Science Advances

RAVAAAS

advances.sciencemag.org/cgi/content/full/7/2/eabc8998/DC1

Supplementary Materials for

Carbon isotope evidence for the global physiology of Proterozoic cyanobacteria
Sarah J. Hurley*, Boswell A. Wing, Claire E. Jasper, Nicholas C. Hill, Jeffrey C. Cameron*

*Corresponding author. Email: sarah.hurley@colorado.edu (S.J.H.); jeffrey.c.cameron@colorado.edu (J.C.C.)

Published 6 January 2021, Sci. Adv. 7, eabc8998 (2021)
DOI: 10.1126/sciadv.abc8998

This PDF file includes:

Sections S1 to S7
Figs. S1to S10
Tables S1 to S3
References



Supplementary Materials

1. Estimates of Oz, CO:, and oxygenic productivity through Earth history

In broad brush, the concentration of atmospheric oxygen has increased through Earth history in two
steps (Fig. S1). Atmospheric oxygen was negligible in the Archean Eon at <10 preindustrial atmospheric
levels (PAL = 280 ppm CO; and 200,000 ppm O2) (4). The Paleoproterozoic accumulation of atmospheric
oxygen, the Great Oxidation Event (GOE), was underway by 2.43 Ga, and continued for another ~200
million years (60). Atmospheric oxygen concentrations may have reached near modern levels early in the
Paleoproterozoic Era at ~10° PAL before returning to values between ~10° to ~10" PAL in the
Mesoproterozoic Era (e.g., I, 4, 8, 61). After land plants arose early in the Paleozoic Era, atmospheric
oXygen concentrations increased again from 10" PAL to approximately present levels with some minor
variation afterward (59). In contrast, atmospheric CO. concentrations have decreased, perhaps less
dramatically, through time. Archean atmospheric CO, concentrations of ~40-400 PAL are consistent with
atmospheric and general circulation models (7, 8, 39). CO; levels declined from potentially ~10-100 PAL
at the beginning of the Proterozoic Eon to ~1-20 PAL at the end of the Proterozoic (§). During the
Phanerozoic Eon, modeling predicts a general negative covariation in CO; concentrations with O:
concentrations (59).

Environmental, ecological and evolutionary mechanisms have been hypothesized to limit the
oxygenic productivity of the marine biosphere on geologic timescales. Some environmental explanations
propose nutrient limitation either by phosphorus (9, 62), nitrogen (10, 63), or trace metals (/ 1, 64). Others
call on cyanobacterial exclusion from a toxic marine photic zone (53, 54). In ecological scenarios,
ecosystem structure is proposed to control oxygen production. Competition between populations of

oxygenic and anoxygenic photosynthesizers may have limited oxygenic productivity in the water column



(12, 65). Self-shading within a turbid community of cyanobacteria could have a similar effect on net primary
productivity (66). Evolutionary hypotheses ascribe limited oxygenic productivity in the Proterozoic to
cyanobacteria with enzymatic (67), metabolic (68), cytological (69), or lifestyle (18, 55) traits of their
modern descendants. Although ancestral cyanobacteria play a central role in all potential hypotheses for
restricting Proterozoic primary productivity, the geologic record contains limited direct evidence for either

their global ecological niche or their intracellular physiology at this time.

2. Estimates of Mid-Proterozoic cp values by statistical simulation

Statistical simulations provide a way to extract estimated values of &p, the isotopic fractionation
between dissolved CO; and biomass produced via photoautotrophic carbon fixation, from the geologic
carbon isotope record. We restricted our analysis to the non-transitional middle Proterozoic interval (1.0-
1.8 Ga), identified previously with a mean difference method (24), to reduce the confounding effects of
non-steady state variation in the carbon isotope record. The entire middle Proterozoic interval was treated
as a single time bin as finer time-binning did not affect the results of the statistical analysis (24).

We resampled 8'*C values from a previously published, curated dataset (24). In this dataset, middle
Proterozoic carbonates from a variety of depositional settings, including open and shallow marine
environments, have homogeneous 8'°C values with a mean and standard deviation of 0 + 1.5 %o (Fig. S2).
This homogeneity likely reflects the geographically uniform nature of the marine bicarbonate reservoir
(70). Total organic carbon measurements in this dataset similarly reflect a broad range of marine
environments and were filtered to exclude demonstrably authigenic and, importantly (70), thermally altered
sediments (24).

Values of eroc, the carbon isotopic fractionation between carbonate minerals (8'*Ccan) and total

organic carbon (8'*C,r) preserved in the sedimentary rocks (24) is defined as:
(1) €toc = 813Ccarb - 813C0rga

where 8'*Cear, = [(*C/"*Cearr/*C/"*C standara) — 1] * 1000 and 8" Corg = [(*C/"*Corg/"*C/"*C sundara) — 1] * 1000,
both expressed as permil (%o). Bootstrap resampling of middle Proterozoic carbon isotope records yields
an groc distribution with a mean of 28%o and a range of 20-35%o (95™ percentile; Fig. S2). eroc values
represent the combined effects of a number of processes including i) the fractionation between dissolved
CO; and the biomass of primary producers (gp), ii) the fractionation between dissolved CO; and carbonate

minerals (€yco;-co, (aq? Ecal Jara—Hco3 )» iii) and the fractionation associated with biological reworking of



organic carbon during export and burial (greworking) (23). The isotopic difference between dissolved

CO; (aq) and biomass produced via photoautotrophic carbon fixation (gp) is typically defined by:
(2) €p = Slsccoz(aq) -8t Chiomass-

We randomly sampled uniform distributions representing fractionation during the conversion and
preservation of dissolved CO; as carbonate rocks and primary biomass as TOC. The distribution of

equilibrium isotope effects between CO; (aq) and HCO3 (exco; ) ranged from 8.9-11.7%0 (57)

~C0z (ag)
assuming photic zone temperatures of 3-30°C (e.g., 38). Experimentally determined kinetic isotope effects
associated with the precipitation of calcite and aragonite from HCOs™ (€cal/ara-ncos) ranged from 0.8-
3.3%0 (58). Fractionations associated with secondary biological processes such as heterotrophic

consumption of primary organic matter (€reworking) ranged from 0-1.5%o (23) (Fig. S2). Values of 813C for

dissolved CO; (5q) and biomass were calculated according to the following approximations:
(3) 813CC02(aq) = 8" Cearb — €cal/ara—HCO3 ~ €HCO3-CO; (aq)

13 — K13
(4) d Cbiomass =8 Corg - 8reworking

The resulting distribution of ep values, calculated according to Eq. 2, are offset from the eroc distribution
by =12%o, with a mean of 16%o and a 2c range of 8-24%o (Fig. S2). The statistical simulations were run

over 10,000 bootstrap trials.

3. Estimates of modern mat €p values by statistical simulation

We additionally used these techniques to estimate ep values from a published characterization of a
modern cyanobacterial mat system (26). This mat system was grown and sampled in an experimental pond
with a depth of <I m. The pond was artificially stratified with an anoxic bottom layer of highly concentrated

brine and an upper layer diluted with freshwater. We used the same conversion to calculate 813CC02(aq)

values from observed 8"*Cean values, drawing from uniform distributions representing €HCO; at

=C02 ag)
observed pond temperatures of 23-57°C and €cajjara-nco; (98) (Eq. 3; see previous section for full
simulation description). We did not include fractionations associated with secondary biological processes
(Ereworking) due to the young age of the mat, the anoxic bottom layer, and absence of burial in the system.

However, due the small range of €reworking (0-1.5%0), the resulting distribution is relatively insensitive to this



parameter. Statistical simulations of carbon isotope fractionation in this previously characterized mat
system yielded an gp distribution with a range of 4-13%o (95™ percentile) and a median value of 8.5%o (Fig.

S3), likely reflecting the impact of limited carbon transport into this hypersaline environment.

4. Culturing Description

Culturing experiments used wild-type (WT) Synechococcus sp. strain PCC 7002 (Synechococcus
7002) and a Accm mutant strain lacking a carboxysome. The Accm strain was generated by transforming
WT cells in exponential growth phase with 0.5 ng/mL of plasmid DNA, containing a kanamycin resistance
cassette flanked by 750 bp homology arms for recombination into the ccm locus (36). After incubation at
30°C in constant illumination (~150 pmols photons m™ s) for 24 hours, transformed cells were selected
for with 100 pg/mL kanamycin on A+ media solidified with Bacto Agar (1%; w/v) in 3% (v/v) CO..
Individual colonies were patched onto new plates and tested for segregation by PCR, using primer pairs
specific to either the transformed (primers KAMo0113 and EBJp0048) or WT (primers EBJp0048 and
EBJp0006) genome. Presence of the PCR product specific to the transformed genome and absence of the
PCR product specific to the WT genome was used as an indicator of full segregation. The 5’-3” sequences
for primers are

KAMo0113: CGACTGAATCCGGTGAGAAT,

EBJp0048: CGGTGGAGACGATGATCCG,

and EBJp0006: ATAGGTTCTGAATTGTTCTACTTCTTCGGTGT.

For experiments on carbon isotope fractionation, all cultures grew in A+ media (77) at 37°C under
saturating light levels of ~227 + 5 umol photons m? s™! provided by cool-white fluorescence lamps.

Cultures were grown in 125 ml conical flasks with foam stoppers (Jaece Industries Identi-plug™),
continuously shaking, in an incubator that kept headspace CO, constant by continuous replacement with a
mixture of CO; and air during each experiment. Headspace CO, varied across three experimental
conditions: 0.04% (v/v) CO», 1% (v/v) CO», and 3% (v/v) CO,, corresponding to COxq) concentrations of
7, 180, and 538 umol kg™, respectively. The measured pH of the cultures (8.1 in air, 7.3 in 1% CO,, and
6.7 in 3% CO,) and the headspace pCO, were used to calculate dissolved CO, via the csys program (72)
adapted for the R statistical computing environment. Dissolved CO, concentrations calculated for the
growth medium ranged from 7 umol kg™ in air (1x PAL) to 538 umol kg in 3% CO, (107 x PAL). We
plot both headspace CO, levels and dissolved CO; concentrations due to the influence of temperature,
salinity, and pH on dissolved CO; concentrations.

We attempted to grow the Accm mutant lacking carboxysomes at both 0.5% (v/v) and 0.8% (v/v)
COy, corresponding to 18 x PAL and 30 x PAL. However, under our experimental conditions, the mutant

strain was only able to grow at 1% CO» (36 x PAL) or greater, consistent with the previously observed



inability of this high-CO;-requiring phenotype to grow in air (37). Strains were acclimated to each CO;
condition over the course of four serially-transferred cultures. Cultures grew to an OD730 nm of ~0.2 before
inoculating the next acclimation with 1-3% of the final cell density and harvesting biomass (Fig. S4).
Harvested biomass was kept at -70°C. Prior to isotopic analysis, biomass was centrifuged and washed twice
with ultrapurified water.

For cultures, values of ep were calculated relative to external 8'°C values for COxq according to:

13
(8 Ccoz(aq)+1000) _
(513 Cbiomass+1000)

(5) ep = 1000

The net specific growth rate of each culture, u (h™), was calculated according to:

__In(cell densityfijna1)—In(cell densityinitial)

(6)

(tfinal—tinitial)

Initial or final cell densities are in cells ml™ and tgipa; — tinitial is the duration of each batch culture in hours.
Carbon fixation rates (ug C cell” s™) were calculated by multiplying the carbon content per cell (ug C cell™")

by the net specific growth rate in s

(7) Ctix = Ceen " K

Growth parameters for all cultures are plotted in Fig. S5 and reported in Table S1. Doubling times
for the wild-type strain ranged from 5.1 + 0.7 h grown under air, 3.6 £ 0.6 h grown under 1% CO; and 4.0
+ 0.3 h grown under 3% CO, on average. Doubling times for the Accm mutant grown under equivalent
headspaces were slightly greater (slower growth rates) under 1% CO, (5.5 = 1.0 h) and slightly smaller
(faster growth rates) under 3% CO» (3.5 = 0.7 h). Carbon fixation rates for the wild-type strain were 67 +
21,98 + 36, and 106 = 30 fg C cell” h'' grown under air, 1%, and 3% CO,, respectively (Table S1). Carbon
fixation rates for the Accm mutant were 105 + 33 and 166 + 44 fg C cell h™' grown under 1% and 3% CO,,
respectively. The carbon fixation rates for wild-type strain in air (67+ 21 fg C cell! h™) are ~3x previously

published carbon fixation rates for Synechococcus 7002 (73).

5. Carbon isotope measurements
The carbon isotope composition of cyanobacterial biomass was measured in the Earth Systems

Stable Isotope Lab at the University of Colorado Boulder. Samples were oxidized and combusted with a



Thermo Scientific FlashEA and the resultant CO, was analyzed with a Thermo Scientific Delta V Isotope
Ratio Mass Spectrometer. Ratios are expressed as '*C/'*C in units of relative per mil (%o) difference between

the sample (Rsampic) and a standard (Rgandara) 0f Vienna Peedee Belemnite (VPDB) according to:
() 8"C = [(*C/"*Cample/ *C/**C standara) — 1] * 1000 (%o)

Acetanilide (University of Indiana; 813C 0f-29.53%o; weight % C of 71.09) was used to correct for linearity
and drift. Acetanilide was additionally used as a monitoring standard and a bovine gelatin (pugel), from
University of California Santa Cruz (8"°C of -12.62%o; weight % C 44.02) as a discrimination standard.
Isotopic analysis of CO, gas was conducted in the Earth Systems Stable Isotope Lab at the
University of Colorado Boulder. The CO; was analyzed with a Thermo Scientific 253+ Isotope Ratio Mass
Spectrometer. The gas was analyzed for four runs with seven cycles at 12.5 volts on 44 m/z with an
integration time of 26 s per cycle. Ratios are expressed as '*C/"*C in units of relative per mil (%o) difference
between the sample (Rgumple) and a standard (Rsuandara) of VPBD. The gas was run against an in-house
standard that has been corrected against several commercially purchased Oztec bottles of varying

compositions.

6. 1D reaction-diffusion model

We used a one-dimensional (1D) model of steady-state diffusion of CO; between an infinite source
and a sink to represent rubisco-catalyzed entry of CO; into the Calvin-Benson cycle (Fig. S7). A fixed
distance, L, separates the CO, source and enzymatic sink. Both diffusion and the sink reaction are
isotopically selective according to &iiffusion and &x, respectively (Table S2). Here, erix refers to the kinetic

fractionation factor associated with rubisco (= &mbisco)- Steady-state diffusion in 1D is described by:
9 Dx— =0,

where D is the diffusion coefficient, C is the concentration of dissolved CO, (="*CO, + 12C02), and z is the
distance coordinate between source and sink. Eq. 9 is subject to the boundary conditions at the edges of the

domain 0<z<L:

(10) Cz=0) =C,

(11) —Dx (2= L) = sy



Co represents the initial concentration of COxyg), and Jux (=Crx/[SAXfsa]; Table S2) represents the carbon
fixation rate normalized to the fraction (fsa) of the surface area (SA) of the cell available to CO, transport.

The final solution for C as a function of distance has the form:

(12) C(2) =Co - x 7

In this expression, Co is in units of pg pm™, D is in units of pm? s™', z is in units of um and Js, is in units
of pg C um™? s'. The per-cell carbon fixation rates reflected in Jgy are calculated by dividing the measured
carbon fixation rates in pg C cell”’ s by the surface area of a cell, which we define as a rod with a radius
of 0.5 um and a length of 2 pm, as well as the fraction of the surface area of the cell available to CO,

transport. (Table S2).
Similar equations apply for the heavy isotope (*C):

(13) BD x4 (30) = 0

Eq. 13 is subject to the boundary conditions at the edges of the domain 0 <z < L.:
(14) BC(z =0) = ¢,

(15) —8px LG =1) = ¥y,

The final solution for *C as a function of distance has the form:

(16) Bez)="4+"Bxz

A and "B are integration constants defined by the boundary conditions such that
(17) 134 = 3¢,

(18) _13p y 1B8p 13



We defined 3] rix through:

13]fix ey
19 Afix = /
( ) fix 12]fix 12CL

Here ayix is the fractionation factor associated with CO, fixation by rubisco (Table S2), while *Cy. and '*C
represent the concentrations of each isotopologue of CO» at z = L. Applying the trace isotope abundance
approximation (Cr = "*Cy, Jux = 2Jgx) leads to:

13CL

(20) 13]fix = Qpix X Jfix X o

We combined Eqs. 18 and 20

13 CL

21 —"D X *B = atgix X Jgix X <

to solve for °B:

Jfix
13 . %fix ]; "
(22) B=

] .
adiffCL+aﬁx%L

Co

Here agisr 1s the fractionation factor associated with CO; diffusion to the site of fixation, which is defined
as Agiff = 13D/12D (Table S2). The final solution for '*C is then:

(23) 130(2) = 13¢, (1 - “’“—Dz>
L

] .
“diffCL"'“fix%

We then calculated ep as the difference between the carbon isotopic composition of fixed carbon and
dissolved CO> using:

13C0 13CL

(% -a fixﬁ)

L

(24) £p = ~—g3—= % 1000.

12C0

Independent model inputs are: the carbon fixation rates observed for the Accm mutant grown under
1% and 3% CO; headspace, the concentration of dissolved CO, calculated from pCO; and the culture pH

using the csys program (72), and the fractionation factor for diffusion of CO, in water (gqirf =

[adi f— 1] X 1000; Table S2). Two previously published values of the fractionation factor for form IB



rubisco (griy = @iy — 1] X 1000) in cyanobacteria are 22 + 0.2%o (74) and 20.9 + 0.8 (75), both
measured on rubisco from in Synechococcus PCC 6301. Here, we set gqx at 24.3%o, the maximum whole-
cell ep value we observed for Synechococcus 7002.

The model has three free physiological parameters: 1) the intracellular distance over which COz(q)
diffuses (z); ii) the intracellular diffusion coefficient for COsuq (D); and iii) the proportion of cellular
surface area available for diffusion (fsa). Free parameters covary over the constrained ranges in Table S2.
We trained the model by selecting the interdependent parameter sets that were able reproduce experimental
ep values observed in the Synechococcus 7002 Accm mutant (within the ~0.65%o data spread for a given
experimental condition) at carbon fixation rates observed for both 1% and 3% headspace CO; (36 and 107
PAL, respectively). We then continued calculations and model predictions incorporating all interdependent
parameter sets [z, D, fSA] that could reproduce experimental p values.

In order to apply the 1D reaction-diffusion model across varying CO; levels, we incorporated a

previously published model of carbon fixation rate (76):

(25) Cfix — KcatNsitesC

C+Km'coz(1+_KmOO >
2

Here, Cqy represents the carbon fixation rate as a function of CO, (C) and O (O) concentrations and rubisco
kinetic parameters (values listed in Table S2). We fit this theoretical relationship through the observed
range of carbon fixation rates using the kinetic parameters for Form IB rubisco in Syrnechococcus 7002 and
number of rubisco sites per cell as Ngies = 2.3x10°-3.4x10° (Fig. S8). However, this fit could be similarly
achieved by scaling the rubisco kinetics to account for differences between calculated and measured carbon
fixation rates. The trained dependence of carbon fixation rate on CO, concentration is then used as a model
input to predict ep values at varying CO, and O; levels (Fig 2B). Modeled &p values increase with CO;
concentration (Fig. S8). Values of ep show a greater dependence on carbon fixation at low CO;
concentrations (Fig. S§B).

The trained model and corresponding carbon fixation rate calculation can then be used to predict &p
values for a cyanobacterium without a carboxysome grown under varying CO, and O conditions with

independently derived kinetic parameters for rubisco (see next section).

7. Evolutionary changes in rubisco Kinetics
The Acem model exercise suggests that, without a CCM, fractionation by extant cyanobacteria with

Form IB rubisco can only explain a limited portion of estimated middle Proterozoic ep values. The Accm



model incorporates the kinetics and fractionation for modern Form 1B rubisco (Table S2). Here, we explore
how evolutionary changes in rubisco kinetics could impact these modeling results.

Ancesteral sequence reconstruction of Form IA and Form IB rubisco suggest that the kinetics of
ancestral Form I rubiscos differed from modern rubisco, although the timing of these evolutionary changes
remain unconstrained (42). For example, kea and K, co2 values for ancestral rubiscos are ~40-80% of
modern forms (42). While fractionation factors for these reconstructed rubisco (erx) forms have not yet
been characterized, the kinetics constrain how far €p values can deviate from a maximum &g« value and thus
constrain the overall range of &p values accessible for a given &g« value. Substituting the kinetics associated
with ancestral Form 1A and Form 1B rubisco, while keeping the rest of the model inputs constant, results
in a 7-8%o range in ep values for any given value of & for rubisco (Fig. S9). This range is less than half the
95™ percentile range (=16%o) from our resampling of the mid-Proterozoic carbon isotope record suggesting
that, regardless of the ancestral rubisco &nx value, net carbon isotope fractionation by cyanobacteria with
these ancestral rubisco forms could not be responsible for the entire range of mid-Proterozoic &p estimates.

We additionally used the measured characteristics of different extant rubisco forms to determine
the possible constraints imposed on &p by the relationship between kinetics and fractionation factors in
cyanobacteria without a CCM. Model sensitivity runs based on paired inputs of rubisco kinetics compiled
in (51) and fractionation factors compiled in (77) show the €p ranges accessed by Form 1A , Form 1B, and
Form II rubiscos in cyanobacteria without a CCM (Fig. S9, Table S3). Similar to the results with the Accm
mutant reported here, Form 1B rubiscos in extant cyanobacteria without a CCM can only reproduce a
limited range of mid-Proterozoic €p values (Fig. S9). If Form II rubisco operated in cyanobacteria without
a CCM it would be consistent with a similar range of estimates, while Form 1A rubisco would produce a
much smaller range of ep values (Fig. S9). Only the kinetics and fractionation factors of Form 1B rubisco
from higher plants (Spinacia oleracea and Nicotiana tabacum) produce gp ranges larger than the middle
Proterozoic estimates, if they operated in cyanobacteria without a CCM (Fig. S9).

Form 1B rubiscos within extant higher green plants, such as the rubiscos found in Spinacia oleracea
and Nicotiana tabacum, have kinetic parameters and €ubisco Values that yield substantially larger ranges of
ep values when incorporated in the 1-D reaction-diffusion model developed for the Accm mutant of
Synechococcus sp. 7002. This suggests that, if middle Proterozoic cyanobacteria contained rubiscos
resembling Form 1B in higher green plants, a CCM would not be required to produce the full distribution
of middle Proterozoic ep values. Archaeplastida are extant representatives of a primary endosymbiotic
event, in which an original plastid, derived from an ancestral cyanobacterium, was incorporated into a
eukaryotic host cell at =1.3 Ga (2]). Although it is possible that the kinetics of Form 1B rubiscos from

Archaeplastida are a vestigial remnant of this ancient endosymbiotic event, it seems unlikely that the



selective environment provided by the early Proterozoic surface ocean was similar enough to that within
green plant chloroplasts to maintain enzymatic stasis over the ensuing billion years. Altogether, this
consideration of potential ancestral rubisco kinetics suggests that carbon isotope fractionation by

cyanobacteria lacking a CCM is inconsistent with the estimated distribution of Proterozoic ep values.
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Fig. S1. The carbon isotope record and estimated atmospheric and biologic changes through Earth history.
A. Values of §'°C from carbonate minerals (blue) and 3"*C values of total organic carbon (red) are compiled
in Krissansen-Totton et al., (24). B. Archean O, estimates restrict pO, to < 10 present atmospheric levels
or 2 ppm (4). Proterozoic O, estimates are compiled in Crockford et al., (&). Phanerozoic O, estimates come
from proxies and modeling (59). C. Archean CO; estimates are from Halevy and Bachan (39). Proterozoic
CO; estimates are compiled in Crockford et al., (§). Phanerozoic CO; estimates come from proxies and
modeling (59). D. Range of estimates for the origin of oxygenic photosynthesis shown as a green bar (2, 3)
and the earliest unambiguous cyanobacterial microfossils (Foentophysalis belcherensis) shown as a green
diamond (13, 14). Earliest unambiguous fossil photosynthetic eukaryote (Bangiomorpha pubescens) shown
as red diamond with corresponding molecular clock estimates for the primary plastid endosymbiosis shown
as a red bar (27). Proposed dates for the emergence of a cyanobacterial CO, Concentrating Mechanism
shown as black bars (e.g., 34).



A. B C.
4000+
<
3
Q
o
2000+
0 A =
13, o 13 ) o
3'3C,,,, (%o) 5'°C,, (%o) €100 (%o)
>
o
c
)
oy
oL . | | L
1 2 3 4 -12 -10 0.0 10
Scc—HCOfB 8HCO3—C02 E:reworking
40004 D. E. F.
- 3000
c
>
8 20004
1000+
O -
T T T T T T T T T T T T T
-20 -10 0 10 -40 -30 -20 -10 0 10 20 30 40
13 () 13 () o,
o Cc02 (%o) g Cbiomass (%o) €p (%)

Fig. S2. Representation of bootstrap resampling and Monte Carlo simulations. A. Resampled 8'*C values
of carbonates and B. organic carbon during the non-transitional period between 1.0-1.8 Ga from Krissansen-
Totton et al. (24). C. The distribution of eroc values from the bootstrap resampling, calculated according to
Eq. 1. D. The distribution of predicted 8"*C values of dissolved CO,, calculated by incorporating the isotope
effects associated with precipitation of calcite or aragonite from HCO3 and the conversion between HCO3
and dissolved CO; (inset uniform distributions &cc-ncos and €xcos-coz). E. The distribution of predicted 8"*C
values of primary biomass calculated by incorporating an isotope effect associated with secondary
reworking in the water column and sediments (inset uniform distribution &reworking). F. The distribution of
predicted ep values calculated according to Eq. 2. See text for simulation details.
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Fig. S4. Growth curves for cultures of Synechococcus 7002 in air, 1% CO,, and 3% CO, corresponding to
1, 36, and 107 PAL CO,. Green squares and solid lines represent wild-type Synechococcus 7002. Blue
diamonds and dashed lines represent the Accm mutant.
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Fig. S5. The dependence of ep values observed in Synechococcus 7002 cultures on CO, and growth
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Fig. S6. Cyanobacterial and algal ep relationships. A. Cyanobacterial €p relationships observed in wild-type
Synechococcus 7002 and Accm mutant (this study) differ from the ep relationship found in alpha
cyanobacterium Synechoccus CCMP838 (28). B. ep relationships found in wild type Synechococcus 7002
and Accm mutant resemble ep relationships in eukaryotic algae (78).
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Fig. S7. 1D reaction-diffusion model. Fluxes include diffusion of CO, into the cell, autotrophic carbon
fixation through the Calvin-Benson cycle, and diffusion of CO» out of the cell. The three interdependent
model parameters are the surface area available for diffusion of CO; (SA), the diffusion coefficient for CO,
at 37°C (D), and the distance to the rubisco active site (z). Example values of these parameters are shown
here to illustrate the range of values possible for each parameter.
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Fig. S8. Carbon fixation rate and &p values as a function of dissolved CO» concentration in the Accrm mutant.
A: Open symbols represent measured carbon fixation rate for cultures of the Accm mutant grown under a
1% and 3% CO; headspace (36 and 107 PAL CO»). The shaded area represents the theoretical relationship
between carbon fixation rate and CO; concentration from Clark et al. (76) fit to the observed culture data
using the number of rubisco sites (Nsiws). This fit could be similarly achieved by scaling the rubisco kinetics
or incorporating an unknown factor to account for differences between the theoretical model and the
measured carbon fixation rates. B: The carbon fixation rate as a function of dissolved CO» concentration is
then used as a model input to predict corresponding ep values.
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Fig. S10. Experimental culture conditions projected onto Proterozoic pCO; and pH estimates. The height
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box represents the middle Proterozoic time period resampled for the statistical simulations of the carbon
isotope record. Estimates of Proterozoic pH are 95% confidence intervals from (39) and (38). Estimates of

Proterozoic pCO; levels are from (8).



Supplementary Table 1. Growth parameters for wild type Syrnechococcus 7002 and Accm mutant. Net

specific growth rate was calculated according to Eq. S6. Carbon fixation rates (Crx) was calculated

according to Eq. S7. Analytical error for 8"’ Chiomass values is £0.1%o and 0.01%o for §"°Ccoz values. Values
of 3"*Cco in air are from https://www.esrl.noaa.gov/gmd/dv/iadv/index.php (Niwot Ridge site).

Headspace CO, Doubling Crix 8" Chiomass ~ 8"*Cco2 &p
CO2(PAL) (umolkg!) Strain Acclimation  time (h) (fg Ccell' h'h) (%o) (%o) (%o)
1 7 WT 1 6.1 44 225 80 135 % 0.1
1 7 WT 2 4.7 42 235 80 146 + 0.1
1 7 WT 3 4.9 84 19.6 80 106 + 0.1
1 7 WT 3 43 83 204 80 115 + 0.1
1 7 WT 4 5.6 60 [18.7 8.0 9.8 + 0.1
1 7 WT 4 5.0 89 -19.1 80 102 + 0.1
36 180 WT 1 3.0 144 -50.2 277 226 + 0.1
36 180 WT 2 4.5 87 -50.8 277 234 % 0.1
36 180 WT 3 3.1 135 -50.1 277 227 + 0.1
36 180 WT 3 3.2 103 49.8 277 223 + 0.1
36 180 WT 4 4.1 65 51,1 277 238 % 0.1
36 180 WT 4 3.7 57 51,1 277 238 + 0.1
107 538 WT 1 3.6 136 -63.0 406 229 + 0.1
107 538 WT 2 42 107 -63.9 406 240 + 0.1
107 538 WT 3 3.9 66 63.1 406 233 + 0.1
107 538 WT 3 3.7 128 -63.8 406 240 + 0.1
107 538 WT 4 4.5 126 -63.8 406 241 + 0.1
107 538 WT 4 42 74 -63.9 406 243 + 0.1
36 180 Acem 1 4.5 130 483 277 207 % 0.1
36 180 Acem 2 5.6 124 483 277 207 + 0.1
36 180 Acem 3 5.1 127 475 277 200 + 0.1
36 180 Acem 3 6.7 77 477 277 201 + 0.1
36 180 Acem 4 4.6 121 -48.0 277 206 + 0.1
36 180 Acem 4 6.3 51 48.4 277 210 + 0.1
107 538 Acem 1 42 135 -62.4 406 223 + 0.1
107 538 Acem 2 43 117 -61.9 406 220 + 0.1
107 538 Acem 3 3.3 152 -62.2 406 224 + 0.1
107 538 Acem 3 3.0 179 -62.1 406 222 + 0.1
107 538 Acem 4 3.0 176 -62.3 406 225 + 0.1
107 538 Acem 4 3.0 243 -62.3 406 226 + 0.1




Supplementary Table 2. 1D reaction-diffusion model parameters.

Parameter  Description Values Units Notes

Crix Measured C fixation rate 1.4x1011-6.7x10"Y  pg Ccell' 5! Grown under 25-75 PAL CO:

Jfix Converted C fixation rate pg C um? s’ Cfix/(SA x fSA)

. . i i . Calculated from pCO2 and pH
14_ 12 3

Co Experimental dissolved [CO2]  8.8x107%-6.6x10 pg C um using csys (72)

z Distance to the sink 0.01-0.5 pm OBésE?non a cell with a radius of
Based on a rod with a radius of

SA Surface area of a rod 6.3 pm? 0.5 pm and a length of 2 um
representing a cyanobacterial cell

. . Proportion of surface area

fSA Effective surface area 0.01-0.4 fraction available for diffusion of CO»
Constrained by the diffusion

D Diffusion coefficient CO2 26.9-2690 pum? 57! coefficient of COx(4q) in water
(2.69 x 10° pm? s at 37°C) (79)

Fractionation associated with s
Odiff diffusion of COs 1.00087 O’Leary et al. (80)
i Fraf:tlonatlon associated with 1.0243 Note 1.
rubisco

Keat form IB rubisco 11.4 molecules site! s adapted from Clark et al. (76)

K, co, form IB rubisco 185 pmol I adapted from Clark et al. (76)

Km0, form IB rubisco 1300 pmol I adapted from Clark et al. (76)

(0)) Concentration of dissolved 02 143 pmol 1! Calculated. Note 2.

Niites rubisco active sites 2.3x10°-3.4x10° number Note 3.

! Previously published fractionation for form IB rubisco in Synechococcus PCC 6301 are 22 £ 0.2%o (74)

and 20.9 £ 0.8 (75). Here, we set enx at 24.3%o, the maximum whole-cell ep value we observed for

Synechococcus 7002,

2 The concentration of dissolved oxygen was calculated from DOTABLES from the USGS

(https://www.usgs.gov/software/dotables) using growth medium conditions of 37°C, 0.821 atm, and 32%o

salinity.

3 The number of rubisco active sites was used to fit the theoretical relationship (76) through the observed

range of carbon fixation rates at 36 and 107 PAL. This fit could be similarly achieved by scaling the rubisco

kinetics.



Supplementary Table 3. Model inputs for rubisco characteristics from extant organisms and ancestral
state reconstructions (ASR). Values for &5x from (77), kinetic parameters for extant rubiscos from (57),
kinetic parameters for ancestral rubiscos from (42)

Source Form  enx Keat (s™) Kmco2 (uM) Kmo2 (uM) Taxonomy
Anc.
ASR 1B - 477 + 0.1 113 = 6 2010 + 571 Ancestral
Anc.

ASR 1A - 472 + 0.1 120 + 10 641 + 49 Ancestral
Spinacia oleracea 1B 293 29 + 0.2 10 + 1 250 = 33 C3 plants
Spinacia oleracea 1B 293 32 + 0.1 121 £ 1 574 + 19 C3 plants
Spinacia oleracea 1B 293 32+ 0.1 121 £ 1 574 + 19 C3 plants
Spinacia oleracea 1B 293 27 = 0.1 1+ 2 520 £ 25 C3 plants
Nicotiana tabacum 1B 27.4 39 + 0.2 9 + 0 292 + 20 C3 plants
Nicotiana tabacum 1B 27.4 34 + 0.1 107+ 1 295 = 71 C3 plants
Nicotiana tabacum 1B 27.4 3.1 = 0.3 97 + 0 283 =+ 15 C3 plants
Nicotiana tabacum 1B 27.4 34 + 0.1 107+ 1 295 = 71 C3 plants
Synechococcus 6301 1B 22.0 114 =+ 0.7 185 = 17 1300 + 172 Cyanobacteria
Synechococcus 6301 1B 22.0 12 =+ 0.7 167 =+ 15 529 £ 698 Cyanobacteria
Synechococcus 6301 1B 22.0 11.8 =+ 0.2 200 = 9 199 = 42 Cyanobacteria
Synechococcus 6301 1B 22.0 257 =+ 0.2 142 = 1 664 + 82 Cyanobacteria
Synechococcus 6301 1B 22.0 371 =+ 0.2 167 = 2 529 =+ 14 Cyanobacteria
Synechococcus 6301 1B 22.0 11.6 =+ 0.4 340 = 12 972 + 26 Cyanobacteria
Synechococcus 6301 1B 22.0 9.78 =+ 0.5 152 + 23 1230 + 135 Cyanobacteria

Prochlorococcus marinus

MIT9313 1A 24.0 6.58 =+ 0.3 309 + 24 1400 + 300 Cyanobacteria

Rhodospirillum rubrum 2 20.4 57 + 0.3 89 + 8 406 +  53.6 Alphaproteobacteria
Rhodospirillum rubrum 2 20.4 123 =+ 0.3 149 + 8 159 + 25 Alphaproteobacteria
Rhodospirillum rubrum 2 20.4 43 =+ 0.5 125 = 12 143 + 3 Alphaproteobacteria

Rhodospirillum rubrum 2 20.4 73 +£ 0.3 80 + 11 406 + 48 Alphaproteobacteria
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