits that 422 

serve the same function but are not the product of homologous gene evolution (analogous traits, 423 

see vertebrate/cephalopod eye discussion above), as this requires information on similarity of 424 

function. 425 

 426 

To identify analogous features, we must pay attention to functional characterization. Clear 427 

examples of functional convergence here are RM(103, 104) and toxin-antitoxin (TA) systems. 428 

Focusing on the latter, TA systems converge on a general toxin versus anti-toxin functional 429 

design(105, 106), while the molecular and genetic details of the toxin and anti-toxin can vary 430 

widely (from proteins to small RNAs(107)). The identification of new functional analogies across 431 

other defense mechanisms is an important challenge for the field. To help address this challenge, 432 

a number of new tools are emerging that look beyond sequence identity. Notably, AlphaFold 433 

3(108) offers a path towards the identification of functional convergence in diverse proteins, via 434 

the identification of structural similarities among non-homologous proteins(109). This detection 435 

of structural similarities is particularly helpful, as defense mechanisms can have low sequence 436 

identities due to being under particularly strong selection from MGE infection. 437 

 438 
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Appropriate statistical tools to deal with issues of non-independence (1B). Whenever dealing 439 

with data that is distributed across lineages (species, strains, etc.), it is important to address the 440 

potential confounding role of variable shared inheritance (where possible, as the mobile nature 441 

of many defenses(110, 111) does need to be considered). Critically, lineage-specific data are not 442 

statistically independent measurements due to variable patterns of co-ancestry. In response to 443 

this challenge, a rich body of phylogenetically grounded tools for comparative analysis have been 444 

developed over the years(112–114), and a number of primers and tools exist to introduce 445 

relevant methods (e.g. phytools(115)). 446 

 447 

Challenges raised by experimental phenotypes and fitness effects (criterion 2). 448 

The recent discovery of RADAR(23) provides an impressive example of the power of coupling 449 

bioinformatic and experimental screening tools. An initial bioinformatic screen of ~620 million 450 

bacterial protein-coding genes used ‘guilt by association’ methods to deliver 48 priority 451 

candidates for experimental investigation. Heterologous expression in E. coli revealed that 29 of 452 

the 48 genes provided an anti-phage phenotype, including the structurally novel RADAR 453 

system(116). High-throughput experimental screening tools can also be applied for the initial 454 

discovery of novel defense mechanisms, such as Tn-seq, which was used in the discovery of 455 

MADS(117). Here, we focus on the enduring importance of experimental methods for further 456 

testing of adaptive hypotheses for defined defense mechanisms, flagging important challenges 457 

to address: 458 

 459 
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Use of multiple fitness metrics (2A). Once a defense mechanism has been identified, an 460 

important line of experimental evidence for a defensive adaptation is a positive correlation 461 

between expression of the phenotype, and fitness. For individual defense mechanisms, current 462 

measures of fitness effects largely focus on quantifying phage or bacterial density, in the 463 

presence versus absence of the defense mechanism and phage/MGE. The observation of a 464 

measured reduction in phage density is indicative of defense, yet can also be the result of a non-465 

specific deficit in cellular functioning, that in turn limits phage reproduction. How to distinguish 466 

the two remains a challenge, which is why taking multiple metrics into account enhances our 467 

ability to discriminate. This is especially true in the case of group-beneficial defenses (e.g. 468 

abortive infection), where a common diagnostic is a reduction in bacterial density given phage 469 

attack(53). While reduction in bacterial density could indicate cellular death to protect kin, it 470 

could also be a simple result of phage-induced cell death and phage proliferation.  471 

 472 

Overall, we highlight the importance of measuring both phage/MGE and bacterial dynamics as 473 

metrics of fitness. A robust defense adaptation will likely have minimal or modest costs on growth 474 

in the absence of molecular predators, and clear benefits in their presence (i.e. reduced phage 475 

amplification, increased bacterial survival/ growth). In contrast, a non-specific cellular deficit will 476 

often show strong dependency on the growth environment(56), flagging the importance of 477 

assessing bacteria and phage/MGE dynamics across relevant environmental conditions (2B). 478 

 479 

Beyond these general demographic measures of fitness, we underline the importance of 480 

leveraging alternate adaptive and non-adaptive hypotheses (criteria 3A, B) to deliver additional 481 
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experimental predictions on phenotypic ‘fitness proxies’. For example, CRISPR spacer acquisition 482 

is a potential ‘fitness proxy’, implying the ability to resist a defined phage/MGE, and therefore 483 

gain demographic benefits. The use of this kind of proxy methodology has shed light on how 484 

CRISPR-Cas enables bacteria to track and match locally prevalent phage genomes over 485 

evolutionary time(65, 67). 486 

 487 

The menu of demographic and phenotypic fitness measures provides opportunities for greater 488 

resolution among alternate adaptive and non-adaptive hypotheses. The same experimental 489 

approaches can also provide invaluable mechanistic insights, flagging the continued dialogue 490 

between mechanistic and evolutionary questions. For example, the characterization of escape 491 

phages (i.e. phages that have evolved to overcome the defense in question) can provide us with 492 

critical information on counter-defense mechanisms such as anti-CRISPRs(118, 119), which in 493 

turn drive evolutionary questions on the nature and drivers of co-evolutionary dynamics. 494 

 495 

Use of relevant environments (2B). Given that fitness costs and benefits can be environment 496 

dependent, the choice of environmental conditions is of critical concern when separating 497 

adaptive and non-adaptive hypotheses. In practice, most experimental assays on defense 498 

mechanisms are conducted in convenient lab growth media, that tend to be nutrient rich. This 499 

choice can modulate the importance of different defenses, both through direct regulatory 500 

impacts and indirect selective mechanisms, with one example being the common enrichment of 501 

surface modification mutants in rich media(56). We note that choice of environment extends 502 

beyond the biochemical components of growth media, and includes dimensions such as solid 503 
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versus liquid culturing conditions(120, 121), multiplicity of infection, MGE/phage diversity, and 504 

intra- and/or interspecific competition(57, 60). While assessing bacterial and phage dynamics 505 

across diverse environments is a powerful approach, it is difficult to scale across many defense 506 

mechanisms. When deciding which environments to test a defense mechanism in, we 507 

recommend that such a choice should be motivated by the specific set of alternate hypotheses 508 

under consideration (criterion 3B). Additionally, when the choice of a single test environment is 509 

necessary, we flag that new techniques allow the design of defined lab growth media that directly 510 

mimic the biochemical properties of the growth conditions of interest, including human infection 511 

environments(122). 512 

 513 

Use of native genomic backgrounds (2C). As far as we can tell, only CRISPR-Cas (Box 1), RM(9), 514 

Pgl(35, 123), BREX(124), Long-A pAgos(125, 126), SiAgo-like pAgos(127), CBASS(128), AbiA-AbiZ 515 

systems(129), RexAB(130), and DarTG(131) of the defenses mentioned here (Appendix) have 516 

been tested in their native genetic background, as most defense mechanisms are tested through 517 

cloning the mechanism in question into model strains of E. coli or B. subtilis (often on a plasmid 518 

or under the control of a foreign promoter) before assessing effects of defense on phage 519 

density(23, 132, 133). Consequently, few defenses have yet been evaluated in native genomic 520 

contexts, providing many avenues for further research.  521 

 522 

We stress however that screening in E. coli and similar laboratory model species is a powerful 523 

starting point for hypothesis testing. Largely unique to microbiology, this ability to isolate the 524 

effect of a candidate gene on a controlled phage-susceptible background can overcome the 525 
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challenge of multiple redundant defense systems in wild-type strains(124). Yet while tractable 526 

and controlled backgrounds are an important tool, they also present taxonomic and mechanistic 527 

biases, likely due to host compatibility constraints(23). Additionally, assays often rely on 528 

convenient sets of phages (e.g. E. coli T-even coliphages) that give clear, reproducible readouts. 529 

These may not represent the phage/MGE threats present in the native ecology of the defense 530 

mechanism, so follow-up tests against ecologically relevant phage panels can be important. 531 

 532 

Two recent studies(134, 135) underscore the importance of considering the native host 533 

background: By knocking out eight defense mechanisms encoded by their native host, David et 534 

al. found that only the loss of two (RM and PD-T4-3(136)) had an effect on phage infectivity, while 535 

the other defenses had no detectable effect(134). Meanwhile, Paoli et al. used RNA-seq data to 536 

quantify defense-system expression across abiotic and biotic conditions, and found that genetic 537 

context can affect defense expression(135). Considering this concern, we underline validation in 538 

a native host background as an important step. When testing in non-native backgrounds, initial 539 

screens should also consider downstream effects of cloning on bacterial growth rate, as any 540 

genetic changes that affect growth might also influence bacteria-phage dynamics(137–139) in 541 

ways that are simple artefacts of the experimental genomic manipulation. 542 

 543 

Finally, we note that many defense mechanisms can move and function across diverse bacterial 544 

hosts via horizontal gene transfer (HGT)(110, 111). This mobility may favor ‘portable’ 545 

mechanisms whose phenotypic effects are robust across multiple genomic backgrounds. At the 546 

same time, HGT does not imply background-independence: even mobile genes experience host-547 
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specific epistasis and regulatory context, and the degree to which adaptive improvements 548 

translate across hosts can depend on how strongly fitness effects align across genomic 549 

backgrounds. Recent work explicitly frames this problem in terms of cross-host fitness-landscape 550 

alignment for horizontally transferred genes, providing a useful conceptual link between 551 

portability and background dependence(140). 552 

 553 

Challenges in the development of adaptive hypotheses (criterion 3) 554 

Criterion 3 addresses the logic of inference required to support an evolutionary (selected-effect) 555 

claim. Because the relevant alternative hypotheses and discriminating tests depend on ecological 556 

context and on the system under study, the goal is not a single universal assay but a transparent 557 

procedure for making assumptions explicit and sharpening testable predictions. 558 

 559 

Adaptive design hypotheses (3A). Reviewing the current discussions of adaptive ‘defense’ 560 

hypotheses flags three major and inter-connected challenges, namely group selection, benefits 561 

of defense, and agency. Across these challenges, we note that there is a large opportunity to 562 

leverage existing theory (largely from the field of sociobiology, e.g.(141)) to drive novel testable 563 

hypotheses (3C). 564 

 565 

Group and kin selection. An increasing number of bacterial defense mechanisms are proposed 566 

to function on the group level (Fig. 3B), where an individual cell sacrifices itself to halt the 567 

development of viable phage/MGE progeny, thus protecting neighbouring cells from infection. 568 

From an evolutionary perspective, this is an example of an ‘altruistic’ behaviour, where an 569 
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individual pays a substantial cost (death or dormancy) to confer benefits to others (escape from 570 

infection). The conditions favoring the evolution of altruism (a strong form of cooperation(142)) 571 

are narrow compared to traits that provide direct benefits to individuals, and require high levels 572 

of population structuring (high relatedness or assortment) so that benefits of the altruistic 573 

behaviour are more likely to go to carriers of the altruistic gene(143). This is far from an 574 

impossible barrier: microbial life histories can often generate high relatedness via a combination 575 

of single-cell dispersal followed by local clonal expansion(144–146). We further note that 576 

analogous mechanisms of group-protective defenses against parasitism have been reported in 577 

social insects(147). So, in order to develop a complete adaptive hypothesis for group-level 578 

defenses (Appendix), the role of population structure and social evolution must be taken into 579 

account.  580 

 581 

Benefits of defense. For an individually beneficial trait, the trait will be favored when benefits b 582 

exceed costs c (b > c). For a group-level trait, the cost/benefit threshold is further restricted by 583 

Hamilton’s rule: rb > c, where r is relatedness between actor and recipients(143). When applying 584 

either inequality to defense mechanisms, a core assumption is that benefits exist, i.e. b > 0, and 585 

while defense against a lethal parasite such as a lytic phage has evident adaptive benefit, defense 586 

against MGEs that do not kill the cell is less clear-cut. These MGEs can potentially confer 587 

beneficial traits such as antibiotic resistance, blurring the ecological line between costly parasite 588 

and beneficial mutualist. For instance, the presence of CRISPR-Cas is negatively associated with 589 

antibiotic resistance due to CRISPR-Cas limiting the acquisition of potentially beneficial MGEs(69, 590 

70, 148, 149). This negative association implies that defenses can become costly liabilities, 591 
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dependent on changes to environmental and MGE contexts, but for most defense mechanisms 592 

this remains to be formally assessed. 593 

 594 

Agency. The simplest adaptive interpretation of the cell-level or group-level defenses in Fig. 3 595 

assumes that the cell (or group) is protecting itself from external parasite attack. Yet, genomic 596 

inspection has increasingly revealed that defense mechanisms are commonly found on MGEs 597 

themselves(150–152). This positioning raises the question of evolutionary agency, or ‘who 598 

defends whom from what’(152, 153). When considering defense against a lytic phage for 599 

instance, there is a common interest in cellular defense, shared by both chromosomal and MGE 600 

genes. In other scenarios this common interest can break down, however, for example when 601 

foreign MGEs potentially carry beneficial genes, or where group-level defense (Fig. 3B) entails 602 

cell death, such as for abortive infection(152). The widespread observation of abortive infection 603 

and other group-beneficial mechanisms on MGEs connects to the kin-selection topic introduced 604 

above, as the very process of local HGT can increase the relatedness parameter r for genes on 605 

MGEs, compared to chromosomal loci(154). Increased relatedness at mobile loci can then 606 

increase the likelihood that the condition rb > c is met, supporting MGE investment in costly, 607 

group-level defenses. 608 

 609 

Alternative hypotheses (3B). A common problem is that alternative explanations are not 610 

considered when evaluating a defense mechanism, as discussed in Box 2 in the context of surface 611 

modifications. As a further example, while recent data illustrates that the production of 612 

aminoglycoside antibiotics can produce clear benefits by blocking phage replication(155), we 613 



 

 32 

note that this anti-phage role is potentially a secondary effect of antibiotic production in 614 

response to interspecific bacterial competition. A related class of examples comes from phase 615 

variation and antigenic variation. Reversible switching of surface structures can strongly alter 616 

phage adsorption and infectivity, producing a clear anti-phage phenotype. However, these 617 

switching mechanisms are often discussed as evolving under multiple selective pressures (e.g. 618 

immune evasion, colonization, or niche switching), with altered phage susceptibility arising as a 619 

collateral consequence. In such cases, ‘defense’ may describe a real phenotype, but the primary 620 

evolved adaptation may lie elsewhere, illustrating the importance of explicitly evaluating 621 

alternative adaptive roles and potential ‘spandrel’/byproduct explanations(40).  622 

 623 

Additionally, systems often labelled as ‘defense’ may be maintained because they confer benefits 624 

to MGEs in conflicts with other MGEs, and not always in defensive roles. For example, when 625 

carried on plasmids, CRISPR–Cas can promote plasmid establishment by targeting resident 626 

competing plasmids following entry into a new host cell—an ‘attack’ role from the perspective 627 

of the invading element—while toxin–antitoxin systems can likewise enhance invasion 628 

success(156). These cases highlight that a clear anti-phage/anti-MGE phenotype need not imply 629 

selection for host-level defense: with the same molecular machinery taking on ‘defensive’ versus 630 

‘offensive’ roles depending on context. 631 

 632 

For any given trait, we recommend considering both alternative adaptive hypotheses (i.e. 633 

alternate evolved functions) and non-adaptive hypotheses, including the potential for 634 

experimental or bioinformatic artefacts. Toxin-antitoxin (TA) systems provide an example where 635 
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multiple alternate adaptive hypotheses are already present in the literature, spanning defense, 636 

persister phenotypes, MGE competition, and addiction(7, 107, 157).  637 

 638 

Formal mathematical theory (3C). While we underline that a conceptual model and associated 639 

testable hypotheses are a necessary step in our proposed iterative process (Fig. 2), formal (math-640 

based) theory is not required. That said, mathematical biology tools (e.g. optimization, game 641 

theory, population genetic modelling, adaptive dynamics) can help test the logic of adaptive 642 

claims—in some cases even rejecting hypotheses on purely logical grounds(158). In addition, 643 

mathematical models can provide quantitative predictions on measurable aspects of adaptive 644 

design that flow from the logical assumptions of the model, and which can be tested using 645 

experimental and bioinformatics approaches discussed above. Overall, there is a general lack of 646 

formal theoretical modelling for most defense mechanisms, presenting an opportunity to the 647 

field. Outside of CRISPR-Cas studies (Box 1), we are only aware of formal theory on restriction-648 

modification systems(84) and abortive infection(159).  649 

 650 

Conclusion  651 

Evolutionary biologists have grappled with the concept of evolutionary adaptation for over half 652 

a century. By leveraging this history of debate, we summarize an inter-related set of criteria that 653 

can provide both a diagnostic overview (Box 1, 2) and a multi-pronged research agenda (Fig. 2) 654 

for studies of microbial adaptation. While applicable to any debate over microbial adaptation, 655 

we apply these criteria to the rapidly growing ‘bacterial immune system’ field, which has seen an 656 

unprecedented expansion in recent years (Fig. 1). We hope these criteria may inspire 657 
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experimental design, highlight research gaps, and spark discussion on defining anti-phage/anti-658 

MGE defense adaptation. Our approach emphasizes benchmark cases of integrated theoretical, 659 

experimental, and bioinformatic evidence, alongside cases where evidence is limited or indeed 660 

contradictory. In some cases, we suggest that while passive defensive functions exist, they are 661 

potentially either secondary effects of other primary adaptive functions (e.g. aminoglycoside 662 

production), or the result of trade-offs modifying a distinct adaptation (e.g. surface modification). 663 

Overall, we emphasize that the majority of proposed mechanisms are so new it is only natural 664 

that they do not meet all the criteria we have put forth. In this fast-moving context, our 665 

perspective flags future research needs to truly establish and define the ‘bacterial immune 666 

system’ and which defenses solidly qualify to be part of it. 667 
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Appendix 1119 

Individual cell-level defenses 1120 

Cell-level defenses include some of the ‘biggest names’ of the bacterial immune system, such as 1121 

RM and CRISPR-Cas which both function by targeting and degrading parasitic nucleic acids. This 1122 

category also contains largely phage-targeting mechanisms including prokaryotic viperins (pVips) 1123 

(1, 2), BREX(3), and DISARM(4). Additionally, there are some defenses that mainly but not 1124 

exclusively target plasmids, like Wadjet(5) and long-A prokaryotic Argonaute proteins (pAgos)(6, 1125 

7). Further, some secondary metabolites have been found to limit the synthesis of invasive DNA 1126 

and RNA without killing the host (anthracyclines and aminoglycosides produced by 1127 

Streptomyces(8–10)). There are exceptions (such as CRISPR Type III, which results in abortive 1128 

infection(11)) and uncertainties of course, and surviving the onslaught of molecular parasites is 1129 

neither straightforward nor guaranteed(12, 13) but is more likely if the bacterium being targeted 1130 

has one or more of these systems present in its genome. 1131 

 1132 

Group-level defenses 1133 

Group-level defenses differ in that they do not necessarily enhance protection of a focal 1134 

individual cell, but instead limit parasite reproduction in a way that may potentially protect the 1135 

broader bacterial group. The most well established class of group-level defenses are ‘abortive 1136 

infection’ systems, for example toxin-antitoxin systems such as avcID(14), CapRel(15), ToxIN(16), 1137 

RnlAB(17), DarTG(18) and RosmerTA(19). Other abortive infection systems include CBASS(20), 1138 

Pycsar(20, 21), Thoeris(22, 23), DSRs(24), SEFIRs(25), long-B and short pAgos(6, 26), AbiA-1139 

AbiZ(27), retrons(28), Lamassu(25, 29), PARIS(30, 31), Gabija(32, 33), Avs(30, 34, 35), Stk2(36), 1140 
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Zorya(37), bacterial gasdermins(38), and RexAB(39, 40). Additionally, there are defenses 1141 

involving deoxynucleotide depleting defense enzymes (dCTP, dGTPase)(41), and cell poisoning 1142 

mechanisms (RADAR(34)). It is important to note that some of these defense ‘families’ might 1143 

have sub-types facilitating cell survival, but for the sake of clarity they will remain in this category. 1144 

 1145 

Increase in phage defense literature (raw counts) 1146 

 1147 

Fig. S1. The bacterial defense literature is rapidly expanding (raw counts). Total Pubmed hits 1148 

per year for ‘phage defense’ (red line, left y axis) and total publications per year (yellow dashed 1149 

line, right y axis).  1150 
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