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During the biofilm life cycle, bacteria attach to a
surface then reproduce, forming crowded, grow-
ing communities. Many theoretical models of
biofilm growth dynamics have been proposed;
however, difficulties in accurately measuring
biofilm height across relevant time and length
scales have prevented testing these models, or
their biophysical underpinnings, empirically. Us-
ing white light interferometry, we measure the
heights of microbial colonies with nanometer
precision from inoculation to their final equilib-
rium height, producing a novel and detailed em-
pirical characterization of vertical growthdynam-
ics. We propose a heuristic model for vertical
growth dynamics based on basic biophysical pro-
cesses inside a biofilm: diffusion and consump-
tion of nutrients, and growth and decay of the
colony. This model captures the vertical growth
dynamics from short to long time scales (10 min-
utes to 14 days) of diverse microorganisms, in-
cluding bacteria and fungi.
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Significance Statement
The primary mode for microbial life is the biofilm. Ex-
perimental difficulty in measuring the vertical growth
of biofilms has limited our understanding of this funda-
mental aspect of biofilm physiology. To address this is-
sue, wemeasure biofilm topographies with nanometer
resolution via interferometry. We found that a diverse
array of microbes follow identical trends. Biofilms
grow exponentially up to a characteristic thickness,
consistent with active growth layer theories. Then,
biofilm growth rate decreases linearly with height un-
til growth stops. We construct a simple “interface
model” based on these empirical observations, which
vastly outperforms alternative heuristics. Interfero-
metric measurements of topography thus represent a
facile approach to investigating biofilm development,
and our heuristic model provides a biophysical frame-
work to quantify it.

Introduction
Biofilms are surface attached microbial communities com-posed of cells and extracellular polymeric substance (1–3). Biofilms form when a cell attaches to a surface andreproduces, leading to horizontal and vertical expansion.Understanding the dynamics of this expansion, and theprocesses responsible for them, is fundamental to under-standing biofilm development(4–6). Many studies have

focused on understanding the horizontal “range expan-sion,” detailing the impact of physical interactions, the en-vironment, inter-strain competitive dynamics, andmore(7–15). Conversely, less is known about the vertical growthof biofilms, i.e., growth perpendicular to the surface, de-spite its importance for determining access to nutrientsand oxygen(16, 17). The initial steps of this process (18, 19),as well as some aspects of competitive growth(20–23), havebeen studied. However, our knowledge of how verticalgrowth proceeds over short and long time scales is lim-ited. In particular, while growth curves in liquid media havebeen studied for years building on the works of JacquesMonod(24, 25), and the horizontal expansion of biofilms onagar plates has been studied extensively (26–28), we lackdetailed measurements and a heuristic understanding ofvertical growth. As biofilms play important roles in micro-bial ecology and human health(29, 30), elucidating this fun-damental aspect of microbial physiology is crucial.
The characterization of microbial topographies is a grow-ing field(31–38), but with limited focus on the temporal dy-namics of the colony. The experimental difficulty in mea-suring biofilm heights with sufficient precision over manydifferent time scales in a non-destructive manner has lim-ited our understanding of this fundamental phenomenon(39). The utility of traditional optical techniques is limitedfor a variety of reasons, such as the substantial differencein index of refraction between the biofilm and air. Further,fluorescent proteins and dyes are specific or localized, andthus do not necessarily report the true height of a biofilm,which is composed of both cells and extracellular matrix.Fluorescent stains can also bleach over time, making it diffi-cult to continuously image the biofilm and the surface it sitson, which is necessary for assessing height. Thus, we lacka clear empirical picture of how vertical growth dynamicsproceed over short and long time scales.
Due to the many relevant biological and physicalparameters(8, 40–42) involved in biofilm modeling,many models are complex, with multiple interactingphases inside and outside of the colony. Often, thesemodels will incorporate a quadratic carrying capacity termto capture the qualitative features of vertical growth dy-namics that are initially rapid before eventually saturating.However, while the logistic growth curve captures thesequalitative features, it is unclear if logistic growth is quanti-tatively accurate. To address this issue, many multi-phase,spatial models have been developed (11, 27, 43–47), witha smaller subset of these models explicitly addressingvertical growth, or colony thickness (9, 48, 49). Many ofthese state of the art models are highly accurate, but theirreliance on many precisely measured parameters limitsthe practical and heuristic utility of such models, especiallyif many different strains are being compared (50–52). Thus,developing a functional and quantitative understanding ofvertical biofilm growth with reduced dimensionality would
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A Two-regime growth

Figure 1. White light interferometry imaging of developing biofilm topography. (A) Light intensity and (B) surface measurement data from the edge of an Aeromonas
veronii inoculum on LB agar are shown 30 minutes after inoculation. (C) One-dimensional averaged profile of the surface topography is computed from the data in (B).
(D) A 24-hour timelapse of averaged profiles from growing A. veronii biofilm is shown. The colony expands horizontally (x-axis) and vertically (y-axis), with some of
its surface features persisting during development. The scale in the y-axis has been increased to better observe the data. The region shown in panels A-C is marked
with a rectangle.

go a long way towards elucidating this fundamental aspectof microbial physiology.Here, we measure and characterize the vertical growth dy-namics of biofilms. Using white light interferometry, wemeasure biofilm topographies with single nanometer reso-lution. We perform frequentmeasurements over 48 hours,and also measure the long time dynamics over two weeks.Guided by our empirical results, we test a simple interface-limited growth model, which accounts for the fact thatnutrient diffusion and uptake limit the thickness of thegrowing zone inside the colony. With just three parame-ters, this model accurately reproduces the observed asym-metric vertical growth dynamics, and captures steady-statebiofilm heights at 14 days.

Results
Using a Zygo Zegage Pro optical profilometer, we measurethe growth of multiple microbial colonies, from heights ofless than amicrometer after inoculation to hundreds ofmi-crometers after 48 hours of growth (Figure 1A-C). Thesemeasurements allow us to reconstruct the interface of agrowing microbial colony with high resolution across shortand long time scales, both in the lateral (∼ 0.2 µm) and ver-tical direction (∼ 1. nm).We define colony height h as the mean height in a 2 mmlong, 34.6 µm wide strip around the colony center (Fig-ure 1D). Focusing on the center of the colony ensures thatwe isolate the vertical growth dynamics from the effects oflateral expansion and the initial conditions from inocula-tion, such as the coffee-ring effect (53, 54). We measuredprokaryotic and eukaryotic species, including a wide rangeof gram-negative and gram-positive bacteria, as well as aer-

obic and aerotolerant anaerobic yeast (Saccharomyces cere-
visiae) (see Table S1). All species and strains show similarqualitative behavior; we initially focus on Aeromonas veronii,and later expand our study to the full cohort of species andstrains.
A. Two-regime growth
We observe that the vertical growth rate (i.e., change inheight per unit time) varies over time; initially increasing be-fore reaching amaximumand then slowing down, behaviorthat is qualitatively replicated by logistic growth (Figure 2A-B). Immediately after inoculation, the vertical growth rateis very low (0-2 µm/hr, Figure 2A inset). This observa-tion is consistent with the fact that cells are adapting to anew environment(55, 56) and that reproduction primarilyleads to more horizontal colonization until a monolayer isformed(10).Plotting ∆h as a function of h makes it clear that there aretwo distinct regimes: (I) a linear increase in vertical growthrate with height for h ≲ 27µm and (II) a linear decrease invertical growth rate with height for h ≳ 27µm (Figure 2A-B).The combination of a linear increase and a linear decreasesuggests that vertical growth dynamics cannot be governedby a single, unchanging functional relationship between∆hand h. Instead, models of vertical growth must “switch”from one regime to another, and a successful model of thisphenomenon must justify this empirical observation. Toselect such a model, we next look at potential sources ofthe linear decrease in growth rate of regime (II).
B. Nutrient dynamics in the media
To elucidate the origin of these growth dynamics, we nextexplore the role of nutrients in the agar. Models of micro-
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C Nutrient dynamics in the biofilm
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Figure 2. Biofilm height dynamics and geometric constraints. (A) Biofilm height versus time is shown for a 48-hour period in linear and log scales (inset). Three
replicates of A. veronii are shown. Height increases even at early times, as seen on the log scale. (B) Change in height is plotted against biofilm height. There are
two clear regimes: (I) accelerated and (II) decelerated growth, separated by a characteristic length. (C) The height of microbial colonies grown on small agar columns,
thus preventing lateral diffusion of nutrients is shown. In one set of experiments, colonies on the agar columns are replaced every two days (R). In a control set of
experiments, colonies are not replaced (NR) and instead are allowed to continue growing. (D) The total height of colonies grown on individual agar columns over a
period of 6 days is shown. These results demonstrate that colony height does not saturate due to nutrient depletion. (E) The thickness of the actively growing layer
can be approximated as a simple minimum function, and can be used to model the two different growth regimes. Nutrient dynamics are shown for O2 for a E. coli
colony, with a value of L=28.26 µm

bial colony growth often directly model the transport anddepletion of nutrients. In fact, a prevalent hypothesis isthat the environment runs out of nutrients, leading to a de-crease in biofilm growth rate and eventually a final, maxi-mum height. While this scenario is surely relevant in manynatural settings, it is unclear if it applies to typical agar plateexperiments, like the ones presented here.
To evaluate the role of nutrient depletion in the verticalgrowth of biofilms, we grew colonies for 48 hours on poly-carbonate membranes with pores large enough for nutri-ents to pass through but too small for bacteria to passthrough, on small agar columns (3.24 cm2 in surface areaand 0.5cm tall) cut from larger agar plates. These smallcolumns limit the role of lateral diffusion of nutrients in theagar and represent a finite environment with lateral dimen-sions similar to the biofilm. On typical large agar plates,nutrients diffuse horizontally and vertically; on these smallcolumns, nutrients primarily only diffuse vertically up to thecolony. After 48 hours, we removed the membrane andcolony. We then immediately placed a new membrane onthe used column and inoculated, for a second time, in thesame location (See Figure S2 for more details). We foundthat despite the fact that the first colony nearly reachedits saturated height(80%), the second colony grew to 75%of the same height. We then repeated this process onthe same plates, i.e., we inoculated at the same locationfor a third time. Again, we observed that biofilms read-ily grew, reaching an average height 45% of their previ-ous height. These observations were robust against 12replicates(Figure 2C). Control plates without replacement

showed a total growth of 295.4 µm, while columns withreplacement grew a total of 462.1 µm, an excess of 55%(Figure 2D). These experiments demonstrate that verticalgrowth rates can dramatically slow despite the presenceof abundant nutrients in the agar. However, these exper-iments do not address the impact of diffusion and uptakeof nutrients within the biofilm.
C. Nutrient dynamics in the biofilm
One possible explanation for the observed “switch” be-tween the two growth rate regimes comes from account-ing for the vertical structure of the microbial colony itself.Nutrients must diffuse inside the colony(57) where theyare consumed by the cells. The interplay between diffu-sive and uptake dynamics leads to the formation of a finite-sized active growth layer. In other words, this class of mod-els naturally leads to two growth regimes, separated bysome characteristic length. This approach is a major com-ponent of state of the art 3-dimensional biofilmmodels(58–62), and has been observed experimentally in differentsettings(63, 64). Nutrients can only enter biofilms throughthe biofilm-air interface that supplies oxygen to the colony,and the biofilm-substrate interface, which supplies water,carbon sources, and other macroscopic nutrients(63, 65).To determine if uptake and diffusion within a colony pro-duces a “switch” similar to what we observe, we seek toquantify their impact on growth as a function of heightabove the agar-biofilm interface. The nutrient profile of thelimiting nutrient c(z, t), inside a 1-dimensional vertical (z)colony can be described as:
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D Heuristic model of biofilm growth

∂c

∂t
= D · ∂2c

∂z2 − λ · c

k + c
(1)

where D is the diffusion constant for the nutrient, λ isthe consumption rate of the nutrient due to a homoge-neous population, and k is the characteristic concentrationinMonod kinematics. Since the limiting nutrientwill be sup-plied through one of the colony interfaces, we set c(0, t) to aconstant and ċ(h,t) = 0, where h is the height of the colonyat time t. There is no analytical solution to this equation insteady state, so we solved it numerically (see Materials andMethods). This expression also captures the total growthdue to Monod kinematics, c/(k + c), at different distancesfrom the interface, z, which results in the formation of athin active region of length L (Figure 2E). The total growth
N that a colony of height h will be limited by this length
L, increasing when h < L and then saturating in the h ≥ Lregime. To obtain an expression for N , we first must solveEquation 1, giving us an expression that is a function of thediffusion coefficient D, consumption rate λ, and Monodconstant k. As an approximation for this total growth weintroduce a minimum function, that captures this saturat-ing behavior:

N(h,D,λ,k) =
∫ h

0

c(z)
k + c(z)dz ≈ min(h,L) (2)

This approximation provides a less nuanced description ofthe nutrient dynamics in the biofilm colony, while retain-ing quantitative accuracy (Figure 2E) and reducing the re-quired number of parameters from three (D, λ, k) to a sin-gle heuristic value L.
D. Heuristic model of biofilm growth
We now assemble a heuristic model of vertical growth thattakes these empirical and biophysical phenomena into ac-count. We treat the colony as a material whose height,
h(t), increases over time. The vertical growth rate ini-tially increases with increased h(t), until h(t) reaches themaximum active layer thickness. At this point, the verti-cal growth rate slowly decreases with further increases in
h(t). These phenomena can be captured with a simple 3-parameter differential equation:

dh

dt
= α ·min(h,L) − βh (3)

Where α is the growth rate, β is the decay rate, and L is thethickness of the active growing layer. This model is, in prac-tice, a re-implementation of a simple population dynam-ics model pioneered by Lotka and Volterra (66, 67). Colonyheight (the population) grows at a fixed rate α, which is lim-ited by nutrient consumption (through the interfacial dy-namics described above Equation 2, which produce L), anddecays at a rate β. This model can be rewritten as a piece-wise function in relation to the critical height L:
dh

dt
=

{
(α − β) · h x ≤ L

α · L − β · h x ≥ L
(4)

By coupling a saturating growth rate from active-layer dy-namics and a constantly increasing decay rate, the modelcaptures the two-regime behavior observed experimen-tally and connects to core biophysical processes. It is worthnoting that the growth and decay rates have slightly dif-ferent interpretations than in a discrete population model:

A Interface

Logistic

B

Figure 3. Quantitative assessment of the interface model for biofilm vertical
growth. (A) The mean height of A. veronii colonies, averaged over three repli-
cates, is shown versus time. Error bars represent standard deviation across
replicates. Best fit lines for the interface and logistic models are shown. In
the inset, the differential form of the models are contrasted against experimen-
tal data, showing that the interface model captures the two linear regimes in
growth. (B) Residuals for the best fit predictions from the above models are
shown as a function of time. On average, the logistic model by 10.77µm, and
the interface model by 1.24µm. The gray region corresponds to the standard
deviation of the 3 replicates in relation to the mean value at each time.

α is the height growth rate, which accounts for both celldoubling and extracellular matrix production, and β is theheight decay rate, which accounts for all sources of de-cay, such as the incomplete reabsorption of extracellularcomponents(68, 69), and changes in cell physiology(70).
E. Model accuracy

Over 48 hours of growth at room temperature, the inter-face model accurately captures colony height across thefull time period (Figure 3A). The root-mean-squared error,RMSE, quantifies the relative agreement of the model: 0.15µm, a deviation that is less than 1 cell length over twodays of continuous growth. This good agreement can alsobe quantified with the residual as a function of time. Theinterface-limited model oscillates around 0 µm, with fluc-tuations similar to the expected differences across the 3parallel replicates (Figure 3B).We also compare to a logistic growth model with a couplednutrient field that does not account for the 3-dimensionalstructure of the biofilm (See Materials and Methods). Thismodel is a poor fit, with a RMSE of 10.77 µm. The logisticgrowth model grows slower than the experimental data atearly times, and saturates at a height well below the empir-ical observations. A simple model of nutrient depletion inthe media, absent diffusion and uptake within the colony,also fails to describe the dynamics (see Figure S5).Finally, we investigate agreement in the change in heightas a function of the current height (Figure 3A inset). Theinterface limited model directly incorporates the empiricalrelationship between ∆h and h, accurately capturing thetwo linear regimes across development. Conversely, the lo-
Bravo et al. | Vertical growth dynamics of biofilms | 4



F Behavior on long time scales

gistic model completely fails to capture the observed linearrelationships between growth rate and height.
F. Behavior on long time scales

We next test the agreement of the interface model on longtime scales, measuring h over a period of two weeks. Todo so, we measure the growth of three different speciesrepresenting a wide range of microbial growth dynamics:(i) the previously introduced A. veronii, (ii) E. coli, and (iii) anaerotolerant anaerobic S. cerevisiae mutant. To test longterm accuracy, we inoculate multiple colonies on multipleplates, and then measure all colonies on a new plate ev-ery two days (see Supplementary Information). The inter-face model accurately captures the vertical growth dynam-ics of all three microbes on long time scales (Figure 4A);all species exhibit a linear decrease in vertical growth rate,consistent with the interface model. However, the threespecies reach different maximum heights and do so ondifferent time scales. For example, A.veronii have alreadyreached their steady state height after 48 hours, while S.
cerevisiae are still slowly growing after 14 days.
It is important to note that the long time agreement of theinterface model does not come at the cost of accuracy onshort time scales (Figure 4B). We compared the experimen-tal data and the model predictions in the 48-hour period;for all three colonies R2 was above 0.99. The ability tocapture short and long term dynamics highlights that, infact, vertical growth is accurately described by the simpleinterface model. The predicted steady state height of eachbiofilm can easily be obtained from the model parameters:

hmax = α · L

β
(5)

This expression can beused to predict themaximumheighteach strain reaches; experimentally measured steady stateheights all fall within the 95% confidence interval for the 48hour period. The range of this interval varies substantiallyacross these three species (21.6 µm, 215.4 µm, and 473.23µm for A. veronii, E. coli, and aerotolerant anaerobic S. cere-
visiae, respectively). This wide range is rooted in the diffi-culty of accurately estimating β when rapid growth is stilloccurring (See Figure S6).
G. Universality of the vertical growth dynamics of the in-

terface growth model

Finally, while we have thus far focused on a small numberof species, the interface growth model is built on biophysi-cal concepts that should readily apply to many species andstrains. To test how broadly this model applies, we per-form measurements on nine different organisms includ-ing (1) different cell sizes (from ∼1 - 10 µm), shapes (fromrods to commas to nearly spherical ellipsoids), (3) differentextracellular matrix production (from engineered strainswith limited extracellular matrix production to wild type V.
cholerae that are known biofilm formers), (4) prokaryoticand eukaryotic species, (5) gram positive and gram nega-tive species, and (6) aerobic and anaerobic fungi (Table S1).
We measure the vertical growth of these microbes, withthree parallel replicates, for a period of 48 hours. Thislength of time is sufficient to capture the two growthregimes delimited by L, and thus fit all interface model pa-rameters. We observe excellent agreement between the

Model Height [μm]

270

270

270

270

270

270

S. cerevisiae

E. coli

A. veronii

A

B

Figure 4. (A) Long-time measurements of height versus time are shown for
three different species. Error bars represent standard deviations across the
2mm homeland region. Solid lines show the best-fit interface model. (B) Colony
heights during the initial 48 hours of growth of plotted against best fit predictions
from data taken during the 2-14 day range. The agreement between the data
and the model is evident.

interface model and the vertical growth dynamics of all in-vestigated species and strains (see Figure 5), despite dif-ferences in colony morphologies and growth rates duringthese 48 hours of measurement.We summarize the allowed ranges for growth parametersin Table 1. The parameter range across the sampled cohortis quite large. α varies by a factor of∼ 4, between 0.3 hr-1(E.
coli) to 1.3 hr-1 (K. pneumoniae). L varies by a factor of ∼ 6,from 7 µm (both V. cholerae strains) to 44 µm (S. cerevisiae)grown on YPD media). β is more difficult to characterize.The best fit values of β vary by a factor of ∼ 4, going from0.02 hr-1 to 0.09 hr-1 for E. coli and B. cereus, respectively.However, the confidence intervals, relative to the best fitparameter value, are typically larger for β than for α and
L. Due to their large sizes, the true β values may eitherbe nearly all ∼0.04 hr-1, or distributed across a range from0.01 hr-1 to 0.09 hr-1.

Discussion
We investigated the vertical growth dynamics of microbialcolonies using timelapse interferometry. This techniqueallows continuous non-disruptive measurements acrossbroad time and length scales with single nanometer reso-lution, enabling us to characterize the vertical growth dy-namics of microbial colonies with unprecedented preci-sion. Using these high precision data, we found that thevertical growth rate initially increases linearly with height;after reaching a characteristic thickness, the growth ratethen decreases linearly with height. We show that a sim-ple heuristicmodel accurately captures short and long termdynamics. This minimal model was validated across manydifferent species and strains of bacteria and fungi.The dynamics of vertical growth represent a fundamen-
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G Universality of the vertical growth dynamics of the interface growth model

A. veronii
RMSE=1.52μm
N=297

E. coli
RMSE=1.7μm
N=255

S. cerevisiae (aa)
RMSE=2.98μm
N=311

S. cerevisiae (wt)
RMSE=4.43μm
N=426

V. cholerae (wt)
RMSE=4.97μm
N=243

V. cholerae (EPS-)
RMSE=3.83μm
N=238

K. pneumoniae
RMSE=5.06μm
N=263

B. cereus
RMSE=4.33μm
N=237

S. aureus
RMSE=1.34μm
N=270

Figure 5. Growth of different species and strains over 48 hours. The average height plus or minus the standard deviation across 3 parallel colonies is shown in gray.
Error bars represent standard deviation across replicates. The best fit interface model is shown in orange. The model RMSE and the total number of interferometry
profiles analyzed are reported in each panel. While these microbial colonies differ in their composition, height, radius, and overall morphologies, the interface model
accurately describes the average height dynamics over time for each one.

tal aspect of microbial physiology. Biofilms are exceed-ingly common; they are found in many environments (71–73) and are of key importance from a medical(74–78)and economic(79) perspective. An understanding of howbiofilms develop their 3-dimensional structure is thus rele-vant for diverse questions of microbial ecology, evolution,and human health. In particular, understanding verticalgrowth dynamics is crucial for assessing the underlying bio-physical process regarding biofilm development: the wayresources do and do not limit growth, the relative fitnessof various biofilmmorphologies (e.g., thin biofilms vs. thickbiofilms). The vertical growth measurements and modeldescribing them are but one of the many aspects in biofilmdevelopment, but necessary ones for proper understand-ing how these microbial colonies grow.
The use of interferometry greatly contributed to the clarityof the empirical characterization of vertical growth dynam-ics presented here. For example, high resolution measure-mentsmade it abundantly clear that growth rate decreaseslinearly with h for h > L, rather than quadratically with h,despite the small size of this decay rate (∼tens of nanome-ters per hour). These measurements were simple to per-form with interferometry, which readily provides the highout-of-plane resolution necessary to capture small changesin height, is capable of performing rapid measurements tocharacterize changes over time, and is non-invasive so it

does not disturb the colony dynamics and structure.
Interferometry, however, has three key limitations. First,this technique only measures the top surface of a colony,and cannot measure the internal structure. Second, thesteepest measureable slope is limited by the numericalaperture of the objective used. When the surface is toosteep (θ > 28.13◦ for the 50x objective we used) the lightpath does not return to the objective. This slope thresh-old may limit the use of interferometry on colonies thatare highly wrinkled or buckled(80–82). Finally, optical in-terferometry requires that a surface be sufficiently reflec-tive. This condition will always be met for the colony-airinterface; however, measurements at biofilm-fluid inter-faces, while possible, are much more difficult. Despitethese limitations, interferometry measurements work in abroad range of surface attached colonies and allow differ-ent models of vertical growth dynamic to be tested.
Models of biofilm growth are diverse; they incorporate dif-ferent biophysical phenomena and use different mathe-matical approaches. However, the lack of high resolutionempirical data characterizing vertical growth dynamics lim-ited how well these models and their underlying assump-tions could be tested. Crucially, the empirical data pre-sented here have the resolution necessary to test the accu-racy of existing models, evaluate their underlying assump-tions, and then use empirical data to develop an accurate
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G Universality of the vertical growth dynamics of the interface growth model

Strain α[1/hr] β[1/hr] L[µm]
Aeromonas veronii 0.878(0.853−0.942) 0.052(0.046−0.057) 13.167(11.528−14.170)
Escherichia coli 0.339(0.320−0.375) 0.023(0.006−0.047) 14.347(10.142−20.154)
Saccharomyces cerevisiae (aa) 0.345(0.334−0.354) 0.020(0.006−0.032) 30.770(25.409−34.893)
Saccharomyces cerevisiae (wt) 0.555(0.517−0.605) 0.037(0.020−0.061) 44.018(32.969−59.085)
Vibrio cholerae (wt) 1.113(0.937−1.618) 0.038(0.026−0.054) 7.066(4.126−10.223)
Vibrio cholerae (EPS-) 0.996(0.856−1.689) 0.029(0.012−0.057) 7.783(3.641−12.132)
Klebsiella pneumoniae 1.317(1.227−1.612) 0.057(0.046−0.068) 14.475(10.524−17.338)
Bacillus cereus 0.881(0.849−0.983) 0.089(0.071−0.110) 22.273(17.468−26.167)
Staphylococcus aureus 0.476(0.456−0.495) 0.051(0.037−0.069) 16.488(13.777−20.305)

Table 1. Interface model parameters for the cohort of microbes. Shown is the best-fit, and 90% confidence interval for the 48 hour data.

heuristic model.
For example, we find that models built on logistic growthfail to capture the correct relationship between growth rateand colony height. A logistic term is functionally equiva-lent to a term that decreases growth rate quadratically withheight. This term is mathematically appealing; it is the low-est order term that qualitatively describes the changes ingrowth. Despite its conceptual appeal, it lacks empiricaljustification (Figure 3A). Of course, most of the models de-veloped in the literature are complex, and include moreterms and fields in the set of governing equations. How-ever, the evidence presented here suggests that going for-ward, logistic-like vertical growth should be replaced withempirically-supported expressions.
State of the art models of vertical growth typically includenutrient dynamics, inside and outside the biofilm. We showthat, in rich media laboratory experiments, nutrient deple-tion in themedia is not responsible for the cessation of ver-tical growth (Figure 2C-D). Further, we also show that ac-counting for the interplay between nutrient consumptionand passive diffusion inside the colony is essential to accu-rately capture vertical growth dynamics. Thus, while nutri-ent dynamics in the media may need to be accounted forin some scenarios, such as growth in near starvation condi-tions, nutrient dynamics within the colony must always beaccounted for.
Our empirical measurements demonstrate that at leastthree parameters are necessary to fully describe verticalgrowth dynamics. To this end, we proposed a heuristic “in-terface model” motivated by three fundamental biophysi-cal quantities. L is the length at which growth rate ceasesto increase in proportion to biofilm height. This term is in-spired by, and consistent with, the length at which diffu-sion and uptake limit the transportation of nutrients withinthe biofilm. The growth rate α captures all vertical growth,including the growth and doubling of cells, but also se-cretion of extracellular substances. The decay rate β cap-tures all effects that decrease growth rate, such asmechan-ical settling, cell death and lysis, cells entering a lag phase,and diminished efficiency in the reabsorption of biomass.In other words, α and β coarse grain all phenomena thatlead to an increase or decrease (respectively) in growthrate into two simple terms. Rather than limiting the utilityof this model, coarse graining places the emphasis on thenet impact of increased height on growth rates, which maybe universal, rather than on the microscopic mechanismsthat modify growth rates, which will often be specific andheterogeneous. This approach provides a useful heuristicmodel for vertical growth dynamics, as opposed to more

complex alternatives(50). In the following paragraphs, wecompare our measurements of Ł and α against indepen-dent measurements in the literature. To our knowledge, βhas not previously been measured, so such a comparisonis not possible.
We now compare the values of the growth layer L thatwe measure to those from the literature. In E. coli, re-ports range between 3-20 µm for the zone of active growth(e.g.,(27, 62)). For E. coli growing on LB agar, the limitingnutrient is known to be the aminoacid L-serine(83). Withthis knowledge, and the necessary empirically measuredparameters, we can calculate the expected thickness of theactive growing layer, i.e.,L, for our experimental conditionsusing Equation 1. Such a calculation produces a diffusionlength of L=14.80µm, consistent with our measured bestfit value of L=14.35µm. In S. cerevisiae, results using an ef-fective medium theory and confocal measurements report
L = 50 µm (84), comparable to our measurements in thewild-type strain of L = 44.02 µm.
As for growth rate, our measurement includes all contri-butions to vertical growth, which includes cellular repro-duction but also EPS and empty space between cells. Fur-ther, comparisons are tricky as experimental details vary(e.g., strain used, temperature of incubation, inoculantvolume, all of which can impact growth rate). However,for wild type S. cerevisiae, anaerobic S. cerevisiae, and E.
coli, our measurements of α are within a factor of 2 ofvalues measured in the literature. Specifically, 0.56hr−1,
0.35hr−1, and 0.34hr−1, and previous experiments report
0.2 − 0.35hr−1 [cite], 0.25hr−1(85), and 0.6hr−1(86), for S.
cerevisiae, anaerobic S. cerevisiae, and E. coli, respectively.Thus, the α values wemeasure are all within a factor of ∼ 2of the values from the literature. Though imperfect, thiscomparison suggests that the growth rateswemeasure arereasonably within a physiologically relevant regime.
As the interface model is a simple heuristic model forvertical growth, there are many details it does not ad-dress. For example, the model predicts the dynamics ofthe bulk height, and does not distinguish between cellsand extracellular matrix within the colony. Relatedly, themodel focuses on the mean height and does not addressspatial fluctuations. Topographic fluctuations likely en-code insight into the underlying phenomena behind verti-cal growth dynamics, as previously demonstrated in home-ostatic biofilms and tissues (87–89). In a different vein,the model does not account for more complex environ-mental conditions, such as limited access to nutrients(90),environmental stresses(91), or heterogeneities in the sur-face on which the colony grows(92). Further, in nature
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biofilms often contain multiple interacting species andsubpopulations(93), leading to complex dynamics (5, 94)that we do not consider here. Nonetheless, the results pre-sented here provide a foundation on which detailed ques-tions about vertical growth dynamics can be studied.
To that end, the diverse array of strains we measured al-low for useful comparisons. First, we investigate the roleof respiration in S. cerevisiae on vertical growth dynamics.The aerobic yeast strain used in this study is “mixotrophic,”capable of both fermentation and aerobic respiration(95)depending on the concentration and types of sugars foundin the environment. The anaerobic strain has lost part ofits mitochondrial genome and is therefore only capableof fermentation, which is not oxygen-dependent (96). De-spite these differences in cell biology, we find that thereis no qualitative difference between the vertical growthdynamics of aerobic and obligate anaerobic strains of S.
cerevisiae; the aerobic strain has larger α and L than theanaerobic strain, but in each case vertical growth dynamicsproceed following the interface model. While a previousstudy suggests that oxygen is the limiting nutrient for themixotrophic strain (96), further work is necessary to proveit definitively. Nonetheless, these results suggest that verti-cal growth is qualitatively similar regardless of if the limitingnutrient enters from the top or bottom interface.
In a different vein, we investigate the role of extracellularmatrix production in Vibrio cholerae. We directly comparethe vertical growth dynamics of strains of V. cholerae withand without EPS. Vibrio polysaccharide is an essential com-ponent for biofilm formation, and the associated genes arecontrolled by the master biofilm regulator, VpsR(97, 98).Deletion of vpsR (EPS- mutant) prevents biofilm productionin V. cholerae, leading instead to the growth of colonieswith a smooth morphology that produce less EPS thantheir wildtype counterparts(97). Comparing these stains al-lows us to compare the impact of the amount of poten-tially “active” biomass (cells), and inactive biomass (EPS).Wefind that both strains are well-fit by the interface model.Further, the vertical growth dynamics are quantitativelyvery similar, regardless of the presence or absence of EPS.Thus, this comparison suggests that microbial colony verti-cal growth dynamics proceed similarly, even as extracellu-lar matrix production varies.
The results presented here suggest that a linear decay ofvertical growth ratemay be a fundamental aspect of biofilmphysiology. However, future work will be necessary to un-derstand the mechanistic origins of this decay, as well ashow to quantitatively connect such mechanisms to mea-surements of β. To that end, there are many physiologi-cal differences between cells in and out of the active grow-ing layer, as well as across the colony (70, 99). The “in-active” cells may change their metabolism, enter the sta-tionary phase, change their EPS production, or sporulate,among many other possibilities. While a decrease in nu-trient concentration in the media may also slow growthrates, many microbes exhibit a complex relationship be-tween growth rate and nutrient concentration; this func-tion need not even be monotonic(100). Nonetheless, thedecrease in growth rate due to a colony-wide decay meansthat colony can cease even when there are plenty of nutri-ents in the environment. Thus, while future studies are nec-essary to rigorously link β to its specific causes, this lineardecay represents a biophysical constraint that limits biofilm

growth.The study of microbial community interfaces via interfer-ometry presents an easy and inexpensive approach tostudying the structure of microbial colonies. Interfacesand surface fluctuations have long been studied in physics,both for the information they provide about what occursbeneath the surface as well as the rich phenomena thatsurfaces themselves exhibit. Indeed, biology also has arich history of studying interfaces, from the surfaces ofcells or organs(101–104), to biome-scale interfaces(105).Biological interfaces on meso-scales are traditionally lessstudied, despite their known importance in a wide rangeof systems(106–108) including bacterial communities (58,109). This is likely due to the difficulty in measuring thesemicroscopic, and often sticky, interfaces. Other techniquesfor characterizing the height and topographies of colonieslack the resolution (e.g., confocal microscopy), are slowand potentially destructive (e.g., atomic force microscopy),or do not readily permit time lapse measurements (e.g.,scanning electron microscopy)(39). While these alternativemeasurement techniques might be modified to overcometheir limitations(110), interferometry is already very well-suited for studying biofilm topographies, as demonstratedhere and in previous studies (32, 88, 89). These works rep-resent the first attempts to utilize optical interferometry asa tool for microbiology, an approach that will only growmore useful when pairedwith the development of heuristicmodels and detailed measurement protocols.

Materials and Methods
Interferometry Timelapses

All inoculations consist of 1.5 µL from an overnight culturegrown at 37 °C diluted to OD600=1. Control plates were leftto grow at a temperature of 23.8 °C. Since colony growthis radially symmetric, we only measure a horizontal strip ofthe biofilm, allowing us to achieve better temporal resolu-tion. The measurement proceeds across the entire colony,and includes uncolonized substrate surface on both sidesof the colony. Given the aspect ratio of our data and thegoals of our study, we then lower the dimension of the databy averaging on the Y-axis (Figure 1A-C). Then, we utilizethe substrate height measurements to obtain the relativeheight of the colony to its background.
Column growth

We label and cut columns of LB agar to dimensions of18mm×18mm×5mm. On each column we deposited aPolycarbonate Track EtchMembranewith 0.2 µmpore size,13mm diameter (GVS brand). We inoculate 1.5µL of OD1bacterial suspension on top of said membrane. This is re-peated over 6 plates (18 columns/colonies). Every 48 hours,up to 3 iterations, wemeasure the growth on each column.On 9 of the columns we than removed the membrane andimmediately deposited a new membrane and inoculatedon top of the new membrane.
Nutrient concentrations inside the colony

The nutrient profile of the limiting nutrient c(z), assumingthat growth of the biofilm colony is a slow process, we canwrite the dynamics for the nutrient inside a 1-dimensionalcolony as:
Bravo et al. | Vertical growth dynamics of biofilms | 8
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∂c

∂t
= D · ∂2c

∂z2 − λ · c

k + c
(6)

We set the boundary conditions c(0, t) = c0, and ċ(L,t) = 0to simulate the dynamics in a closed colony with the nutri-ents only entering through one side.This problem has no simple analytical solution, but canbe numerically integrated until it reaches a steady state.For the main text example we utilize D = 2500µm2 · s−1,
c0 = 250µM , λ = 1.6 · 103µM · s−1, k = 1µM , values cor-reponding to the diffusion of Oxygen diffusing through adense E. coli colony (62, 111, 112). These parameters leadto a limit length L = 28.264µm, which is obtained empir-ically by the best-fit minimum function to the cumulativevalue of the monod growth term.Utilizing values corresponding for nutrient-limitation fromthe substrate, such as L-serine in LB agar(D = 800µm2 ·s−1,
c0 = 100µM , λ = 1.3 · 103µM · s−1, k = 38µM )(83). Thevalue obtained is L = 14.801µm.
Growth models and ODE simulations
Interface model. The interface model, is the 3-parameterheuristic model introduced in the main text. The model isgoverned by one simple equation for the colony height h:

dh

dt
= α ·min(h,L) − β · h (7)

Where α is the growth rate, β the decay rate, and L thewidth of the growing region in the colony.
Logistic model. As an alternative for quick-comparisonsbetween the models we implement the colony h utilizinglogistic growth, and consuming a nutrient supply c in a non-spatial manner:

dh

dt
= α · h · c

Kc + c
·
(

1 − h

K

)
(8)

dc

dt
= −ϵ · α · h · c

Kc + c
(9)

Where α is the colony growth rate, K the carrying capacity,
Kc the Monod constand for nutrient uptake, ϵ the inverseconversion from nutrients to biofilm biomass.
Data availability
Source code for the cleaning, analysis and figures, andclean datasets have been uploaded to a Github repository.Due to file size limits, full unprocessed images are availableupon request.
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Interferometry timelapses
We grow an overnight at 37°celsius of all microbial species, then back-dilute to an optical density (OD600) of 1, and inoculatein an Lysogeny Broth (LB) Agar 1.5% plate for bacterial colonies, and Yeast Extract Peptone Dextrose (YPD) Agar 1.5% for
S. cerevisiae colonies, an amount of 1.5 µL. Measurements were performed on a Zygo ZeGage Pro optical interferometer,enclosed by a custom plastic casing that allows continuous measurements with minimal media and sample evaporation.The full enclosure maintains a temperature of 23.8 °C and a relative humidity of 80% for the full measuring period. Detailsfor the media are reported below:

• LB Agar: 10g tryptone, 5g yeast extract, 10g NaCl, 15 g agar in 1 liter of water.
• YPD Agar: 20g dextrose, 20g peptone, 10g yeast extract, and 15g agar in 1 liter of water.

Strain Species Media Details Cell shape GramZOR0001 Aeromonas veronii LB 1.5% wild type rod negativeMG1655 Escherichia coli LB 1.5% wild type rod negativeGOB33 Saccharomyces cervisiae YPD petite yeast ellipsoid -Y55 Saccharomyces cervisiae YPD wild type ellipsoid -C6706 Vibrio cholerae LB 1.5% wild type comma negativeC6706 Vibrio cholerae LB 1.5% ∆vpsR comma negativeTop52 Kelbsiella pneumoniae LB 1.5% wild type rod negativeSW520 Bacillus cereus LB 1.5% wild type rod positiveSW519 Staphylococcus aureus LB 1.5% wild type spherical positive
Table S1. Timelapses overview details, for the microbial strains and growth media.

A. 48h timelapses

On two 1.5% LB agar plate, we inoculated 3 colonies of the measured strain in each. One plate was measured continuously(replicates A-C) for 48 hours in the profilometer enclosure, the other platewas left sealedwith Parafilm growing at 23.8 °C forthe same duration of 48 hours. Measurements consist of horizontal radial strips of each colony with a 50x Mirau objective(NA 0.55), on the 1000x200 @800Hz capture mode. We increase the Field of View of the measurement adaptively, to alwayscapture an uncolonized region outside the growing colony. Colonies that were continuously measured did not show anysignificant growth differences compared to their sealed counterparts (replicates D-F) after the experiment (Figure S1).

Figure S1. Colony heights are not affected by continuous measurement under the interferometer. Control samples were grown for the same amount of time without
continuous measurement. Comparisons were after each timelapse finished, at 48.6, 87.7, 47.6, 48.6, 49.5, 50.2, 48.3, 47.1, 47.48 hours respectively.
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B. Long time measurements
We inoculated 21 plates 7 for ZOR0001, 7 MG1655, and 7 GOB33 (Table S1), with 3 separate colonies each. All plates weresealed with parafilm after inoculation. Every two days, we performed radial measurements with a 10x Mirau objective (NA0.3) 1000x200 @800Hz capture mode. Each plate was discarded after measurement.

Heuristic Interface Model
A. Empirical basis
To explore the role of nutrient depletion in the agar directly below the colonies, we devised an experiment that wouldexplore the limits of how much growth is allowed in a vertical column of agar.We label and cut columns of LB agar to dimensions of 18mm×18mm×5mm. On each column we deposited a Polycarbon-ate Track Etch Membrane with 0.2 µm pore size, 13mm diameter (GVS brand). We inoculate 1.5µL of OD600=1 bacterialsuspension on top of said membrane. This is repeated over 6 plates (18 columns/colonies). Every 48 hours, up to 3 itera-tions, we measure the growth on each column. On 9 of the columns we then removed the membrane and immediately (<5minutes) deposited a new membrane and inoculated on top of the new membrane (Figure S2).
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Figure S2. Growth of microbial colonies in a LB agar column, with (R) and without (NR) replacement every two days. (A) Descriptive cartoon for the experimental
procedure. Colony profiles were measured after 48, 96 and 144 hours. The replacement step took less than 5 minutes from a fresh overnight. (B) Total amount of
growth, in volume, for the columns with and without replacement. (C) Total cumulative growth, in volume for each column, for colonies without replacement (NR) it
corresponds to the final volume, for columns with replacement (R) corresponds to the sum of the volume over the 3 iterations.

This experiment shows, as discussed in the main text, that a single column of LB agar can support more vertical growththan what would be obtained by a single colony reaching its steady state height. It is, nonetheless, interesting to note thatthe total growth volume, for colonies with and without replacement, is roughly the same (Figure S2). This is an interestingphenomenon, but it involves linking radial to volume growth, something that is out of the scope in the current study.To accurately model the nutrient dynamics inside a biofilm colony, we have to incorporate the diffusion of the limitingnutrient through an interface. Given that our focus in this paper is in just, the vertical dynamics in the center region of thecolony, we can model it as a 1-dimensional system:
∂c

∂t
= D · ∂2c

∂z2 − λ · c

k + c
(S1)

Where D is the diffusion coefficient, λ the consumption rate, and k the monod half-speed constant. The total growth ratein the colony, across the 1-dimensional space, can be approximated by a minimum function:
N(h,D,λ,k) =

∫ h

0

c(z)
k + c(z)dz ≈ min(h,L) (S2)

The approximation from Equation S2 has a better agreement with the actual expression when k is small, as the Monodterm c/(k + c) will have a sharper transition (Figure S3).

k
kk

A B C

z z

Figure S3. Nutrient dynamics. (A) Monod term c/(k + c) for varying values of k in a 40 µm tall colony. (B) Total growth allowed in a colony, corresponding to the
cumulative sum of panel A. (C) Root mean squared error between the actual numerical solution shown in panel B and the minimum function approximation.
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Figure S4. Test for the approximation of Equation S2 for L-serine consumption in a E. coli biofilm. (A) Nutrient dynamics after reaching equilibrium. The nutrient
concentration profile (dashed gray) is plotted against the distance from the interface. The total allowed growth (light blue) is the cumulative of the monod term (solid
gray). The approximation consists of a simple minimum function at the characteristic length L. (B) Best-fit models against experimental data. The numerically
integrated Monod consumption (blue), the 3-parameter interface model with the approximation (orange), and interface model with the fixed best-fit value of L (dotted
orange) all demonstrate good agreement with empirical data. (C) The residuals for the 3 models in comparison to the average and standard deviation values of 3
replicate colonies of E. coli over a period of 48 hours. The RMSE are 17.4, 15.68, and 15.75 µm respectively.

As determined by Croze et al. (1), the limiting nutrient for Eschericia coli in LB agar is the aminoacid L-serine. The corre-sponding values for the dynamics described by Equation S1 are D = 800µm2 · s−1, c0 = 100µM , λ = 1.3 · 103µM · s−1,
k = 38µM . The height dynamics can be described then by:

ḣ = αN(h,D,λ,k) − βh (S3)

where α is the growth rate, N(h,D,λ,k) the numerically integrated expression for growth, and β the decay rate. We testthe results from this model, fitting α and β to our experimental data, as well as the validity of the approximation given byEquation S2 in Figure S4.
This shows that the approximation is good enough in a physiologically relevant regime for biofilms. Having good agree-ment when calculating the dynamics with 3 free parameters (yellow), and 2 free parameters with the best-fitted value of
L (orange). The main advantage of this approximation relies on the simplification in the number of parameters: whatwas originally a function of the diffusion coefficient D, consumption rate λ, and Monod constant k is simplified to just aneffective diffusion length L.
B. Model Comparisons

As an alternative tomore complexmodels, incorporatingmultiple phases and spatial heterogeneities, we study the behaviorof 3 simple models in addition to the proposed interface model, all describing the height dynamics of the biofilm colony
h(t). These referencemodels do not represent the state of the art, but instead provide a simple implementation of commonmodeling choices, allowing us to test their accuracy.
These 4models (and their number of free parameters) are depicted in Figure S5, it is evident from the data that the Interfacemodel has a better agreement both in the temporal dynamics and dependence on height across all sampled species.
Interface model (3). Themodel incorporates the nutrient dynamics in an implicit form, as described by Equation S2, leadingto the formation of a finite-size growing layer and an increasing decay term.

ḣ = α ·min(h,L) − β · h (S4)

Where α is the growth rate, L the thickness of the active growing layer, and β the decay rate of the colony.
Logistic and nutrient depletion model (4). The model incorporates an auxiliary nutrient field that can get depleted locally,without incorporating diffusion through the vertical direction. Growth is also bounded to a carrying capacity.

ḣ = α · h · c

Kc + c
·
(

1 − h

K

)
ċ = −ϵ · α · h · c

Kc + c
(S5)

Where c is the limiting nutrient concentration, α is the growth rate, Kc the Monod half-speed constant, K the carryingcapacity for the biofilm, and ϵ an efficiency rate in the biomass transformation from nutrient to biofilm.
Logistic model (2). Growth is only constrained by a logistic carrying capacity, no dependence in nutrients.

ḣ = α · h
(

1 − h

K

)
(S6)

Where c is the limiting nutrient concentration, α is the growth rate, and K the carrying capacity for the biofilm.
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Figure S5. Interface and alternative models fitting to experimental height data across 48 hours. (A) Best-fit models for A. veronii across 48 hours. (B) Best-fit models
in comparison to the two-regime behavior in A. veronii, alternative models are curved while the interface model has a sharp transition at h = L. (C) Root mean
squared error for the best fit model in comparison to the experimental data for the 9 different strains of microbes tested in the study.

Nutrient depletion model (4). Growth depends linearly in the consumption of a nutrient field that cen get depleted locally,without incorporating its diffusion in the vertical direction. We also incorporate a decay term as in standard populationdynamic models.
ḣ = α · h · c

Kc + c
− βh ċ = −ϵ · α · h · c

Kc + c
(S7)

Where c is the limiting nutrient concentration, α is the growth rate, Kc the Monod half-speed constant, β the decay rate,and ϵ an efficiency rate in the biomass transformation from nutrient to biofilm.
C. Long Time Behavior
We observe great quantitative agreement in the 48 hour range. However, the interface model also predicts the eventualsaturation height, when the growth of the finite-size active layer equilibrates with the population-wide decay. This height isgiven by:

hmax = α · L

β
(S8)

We devised a long-time measurement experiment for 3 different microbes, with different growth and decay rates: (i) A.
veronii, (ii) E. coli, and (iii) an aerotolerant anaerobic strain of S. cerevisiae. Reaching a height of 203.83 ± 4.34, 208.64 ± 8.07,and 116.88 ± 5.33 µm in the 48 hour range. Equation S8 predicts that S. cerevisiae, will continue to be the tallest colony bya considerable amount, and, more interestingly, that E. coli will surpass A. veronii in height, despite the fact that A. veronii isalmost twice as tall as E. coli at 48 hours.For this experiment, we inoculated 7 plates with 3 colonies each, and measured the height of the colonies every 2 days,for a period of 2 weeks. Each plate after measurement was discarded. This procedure was followed for each of the threestrains.Using the first 48 hours of growth and Equation S8, we bootstrap a distribution for hmax. We observe that for A. veronii,the height prediction and the actual best-fit value with the long-time data agree. For the two other strains, the predictionunder-estimates the value of hmax, but remains within the 95 % confidence interval(Figure S6A).The source of the range in height prediction is rooted in the difficulty ofmeasuring β. β is small, on the order of 10 nm/hr. 48hours is thus not necessarily enough time for an accurate measurement, leading to a wide range of effective growth ratesat the end of the measurement. A colony that is already close to its steady state height (A. veronii) has a much narrowerconfidence interval than a colony that is still growing rapidly (S. cerevisiae). To determine β with narrow confidence intervals,a large amount of data in the h > L regime is necessary.To demonstrate this issue, we performed an 88 hour long timelapse of E. coli, and obtained the best fit parameters as afunction of time. It is clear that by 40 hours α has already converged (Figure S6B), whereas β and L do not converge totheir final values until ∼65 hours. It is important to note that the percentage change of these values varies greatly, withthe limiting parameter being β, which at 50 hours is 230% of its final steady state value. On its own, fluctuations in β thatrange from 10-23 nm/hr do not seem substantial. However, in light of Equation S8, these fluctuations can greatly changethe predicted final height of the colony. As a result, hmax cannot be accurately predicted until β is accurately measured.
D. Parameter estimation
We optimized all models (Equation S4, Equation S5, Equation S6, Equation S7) against experimental data with a sum ofsquared error loss J :

J(f(x),y) =
n∑
i

(f(xi) − yi)2 (S9)
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Figure S6. (A) Interface model hmax distributions after N=1000 bootstrapped fits are shown. Black circles represent the best fit for the initial 48 hour time period,
and orange triangles represent the best fit including the measurements up to 14 days. (B-E) Best fit, and 90% confidence interval for the the three interface model
parameters: α, β, L, and the steady state maximum height hmax are shown. On the left y-axis the actual values are reported, while on the right y-axis reports the
value relative to the final 88 hour best fit value.

where y is the collection of experimental heights corresponding to measurement times t, f(x) is the evaluation of thedifferential equation at time t. This allows us to directly compare the simulated predictions with our non equidistanttemporal measurements. While this loss function J prioritizes better agreement with the data on higher heights, resultsdo not suggest that compensating with higher weights at early times is needed since residual values are low across allthe measurement period. To avoid any negative values in the fitting, we utilize a box-constrained optimization using theDifferentialEquations.jl(2) and DiffEqFlux.jl(3) packages. The limits for each parameters are detailed in Table S2.For models containing an auxiliary nutrient field c, starting condition was set to c0 = 1.0, with the needed scaling for theheight dynamics being determined by ϵ.
Model α[1/hr] β[1/hr] L[µm] K[µm] Kc[a.u.] ϵInterface [10−5,103] [10−5,102] [1,105] - - -Logistic + Nutrient depletion [10−5,103] - - [1,105] [10−5,103] [10−5,105]Logistic [10−5,103] - - [1,105] - -Nutrient depletion [10−5,103] [10−5,102] - - [10−5,103] [10−5,105]

Table S2. Fitting boundaries for model fitting. Ranges push the boundaries of what makes physical/biological sense by at least an order of magnitude.

To get confidence intervals and parameter distributionswe utilize amoving block bootstrap across the 3 different replicates,sampling n=20 blocks of size s=5, returning a total of 100 points, roughly the same amount as an individual timelapse. Weiterate for i=1:1000 times and obtain the best-fit parameters αi,βi,Li. Then utilizing Equation S8, discard the outlying 5%values.
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Supplementary Videos

Figure SV1. This is a video of a lysosome.
A typical caption would go here. We use a thumbnail version
of the video file as the figure.
Time, seconds. Scale bar, 10 µm.
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