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Abstract How might we artificially select multi-species microbial communities to improve their8

functions? In the accompanying article, we have modeled a commensal community where Helper9

releases Byproduct essential to Manufacturer, and Manufacturer diverts a fraction fP of its growth10

to make Product. Low-density “Newborn communities” grow and mutate over time T into “Adult11

communities”, and Adult communities with the highest function (total Product) are randomly12

partitioned into Newborn communities of the next cycle. Here, to understand selection dynamics,13

we visualize community function landscape (“landscape”) which relates community phenotype14

composition (e.g. species ratio; Manufacturer’s fP ) to community function. We show that although15

an interaction can enable species coexistence by driving species ratio toward an “attractor", it can16

constrain selection if maximal function lies outside of the attractor. Landscape-attractor diagrams17

allow us to evaluate the effectiveness of different selection regimens, including screening18

communities comprising one random clone from each species.19

20

Introduction21

Multi-species microbial communities often display community functions - biochemical activities22

not achievable by any member species alone. For example, a community of Desulfovibrio vulgaris23

and Methanococcus maripaludis, but not either species alone, converts lactate to methane in the24

absence of sulfate Hillesland and Stahl (2010). Community function may be improved by artificial25

selection. That is, newly-assembled “Newborn communities” (“Newborns”) grow and mutate during26

“maturation time” T to become “Adult communities” (“Adults”). Adults expressing the highest27

community functions are selected to “reproduce” where each is randomly partitioned into multiple28

Newborns for the next selection cycle. Artificial community selection, if successful, can improve29

useful community functions such as fighting pathogens Lawley et al. (2012), producing drugs Zhou30

et al. (2015), or degrading wastes Kato et al. (2004). However, compared to selection on individuals,31

selection on communities is less likely to succeed (Figure 1 of accompanying article).32

We have simulated artificial selection on a Helper-Manufacturer community (see accompany-33

ing article for model details and their experimental justifications). In this community, Helper H34

consumes excess Waste and releases Byproduct B essential to Manufacturer M, while M diverts a35

fraction fP of its growth resource to make Product P. H and M additionally compete for a shared36

Resource R. Community function P (T ) is the total amount of Product accumulated as a Newborn37

community matures over time T to become an Adult community. We choose the number of popu-38

lation doublings within T to be relatively small to prevent any newly-arising mutants from taking39
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over. Thus, community function at adulthood is mostly determined by compositions of species and40

their genotypes at the Newborn stage (“Newborn composition”).41

To reduce the dimension of our problem, we have chosen model parameters such that im-42

proving H and M’s maximal growth rates and affinities for required nutrients increases community43

function. Thus, we can fix these growth phenotypes at their respective evolutionary upper bounds,44

since mutants that reduce these phenotypes will be selected against by both natural selection45

and community selection. Consequently, we only need to focus on one evolvable phenotype:46

Manufacturer’s fP .47

Maximal community function is achieved at an intermediate fP . This is because at fP = 0, no48

Product is made, while at fP = 1, M does not grow and is out-competed by H. Natural selection will49

favor lower fP . Thus, even when we start with the fP optimal for community function (f ∗
P = 0.41), it50

and community function will decline in the absence of community selection.51

Can community selection counter natural selection to increase fP and thus community func-52

tion? We have shown that the answer depends on community selection regimen (accompanying53

article). Let’s consider the case where we supply excess Resource to prevent stationary phase. If we54

reproduce an Adult community by pipetting a portion of it into each Newborn, then Newborn com-55

position in terms of total biomassN(0) and fraction of M biomass �M (0) fluctuates, which interferes56

with community selection. In other words, an Adult community may be selected not because of57

mutations that increase the average fP among Manufacturers, but because its composition at the58

newborn stage happens to favor community function. In contrast, if we sort fixed H and M biomass59

or cell number into each Newborn, community function improves but curiously does not reach the60

theoretical maximum.61

How might we understand selection dynamics under different selection regimens? Here, we62

visualize “community function landscape” together with “species composition attractor”. We show63

how such visualization helps us understand ecological-evolutionary dynamics during artificial64

community selection.65

Results66

Visualizing community function landscape and species composition attractor67

A landscape graphically represents how a quantity of interest varies across the composition space of68

a system. For example, in evolutionary biology, phenotype-fitness landscape represents the fitness69

of an individual as a function of its phenotypic values Lunzer et al. (2005). When many phenotypes70

jointly determine fitness, phenotype-fitness landscape is hyper-dimensional and thus difficult to71

visualize. However, we can reduce the dimension by fixing all phenotypes of an individual except72

for its maximal growth rate and nutrient affinity for the limiting metabolite. In this case, growth73

rate g may be expressed by Monod kinetics g = gmax
c

c+K
where c is the concentration of the limiting74

metabolite, gmax is the individual’s maximal growth rate, and K is the metabolite concentration at75

which half maximal growth rate is achieved. g can be visualized by a 3D plot as a function of gmax and76

K∕c (Figure 1–Figure Supplement 1). This landscape illustrates that higher g is attained at higher77

gmax and lower K .78

To understand selection dynamics in the Helper-Manufacturer community, we want to visualize79

its “community function landscape” (short-handed as “landscape”). At a fixed maturation time80

T and initial Resource, community function P (T ) depends on initial conditions and parameters81

(species phenotypes) of our model. Initial conditions include a Newborn community’s total biomass82

N(0) and fraction M biomass �M (0). Species phenotypes include H and M’s growth phenotypes83

(maximal growth rates; affinities for metabolites) and fP , the fraction of M’s growth resource84

diverted to making Product. As described in Introduction, we have fixed all growth parameters85

to their respective evolutionary upper bounds, and only allow Manufacturer’s fP to vary. During86

community reproduction, N(0) and �M (0) can fluctuate stochastically.87

We have chosen a sufficiently short T such that within a selection cycle, newly-arising mutations88

2 of 10

.CC-BY-NC 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted February 13, 2018. ; https://doi.org/10.1101/264697doi: bioRxiv preprint 

https://doi.org/10.1101/264697
http://creativecommons.org/licenses/by-nc/4.0/


Figure 1. Visualizing community function landscape (“landscape”) and species composition attractor (“attractor”). (A) A 3D plot of

community function P (T ) as a function of fP (0) and �M (0). P (T ) is calculated assuming that all Manufactures have the same fP (fP (0)) and that
the effects of new mutations arising during maturation are negligible. (B) Contour plot of A. The magenta star in A and B marks the position of

global maximal P (T ). In our parameter space, a single maximal P (T ) occurs at f ∗
P (0) = 0.41 and �∗

M (0) = 0.54. (C) Species composition attractor. At
various fixed fP , each grey arrow starts at �M of a Newborn community and ends at �M of the Adult community after maturation time T . The
dotted line is the attractor.

Figure 1–Figure supplement 1. Fitness landscape of growth rate g at a fixed metabolite concentration.

in fP do not have enough time to rise to a sufficiently high frequency to impact community function.89

If we additionally fix the total biomass of a Newborn, then community function P (T ) depends only90

on Newborn’s fraction of M biomass �M (0) and M’s fP . As we demonstrate below (Figure 3–Figure91

Supplement 2), the latter term can be approximated as f P (0), fP averaged over all M in a Newborn92

community. Thus, landscape can be visualized as Figure 1A. We further flatten community function93

landscape to a 2D contour plot (Figure 1B), and use color to indicate community function. As evident94

from the landscape diagram, maximal community function (magenta star in Figure 1A and B) is95

achieved at an intermediate f P (0) and �M (0).96

As we have shown (accompanying article Figure 3), f P (0) affects �M . At high f P (0), M has low97

growth rate and eventually goes extinct (�M = 0; white dotted line on the x-axis in Figure 1C). At98

low f P (0), �M (T ) reaches a non-zero steady state value �M,SS (black dotted line in Figure 1C). �M,SS99

values at various f P (0) form a species composition attractor (short-handed as “attractor”): �M100

values away from the attractor will always move rapidly toward the attractor compared to how101

fast f P (0) evolves. This attractor is a consequence of the commensal interaction between H and M102

Momeni et al. (2013).103

Both the landscape and the attractor govern community selection. Since species composition104

will always be pulled toward the attractor, successful community selection will push community105

function up the landscape along the attractor. We can thus superimpose the two graphs to visualize106

selection dynamics, as we demonstrate in Figure 2B.107

Attractor can constrain community selection108

Community function sometimes fails to reach the maximum despite community selection. For109

example, let’s consider the following selection scheme. We start from 100 Newborn communities,110

each containing 40 H cells each of biomass 1, and 60 M cells each of biomass 1 and fP = 0.13.111

On average, Resource R is in moderate (~30%) excess by the end of T to avoid stationary phase.112

During T , each M and H cell takes up required metabolites (H consumes Resource, and M consumes113

Resource and H’s Byproduct), and increases in biomass. Once the biomass of a cell reaches114

the threshold of 2, the cell divides into two cells of equal biomass. fP -altering mutations arise115

stochastically at a rate achievable in hyper-mutators (2 × 10−3/cell/generation). How mutations116

affect fP is based on experimental observations: half of the mutations generate non-producers117

(fP = 0), while the other half increase or decrease fP by an average of 5~6% (Fig 4 of accompanying118

article). At the end of T , we select the Adult community with the highest P (T ) to reproduce by119
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Figure 2. Community selection dynamics on the landscape-attractor diagram. (A) Dynamics during

community selection. Magenta dashed lines mark values corresponding to the global maximal P (T ) where
T = 17. (B) Community function landscape superimposed with steady state composition attractor (black dotted
line). The large open circle marks Newborn composition

{

fP (0), �M (0)
}

for the 1st cycle. Olive-colored curve

corresponds to evolutionary dynamics as shown in (A). Magenta and olive stars respectively correspond to

community compositions for maximal P (T ) in theory and in practice.

“sorting” biomass so that each Newborn has a total biomass near the target N0 = 100, with species120

composition similar to that of the parent Adult. In practice, cell biomass can be measured by, for121

example, fluorescence intensity. When the top-functioning Adult is depleted, we use the second122

highest-functioning Adult until we obtain a total of 100 Newborns (see details of the simulation123

code in accompanying article).124

Under this selection regime, community function improves but levels off at sub-maximum (Fig125

2A, left panel). f P (0), the average fP of Manufactures in successful Newborns that will get selected126

at adulthood, exceeds what is required for maximal P (T ) (Fig 2A, middle panel). This is surprising127

since Manufactures with lower fP grow faster. Then, why would successful Newborn communities128

end up with fP neither favored by community selection nor by natural selection?129

The answer becomes clear when we plot evolutionary dynamics on the landscape-attractor130

diagram (Figure 2B). Starting from the open circle, olive dots mark the average composition of131

successful Newborns over successive cycles. Within the first cycle, f P (0) barely changes due to the132

rarity of mutations and the lack of time for any new mutation to rise to high frequency within T .133

�M (0), fraction M in Newborn, quickly reaches the steady state value on the attractor (Figure 2B,134

black dotted line). Afterwards, species composition is always constrained to near the attractor as135

f P (0) improves. Since the attractor does not pass through maximal community function (Figure136

2B, magenta star), community function is sub-maximal (Figure 2B, olive star). The geometry of137

the landscape-attractor diagram further reveals that the final selected f P (0) overshoots the value138

required for maximal community function (Figure 2B, olive star to the right of magenta star). The139

final �M (0) also exceeds that required for maximal community function (Figure 2B, olive star above140

magenta star).141

Visualizing the effectiveness of community selection regimens142

In this section, we demonstrate how landscape-attractor diagrams, together with the statistical143

distribution of Newborn composition, can be used to qualitatively evaluate the effectiveness of144

selection regimens.145

Let’s consider selection regimens where N(0) is fixed but �M (0) is allowed to fluctuate stochasti-146

cally during community reproduction. Experimentally, this corresponds to fixing Newborn turbidity.147
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At fixed N(0), community function landscape can be visualized as a 2D diagram with �M (0) and148

fP (0) as the two variables (Figure 2B). We already know that community function barely improves at149

maturation time T = 17 (“short T ”) but improves rapidly when T increases to 20 (“long T ”) (Figure 7150

in accompanying article). We will now explain this difference by comparing their landscape-attractor151

diagrams.152

Short T and long T generate similar landscape-attractor diagrams at the global scale (Figure 3–153

Figure Supplement 1). However when we zoom into the scale where mutation operates (i.e. a few154

percent of the ancestral fP ), differences emerge (Figure 3). To see this difference, let’s consider two155

consecutive selection cycles. We start with ntot = 100 Newborn communities, with their {f P (0), �M (0)}156

compositionsmarked as open circles (Panel i of Figure 3A, C). Strictly speaking, P (T ) is determined by157

the time-dependent fP distribution as well as the dynamics of H and M in a community throughout158

maturation time T . However, because T is sufficiently short to prevent new mutations from rising159

to a high frequency within a cycle, P (T ) can be adequately predicted from Newborn compositions160

{f P (0), �M (0)} (Figure 3–Figure Supplement 2) using Eqs. 1-5. In other words, when reaching161

adulthood, a Newborn will achieve community function as indicated by the color of the community162

function isocline it sits on. We mark the f P (0) averaged among all Newborn communities of the163

first cycle as a reference (grey dashed line).164

Out of the 100 Newborns, two will be “successful” (magenta open circles) in the sense that they165

will achieve the highest community function at adulthood and reproduce. Graphically, successful166

Newborns occupy the yellowest region of the landscape (Panel i of Figure 3A, C). By time T (filled167

circles in Panel ii of Figure 3A, C), f P (T ) has declined due to the fitness advantage of Manufacturers168

with lower fP , and �M (T ) has reached the steady state �M,SS . The two successful Adult communities169

are then partitioned randomly into a total of ntot = 100 Newborn communities (Panel iii of Figure 3A,170

C).171

When T is short, we sometimes end up selecting communities with sub-optimal f P (0) (Figure 3A,172

magenta circles to the left of the dashed reference) if their �M (0) values happen to promote P (T ). In173

contrast, when T is long, all selected communities have high f P (0) (Figure 3 C). This trend becomes174

even more apparent when we examine the statistical outcome of community reproduction and175

selection in repeated trials: f P (0) of successful Newborns (cloud of magenta circles in Figure 3B and176

D) show improvement over the reference when T is long but not when T is short. This difference can177

be explained by examining the landscape geometry below the attractor where higher community178

function resides: the isoclines are diagonal when T is short, whereas they are nearly vertical when T179

is long. Let’s compare a small region of the landscape (purple rectangles in Figure 3A and C). In this180

region, an increase in f P (0) improves P (T ) in a similar fashion for short and long T (i.e. improving181

by two isoclines as marked by two horizontal arrows). As �M (0) fluctuates in the vertical direction182

within the rectangle, P (T ) can change by 4 isoclines for short T , but barely changes for long T183

(vertical arrows). This difference translates to how fluctuations in �M (0) differentially interfere with184

community selection when T is short versus long, and consequently whether community selection185

will improve f P (0) and P (T ).186

Standard community selection can outperform combination screening187

Instead of the standard community selection described above, we could screen combinations of188

clones, with each member species contributing a random clone (“combination screening”). For189

example to construct a Newborn community, we could grow one random clone per species, and190

mix them at a pre-fixed species ratio. We then select the highest-functioning Adult communities to191

reproduce: we plate them out, randomly choose one clone per member species, and mix them192

at the pre-fixed species ratio to form Newborns of the next cycle. Combination screening is a193

variation of community selection. One difference is that in combination screening, a Newborn194

community starts with a predetermined species ratio while in standard community selection, a195

Newborn inherits the species ratio of the parent community.196

Let’s consider the H-M community where H and M have been pre-optimized in monocultures.197
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Figure 3. Landscape-attractor diagrams reveal the effectiveness of selection regimens. (A, C) (i): {fP (0), �M (0)} compositions of 100
Newborn communities from a selection cycle (open circles), with the two Newborns that will achieve the highest community function colored in

magenta whereas the rest in black. Each color curve marks an isocline of a particular P (T ) value. The fP (0) averaged across the 100 Newborns
(grey dashed line) of the initial selection cycle serves as a reference for tracking improvements of fP (0) and thus of community function in
subsequent cycles. (ii): Compositions of Adult communities (solid circles). fP (T ) generally declines during maturation due to the fitness advantage
of lower-producers, and �M (T ) has converged to the attractor. Adult communities with the highest P (T ) (magenta) are selected to reproduce. (iii):
Newborn communities of the subsequent cycle. (iv): Adult communities of the subsequent cycle. Purple rectangles: Arrows connect two adjacent

P (T ) contours. Vertical arrows show that when T is short (but not when when T is long), fluctuations in �M (0) greatly affect community function.
Horizontal arrows show that changes in fP (0) affect P (T ) similarly for short or long T . In both (A) and (C), the purple rectangle is centered around
the grey dashed reference line. (B, D) Adult communities in Panel iv of A and C are allowed to undergo reproduction, maturation, and selection

(using the simulation code in accompanying article). To account for stochasticity in cell mutation and death and during community reproduction,

we repeat this same simulation 20 times using different random number sequences. The statistical distributions of {fP (0), �M (0)} compositions of
successful Newborns are plotted. fP (0) improves over the reference when T is long, and barely improves when T is short. The interval between
two adjacent contours is the same for short and long T .

Figure 3–Figure supplement 1. Landscape-attractor diagrams for short and long T appear similar at the global scale.

Figure 3–Figure supplement 2. P (T ) calculated from the differential equations agree well with those from stochastic simulations.

Figure 3–Figure supplement 3. Restricting fluctuations in �M (0) facilitates community selection.
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Figure 4. Combination screening fixated at a pre-deter mined �M (0)may significantly under-shoot
theoretical maximal community function. (A) Top: At the initial stage where fP = 0.13, maximal P (T ) is
achieved at �M (0) = 0.18. Bottom: If community selection is performed at fixed �M (0) = 0.18, maximal P (T )
(green star) is only about half of the theoretical maximal (magenta dashed line). P (T ) is calculated from
differential equations assuming that all M share identical fP . (B) Selection dynamics is plotted on community
function landscape, with contour color scale identical to that in Figure 1. Evolutionary dynamics during standard

selection (olive) and combination screening (brown and green) are plotted, with circles and stars respectively

mark the beginning and the maximal P (T ) of community selection. Olive and brown trajectories share the same
starting point. Here, N(0)=100 biomass units.

Figure 4–Figure supplement 1. Combination screening at a pre-fixed �M (0) can underperform or outperform

standard community selection where a Newborn inherits the species ratio of its parent Adult.

Since H is already fixed at its evolutionary upper bound, combination screening will involve fixed H198

but variable M. An experimentalist starts with fP = 0.13 (fP of pre-optimized M, see accompanying199

article), and by trying different H:M ratios, realizes that maximal community function is achieved at200

�M (0) of 0.18 (green circle in Figure 4A top panel and Figure 4B). If the experimentalist fixes �M (0)201

to 0.18, community selection could improve fP to 0.29 where community function P (T ) is only202

about half of the theoretical maximal (green star in Figure 4A bottom panel and Figure 4B), much203

lower than the maximal P (T ) achieved in standard selection ( Figure 4B olive trajectory). In general,204

from the same starting ratio, standard selection will outperform combination screening if as fP205

improves, species composition attractor changes in the direction that promotes community function206

(Figure 4B, olive trajectory outperforming brown trajectory). If the experimentalist fixes �M (0) at207

a value near what is optimal for community function (e.g. 0.54), then combination screening will208

outperform standard selection (Figure 4–Figure Supplement 1). However, it is difficult to know a209

priori the species ratio corresponding to the maximal community function.210

Discussion211

To gain intuition about artificial selection of multi-species communities, we visualize community212

function landscape together with species composition attractor. In the H-M community, this is213

made possible by choosing model parameters and selection regimens so that community function214

varies with only two aspects of Newborn community composition— �M (0) (fraction M biomass)215

and f P (0) (fP averaged over all M in a Newborn community).216

The landscape-attractor diagram illustrates that community selection can be constrained by217

ecological interactions between species. Species interactions such as commensalisms and mutu-218

alisms can facilitate species coexistence Shou et al. (2007);Momeni et al. (2013), giving rise to the219

attractor. However, this stability can constrain community selection if the maximal community220

function does not coincide with attractor (Figure 2B).221

The local geometry of a landscape-attractor diagram, together with the statistical distribution of222

Newborn community composition, can lend intuitions to the effectiveness of a selection regimen223
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(Figure 3). For example in the H-M community, P (T ) can be affected by heritable variations in224

f P (0) and by non-heritable fluctuations in �M (0) arising during community reproduction. Ideally,225

P (T ) improvement should be mainly driven by improving f P (0). Since fluctuations in �M (0) affect226

community function less when T is long compared to when T is short (Figure 3, vertical arrows227

in the two purple rectangles), selection scheme with longer T is more effective in improving228

community function. If we want to keep T short, we can fix �M (0) by cell sorting. This regimen229

indeed improves community function (accompanying article Figure 7). Graphically speaking, this230

amounts to compressing the cloud of Newborn community compositions to a narrow band near231

the attractor (Figure 3–Figure Supplement 3). Now that fluctuations in P (T ) along �M (0) is much232

less than that along f P (0), communities with higher f P (0) get selected.233

Using community function landscape diagram, we can compare the evolutionary dynamics of234

combination screening (where �M (0) is pre-fixed) with standard community selection (where �M (0) is235

inherited from the parent community). During standard selection, �M (0) stays near the attractor and236

can change in a direction that improves (Figure 3–Figure Supplement 1A) or diminishes (Figure 3–237

Figure Supplement 1B) community function. Combination screening can outperform standard238

selection if �M (0) is fixed at or near the value corresponding to maximal P (T ) (compare purple239

curve with olive curve in Figure 4–Figure Supplement 1). Otherwise, standard community selection240

can outperform combination screening (Figure 4; compare olive curve with brown and blue curves241

in Figure 4–Figure Supplement 1). Clearly, we can try alternative selection regimes. For example,242

we can start with standard selection, and once community function has reached a plateau, we can243

vary species ratio. If community function can be further improved by a new �M (0), we can continue244

selection while fixing �M (0) to this new value.245

Combination screening can be applied to communities where species do not coexist over a246

prolonged time. Standard selection can also be applied to these communities if we re-adjust species247

ratio via cell sorting during community reproduction. For communities of three or more species,248

testing different species ratios during combination screening will be challenging. Any difficulties in249

culturing member species will add further challenges to combination screening, while standard250

selection does not require member species to be culturable.251

An important difference emerges between combination screening and standard selection when252

intra-species interactions evolve. For example, M can evolve into two subpopulations, each carrying253

out a complementary module of Product biosynthesis. Interestingly, in at least some cases, parti-254

tioning a pathway into distinct cell populations has been demonstrated to enhance pathway activity255

Lilja and Johnson (2016); Zhang and Wang (2016), by for example, reducing enzyme competition for256

limited cofactors. Evolved intra-species interactions are precluded during combination screening257

(since we pick one clone per species), but can be selected for during standard community selection.258

In general, community function landscape will be hyper-dimensional and difficult to visualize.259

However, we believe that the concept of community function landscape will be useful, much like260

the concept of “fitness landscape”Wright (1932).261

Methods262

Community function landscapes are plots of P (T ) numerically integrated from the following set of263

scaled differential equations (Eqs. 6-10 in accompanying article), assuming that all M cells have the264

same fP = f P (0):265

dM
dt

= gM (R, B)
(

1 − fP
)

M − �MM (1)

dH
dt

= gH (R)H − �HH (2)

dR
dt

= −cRMgM (R, B)M − cRHgH (R)H (3)

8 of 10

.CC-BY-NC 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted February 13, 2018. ; https://doi.org/10.1101/264697doi: bioRxiv preprint 

https://doi.org/10.1101/264697
http://creativecommons.org/licenses/by-nc/4.0/


dB
dt

= gH (R)H − cBMgM (R, B)M (4)

dP
dt

= gM (R, B)fPM (5)

where266

gH (R) = gHmax
R

R +KHR

gM (R, B) = gMmax
RMBM
RM + BM

(

1
RM + 1

+ 1
BM + 1

)

and RM = R∕KMR and BM = B∕KMB . Definitions of all state variables and parameters are given in267

Table 1 of accompanying article. Parameters are from the “Mono-adapted” column of Table 1 of268

accompanying article.269

Compositions of Newborn communities during community selection are results of stochastic,270

individual-based simulations. Details of the simulation code can be found in accompanying article.271

For Figure 3B and D, compositions of the two successful Newborn communities are plotted for272

each trial of community reproduction, maturation, and selection. This is repeated 20 times with the273

same Adult communities but with different random number sequences, resulting in a total of 40274

Newborn compositions in Figure 3B and D.275
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Figure 1–Figure supplement 1. Fitness landscape of growth rate g at a fixed metabolite con-
centration c. g is a function of maximal growth rate gmax and Monod constant K (concentration
of metabolite at which half-maximal growth rate is achieved) according to the Monod kinetics.

The highest growth rate (high g, yellow) is achieved at the lowest K and the highest gmax that are
permitted by biology.

310

Figure 3–Figure supplement 1. Landscape-attractor diagrams for short and long T appear
similar at the global scale. The magenta star marks the position of global maximal P (T ). The
olive star marks the maximal P (T ) achieved by standard community selection.
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Figure 3–Figure supplement 2. P (T ) calculated from the differential equations agree well
with those from stochastic simulations. P (T ) values are obtained from individual-based stochas-
tic simulations where mutants are explicitly tracked. In parallel, P (T ) values are calculated from the
differential equations using f P (0) (Eqs. 1-5). The two sets of P (T ) values correlate well (the blue
dashed line having a slope of 1).

312

Figure 3–Figure supplement 3. Restricting fluctuations in �M (0) facilitates community selec-
tion. During community reproduction, we sort H and M biomass so that �M (0) is close to �M of the
parent Adult community (similar to Figure 2). Circles mark f P (0) and �M (0) of Newborn communities
from a selection cycle and magenta circles mark successful Newborns. Compared to Figure 3A

where circles spread over a wide interval of �M (0), circles here spread over f P (0) because �M (0) is
almost fixed. As a result, high P (T ) results mostly from high f P (0), as evident by the two magenta
circles having the highest f P (0).
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Figure 4–Figure supplement 1. Combination screening at a pre-fixed �M (0) can underper-
form or outperform standard community selection. Dynamics of standard selection (where a

Newborn inherits the species composition of its parent Adult; solid) and combination screening at

various fixed �M (0) (dotted) are plotted. As expected, when �M (0) is set near what is optimal for
community function (0.54, Figure 1B), combination screening (purple) reaches a higher P (T ) than
standard community selection (olive). Otherwise, the opposite is true (compare blue and brown

with olive). Higher rate of community function improvement corresponds to higher density of P (T )
isoclines. For example, isocline density is much higher at �M (0) = 0.6 compared to �M (0) = 0.8
(Figure 4B ). Here, Newborn total biomass N(0) is fixed at 100, and each curve is the average of
three independent simulations.
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