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21 Supplementary Table 1. Daily average rates in modeled Trichodesmium trichome and colony. Related to Fig. 2.

Growth Grgss c?rbon N, fixation Gross. Gross fixed Carbon
Model ixation fixed C:N carb(l))l; used use
T @ macmagrey MIN@IOT o repiory O
Trichome (Limiting Fe' = 40 pM)
Ambient  0.24 32 0.044 74 88% 8.5%
OA 0.18 2.9 0.032 89 89% 7.0%
Trichome (Replete Fe' = 1250 pM)
Ambient  0.42 38 0.082 47 81% 13.5%
OA 0.33 3.5 0.061 58 83% 10.9%
Colony (Limiting Fe' = 40 pM)
Ambient  0.20 3.1 0.036 85 89% 7.4%
OA 0.17 2.9 0.029 99 90% 6.4%
Colony (Replete Fe' = 1250 pM)
Ambient  0.35 3.6 0.068 53 83% 11.8%
OA 0.30 3.5 0.056 63 85% 10.0%

22 = Carbon use efficiency: percentage of gross carbon fixation assimilated to biomass. OA: acidified condition.



23 Supplementary Table 2. Comparison of simulated acidification-induced effects on N, fixation from between this

24 study and Luo, et al. . Related to Fig. 5 and DISCUSSION.

Acidification-induced effects on N: fixation * Luo, et al.! This study
Energy saving from CCM <1% <1%
Downregulation on nitrogenase efficiency about -40% about -40%
Reduced energy production by.PET or elevated energy about -10% about -10%
consumption
Intracellular O, management Not considered about -5%

25 *Model results under Fe limitation were analyzed here.

26



27 Supplementary Table 3. Modeled daily-integrated rates of Trichodesmium colony with toxicity effects. Related to
28  Fig 6 and DISCUSSION.

Gross
Growth carbon N; fixation  Gross fixed
rate fixation rate C:N Gross fixed
Model cases @ rate carboq used by Carb(_)n use
respiratory efficiency
[mol C [mol N [mol C protection
(dh (mol C)! (mol C)!
d" d (mol N)1]
Colony (Fe' =40 pM)
Ambient 0.09 2.2 0.015 147 93.8% 4.3%
Acidified 0.11 2.5 0.018 139 93.1% 4.5%
Colony (Fe' = 1250 pM)
Ambient 0.17 24 0.030 82 88.9% 7.7%
Acidified 0.20 3.0 0.034 87 88.9% 7.2%

29 @ Microenvironmental NH4" concentration profile was predefined according to the findings of Klawonn, et al. 2. The
30 pattern of microenvironmental Cu was set the same as that of NH4", with the highest concentration (1 nmol L) at the
31 center of the colony. The elevated iron acquisition due to colony formation under the acidified condition was not taken

32 into consideration here.



33

Supplementary Table 4. Fixed model parameters. Related to METHODS.

Symbol Unit Definition Value Source or note
o4PE" dimensionless Parameter of OA impact on the ATP production by PET 0.4 This study *
OARESP dimensionless Parameter of OA impact on 'the ATP production by 04 This study®
respiration
&co, dimensionless Relative CO, diffusivity of cell membrane 1.5%x103 This study *
cr dimensionless Fraction of CO, productloq by RP to support carbon 75% This study®
RF fixation
Noax mol N (mol C)! Maximal fixed storage 0.159 This study®
CS,ax mol C (mol C)”! Maximal CS storage 1 This study ¢
fns mol N m Half-saturating coefﬁc1enﬁ of NHj concentration for the 3%10% This study ®
3 toxic effect
ke, mol Cu m? Half-saturating coefﬁmer.lt of Cu concentration for the 2 5%107 This study ¢
toxic effect
04C dimensionless Strength of negative effect.s frqm acidification on copper 1.65 This study ®
availability
-1
Vi mol € g]nol © Maximal production rate of CS 8.6x10° 3
ke mol C (mol C)’! Half-saturating coefficient of CS for RP 0.4 3
cs g
kgi,zo mol C (mol C)’! Half-saturating coefficient of CH,O for CS production 0.4 3
Vi, r(nn(])!)]e gc_tlrgrll Maximal PET rate 6.6x107 3
P pumol Fe (mol Half-saturating coefficient of Fe in photosystems for PET 10 3
Fe 0)! rate
o pmol Fe (mol Half-saturating coefficient of Fepg for the synthesis of 10 3
Feps O)! photosystems :
S pmol Fe (mol Half-saturating coefficient of Fepg for the decomposition 25 3
Feps C)! of photosystems
1o pmol Fe (mol Half-saturating coefficient of Fey, for the synthesis of 50 5
Fegr O)! nitrogenase :
e, W molcF)_el (mol Maximal inactivation rate of nitrogenase 3.3x10° 3
NF pumol Fe (mol Half-saturating coefficient of Fe in nitrogenase for N, 1
ke -1 . 91
C) fixation
k(\)lg mol O, m? Half-saturating coefficient of O, for N; fixation 0.01 4
Fels K molcF)_el (mol Threshold of Fe under the baseline condition 24.4 !
Jsr dimensionless Fraction of luxury Fe uptake 0.90 !
045" dimensionless Coefficient representing ;"h: strength of OA impact on 071 1
TH
a; pmol ' m? s Initial slope of P versus I curve 0.01 s
-1
B (mol C)S mol € Parameter of inhibition effect of respiration on PET 2x10* 4
e dimensionless Relative O, diffusivity of cell membrane 10 4
do, m’s’ 0, diffusion coefficient at 34 PSU and 25 °C 2.26x10° 6
dco, m?s’! CO, diffusion coefficient at 34 PSU and 25 °C 1.79x10° 7
hur dimensionless Ratio of the energy consumed by maintenance to other 10% 1
process
Additional parameters for colony
RC m Radius of the colony 8x10* 2
dyco, m?s’! HCOj5 diffusion coefficient at 34 PSU and 25 °C 1.10x10° 7
dCO}" m?s’! CO;* diffusion coefficient at 34 PSU and 25 °C 9.28x10°1° 7
dy m’s’! H" diffusion coefficient at 34 PSU and 25 °C 8.68x10” 7
dowr m’ s™ OH- diffusion coefficient at 34 PSU and 25 °C 4.91x10° 7
Forward rate coefficient of
-1 ki -2 7
s s CO, + H,0 = HCO; + H* 3.60x10
kg
Reverse rate coefficient of
3 1l [ 7
k. m’> mol™ s CO, + H,0 :' HCO; + H 322
ky
Forward rate coefficient of
3 B ks 7
kg m’ mol™ s CO, + OH :4, HCO, 8.28
kg
Reverse rate coefficient of
ky st 3.70x10* 7

k
k.

CO, + OH" — HCO;
4



34
35
36
37
38

Forward rate coefficient of

3 -1 el ks 6
kys m’ mol™' s CO%’ +H' = HCO; 9.75x10
ks
Reverse rate coefficient of
1 ks
ks s CO¥ +H' = HCO; 9.00
ks
Forward rate coefficient of
3 1l ks
kg m’ mol™ s HZO:q H' + OH 1.33
kg
Reverse rate coefficient of
3 -1 -1 ke, 7
kg m’ mol™' s HZO:q H' + OH 2.67x10
kg
Boundary conditions
2 Maximal light intensity in fixed-Fe and dynamic-Fe cases
2 o1
Tnax pmol ms under diurnally changing light intensity 160
o5 mol O, m? Extracellular far-field O, 0.213
COS, bsl mol C m™ Extracellular far-field CO, 0.014
HCO? bsl mol C m* Extracellular far-field HCO; 1.87
pH,, dimensionless pH value under baseline condition 8.08
Elemental or energy stoichiometries of metabolic activities
NADE] (rrn"(‘)’ll ggggg_, NADPH/electron ratio of LPET 0.5
ATP mol ATP (mol .
91 pEr electron)’! ATP/electron ratio of LPET 0.65
0, mol O, (mol .
qirer electron)’ Os/electron ratio of LPET 0.25
g1 mol ATP (r_r]lol ATP/electron ratio of MR-AET 0.65
g electron)
gADPH mg‘nyl%f‘* NADPH/N ratio of N fixation 3
qf,;P mol /?\;l;}: (mol ATP/N ratio of N, fixation 9
NADPH mol NADPH . .
qder (mol CY' NADPH/C ratio of C fixation 2
gir ol ACT)f (mol ATP/C ratio of C fixation 3
HTCPO} mol Ag;f,) (mol ATP/C ratio of CCM for per HCO; transportation 0.5
Do mol AC];I: (ol ATP/C ratio of biosynthesis 2
qf;}?s’p mol ACFI;}T (mol ATP/C ratio of respiration 5
qu mol O, (mol C)"! 0,/C ratio of respiration 1
QC mol C m? Cellular carbon biomass concentration 18333
Morphological parameters of Trichodesmium
L m Length of the total trichome 554x10°°
R m Radius of the cytoplasm 4.80x10°°
L, m Thickness of cell membrane layer 0.076

10,11

10,11

 Estimated based on model experiments under constant light intensity.
® By multiplying the initial C biomass with the molar N:C (0.159) of Trichodesmium '".
¢ CS,ax 18 set to be the same as the initial C biomass.

4 Estimated based on model experiments with toxicity effects.



39 Supplementary Table 5. Optimized parameters under dynamic light intensity. Related to METHODS.

Value
Symbol Unit Definition g;’;‘:‘l‘gzls Trichome Colony
Ambient Acidified Ambient Acidified
. High Fe 1.3x103 1.3x1073 1.2x1073 1.4x103
mol C (mol C)! Maximal
VRE o respiratory
tecti 1
profection rate Low Fe 1.4x10° 1.2x10° 1.3x10° 1.4x10°
High Fe 2.3x10°¢ 1.3x107 2.3x10%° 1.3x107
F pmol Fe (mol Max‘1mal
PS s Oyl s synthesis rate of
photosystems
Low Fe 1.3x107° 6.2x10° 1.3x10° 6.2x107°
Maximal High Fe 3.1x1073 3.9x10* 3.1x1073 3.9x10*
S pumol Fe (mol decomposition
Bl max C)'s! rate of
photosystems Low Fe 1.2x10° 1.2x10* 1.2x10° 1.2x10*
High Fe 2.8x107? 2.7x10%? 2.8x107? 2.7x107?
P pumol Fe (mol Max‘1mal
NF Oyl s synthesis rate of
photosystems
Low Fe 2.8x107? 2.6x107? 2.8x107? 2.1x107?

40



41  Supplementary Table 6. Intermediate process variables. Related to METHODS.

Symbeol Unit Definition
I umol m s™! Daytime light intensity
Vpgr mol electron (mol C)' s’ PET rate
Viper mol electron (mol C)' s™! LPET rate
Vier mol electron (mol C)! s™! AET rate
Lier dimensionless Fraction of electrons in PET to AET
Vapp mol NADPH (mol C)'s™! NADPH production rate
Virp mol ATP (mol C)'s™ ATP production rate
Vo, mol O (mol C)'s™! O, production rate
o mol N (mol C)!' 5! Maximal N, fixation rate
Vr mol N (mol C)! s™! N, fixation rate
0] dimensionless Intracellular requirement of N, fixation
oM mol N (mol C)!' s™! N fixation rate supported by energy saving from CCM
V- mol NADPH (mol C)'s! NADPH consumption rate of N, fixation
P mol ATP (mol C)'s™! ATP consumption rate of N, fixation
qég;/, mol ATP (mol C)’! Energy cost for per DIC transportation of CCM
o mol ATP (mol C)' s™! ATP consumption rate of CCM
YA, saving mol ATP (mol C)! s™! Rate of energy saving by CCM
o mol NADPH (mol C)'s! NADPH consumption rate of C fixation
oo mol ATP (mol C)'s™ ATP consumption rate of C fixation
Ves mol C (mol C)! s Carbon skeleton production rate
Vrp mol C (mol C)' 5! Respiratory protection rate
of mol O, (mol C)! s’ O, consumption rates by respiratory protection
To, mol O, m?s! O, diffusion rate between cytoplasm and far-field environment
Tco, mol CO, m? ! CO; diffusion rate between cytoplasm and far-field environment
Fery umol Fe (mol C)! Threshold of intracellular metabolic Fe quota
Fey, umol Fe (mol C)! Intracellular Fe quota in metabolism
Fegr umol Fe (mol C)! Intracellular Fe quota in storage
s umol Fe (mol C)! s Synthesis rate of photosystems
s umol Fe (mol C)!s™! Decomposition rate of photosystems
o umol Fe (mol C)! s Synthesis rate of nitrogenase
TN pmol Fe (mol C)' s™! Inactivation rate of nitrogenase
Bio mol C (mol C) New synthesized biomass
Bioy mol C (mol C)! New synthesized N-based biomass
Bioc mol C (mol C)! New synthesized C-based biomass
CH. ZOf;ng mol C (mol C)* Respired carbohydrates to fulfill the energy need for biosynthesis
G d! Specific growth rate
Additional intermediate process variables of colony
7] dimensionless Porosity of colony
n dimensionless DIC limitation effect on CF
¢ dimensionless Toxicity effects of NH3 and/or Cu
Jcoy mol C m? s Change rates of CO, driven by the chemical reactions in carbonate systems
J, Heol mol C m3 s Change rates of HCO5™ driven by the chemical reactions in carbonate systems
Jeot mol C m? s Change rates of CO;* driven by the chemical reactions in carbonate systems
Sy mol H" m? ¢! Change rates of H" driven by the chemical reactions in carbonate systems
JorM mol OH m? s™! Change rates of OH" driven by the chemical reactions in carbonate systems
T o mol 0, m s 02. difﬁlsif)n rate between the intracellular cytoplasm and the extracellular
' microenvironment
Tﬂc/l. Co, mol C m3 s Net biological consumption rates of CO, of colony
T'(VI HCO3 mol Cm? s Net biological consumption rates of HCO;™ of colony
T{g " mol H" m? ¢! Net biological consumption rates of H" of colony

42



43 Supplementary Table 7. State variables. Related to METHODS.

Symbol Unit Definition
CH,0 mol C (mol C)’! Carbohydrate
CcS mol C (mol C)"! Carbon skeleton
N mol N (mol C)’! Fixed N
0, mol O m?? Intracellular Oz
Fepg umol Fe (mol C)! Fe in photosystems
Feyp umol Fe (mol C)’! Fe in active nitrogenase
F e%f} umol Fe (mol C)’! Fe in inactivated nitrogenase
Fepp umol Fe (mol C)! Fe in buffer
oY mol Oz m* O in microenvironment
coy mol C m™ CO: in microenvironment
HCOQ” mol C m? HCO5" in microenvironment
CO? mol C m? COs% in microenvironment
HY mol H" m*® H" in microenvironment
o mol OH m? OH' in microenvironment

44 Note: The initial values (t = 0) of CH,0, CS and N are set to be 0, and initial O concentrations is the same as that of ambient Oz (0.213

45 mol O>m). Initial iron quotas are set the same as observational data from 3. Initial components in the carbonate system are set as those
46 under ambient or acidified conditions.
47



48

Supplementary Table 8. Comparison of modeled and observed growth rates under diurnally constant light intensity.

49  Related to METHODS.
Growth rate Ambient Acidified Ambient Acidified
(dh (Fe' =40 pM) (Fe' =40 pM) (Fe'= 1250 pM) (Fe' = 1250 pM)
Observation ® 0.26+0.02 0.19 +0.01 0.46 +0.01 0.37 +0.01
Model 0.25 0.18 0.46 0.36
50  ?Data are from Shi, et al. '®.
51

10
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Supplementary Figure 1. Simulated results of Trichodesmium trichome and colony under replete Fe condition.

Related to Fig. 3. (a, b) The comparison of the trichome model results under ambient and acidified (OA) conditions.
The colony model results under ambient and OA conditions are compared in both (c, d) their average temporal and
(e—j) spatiotemporal patterns. The spatiotemporal results include those under ambient conditions (e, f), OA conditions
(g, h) and OA minus ambient results (i, j). Left panels present gross carbon fixation rates and right panels are N»
fixation rates. The simulation was under a replete Fe’ concentration of 1250 pM. The figure of colony was modified

from Klawonn, et al. 2.
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Supplementary Figure 2. Instantaneous intracellular oxygen concentrations of modeled Trichodesmium trichome

during light period.

Related to Fig. 3. The trichome models were simulated under both ambient and acidified (OA) conditions with Fe' at

40 and 1250 pM, respectively.
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Supplementary Figure 3. Model experiments testing the impact of porosity gradients in biological processes on the

formation of chemical gradients in the microenvironment of the colony under limiting Fe condition.

Related to Fig. 4. The colony models were simulated under both ambient (a, b, g, h) and OA (c, d, i, j) conditions with
Fe' at 40 pM. The concentrations of these parameters are shown as anomaly to those under ambient far-field conditions.
The changes of these concentrations caused by OA are also displayed (e, f, k, 1). The physical diffusion in the
microenvironment was simulated using full porosity (constantly 1.0 from the center to the edge). The biological
processes were simulated differently using the porosity with a gradient increasing to 1.0 at the outer edge of the colony

based on Klawonn, et al. 2.
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Supplementary Figure 4. Model experiments testing the impact of constant porosity on the formation of chemical

gradients in the microenvironment of the colony under limiting Fe condition.

Related to Fig. 4. The colony models were simulated under both ambient (a, b, g, h) and OA (¢, d, i, j) conditions with

Fe' at 40 pM. The concentrations of these parameters are shown as anomaly to those under ambient far-field conditions.

The changes of these concentrations caused by OA are also displayed (e, f, k, 1). Both physical diffusion and biological

processes in the microenvironment were simulated using constant porosity (0.9937) from the center to the edge of the

colony based on the average level of Klawonn, et al. 2. Results show that the chemical gradients were formed even

though the porosity was set constant, indicating the formation of chemical gradients was primarily attributed to

diffusion limitation rather than high cell density in the center of the colony.
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Supplementary Figure 5. Net O, production in the colony.
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Related to Fig. 4. The colony models were simulated under ambient and acidified (OA) conditions and under low-Fe

(Fe’' =40 pM) and high-Fe (Fe’ = 1250 pM) conditions.
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Supplementary Figure 6. Changes of N, fixation rates caused by each of OA effects under replete Fe conditions.

Related to Fig. 5. The trichome (left column) and colony (right column) models were simulated under ambient or
acidified (OA) conditions with Fe repletion (Fe' = 1250 pM). Each OA effect is calculated as the absolute changes in
N fixation under OA conditions compared to ambient conditions, with only that specific effect implemented in the
model. The shown OA effects include those on (a, b) energy savings by CCM, (c, d) the effect of pH on nitrogenase
efficiency, (e, f) allocation of Fe to active nitrogenase, (g, h) inhibition on ATP production, and (i, j) the inhibition of

N; fixation from intracellular O,.

16



97

98
99

100
101
102

Ambient

800
600
400
200

800
600
400
200

OA - Ambient

800
600
400
200

0.2

10.1

-0.2

AO, (mol nr3)

b Ambient

d OA

f OA - Ambient

L

0.6

0.3

-0.6

Ambient

800
600

Radial distance from the colony center (xm)

600
400
200

OA - Ambient

800
600
400
200

2 4 6 8 10 12
Time after light on (hour)

20

10

(mol kg')

ACO,

h Ambient

OA

OA - Ambient

) |

0 2 4 6 8 10 12

Time after light on (hour)

400

200

-200

AHCOj5 (mol kg ')

-400

Supplementary Figure 7. Simulated O,, pH, CO, and HCOs™ concentrations in the microenvironment of the colony

under replete Fe condition.

Related to Fig. 4. The colony models were simulated under both ambient (a, b, g, h) and OA (¢, d, 1, j) conditions with

Fe' at 1250 pM. The concentrations of these parameters are shown as anomaly to those under ambient far-field

conditions. The changes of these concentrations caused by OA are also displayed (e, f, k, 1).

17



103

104
105

106
107
108

Net effect: Change of

Trichome

N2 fixation rates

[mol N (mol €)' d™"}

o o
o o ©
G o O =~

-0.1

0.1

0.05 |

-0.05 1

4 6 8
Time after light on (hour)

10

-0.1

4 6 8 10 12
Time after light on (hour)

Supplementary Figure 8. Changes of N, fixation rates in Trichodesmium trichome caused by net effects between

allocation of Fe to active nitrogenase and pH on nitrogenase efficiency.

Related to Fig. 5. The trichome models were simulated under both ambient and acidified (OA) conditions with Fe' at

40 and 1250 pM, respectively.
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Supplementary Figure 9. Modeled daily-integrated energy (ATP) production of Trichodesmium trichome.

Related to DISCUSSION. The trichome model was simulated under ambient (a, b) or acidified (OA) (c, d) conditions
with Fe' at 40 pM (a, c¢) or 1250 pM (b, d). The number in the inner circle represents the daily-integrated gross energy

production rate [mol ATP (mol C)! d'].
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Supplementary Figure 10. Results of model experiments of other potential mechanisms of the OA effects on

Trichodesmium colonies under Fe repletion.

Related to Fig. 6. (a, ¢) OA-induced elevated Fe acquisition when Trichodesmium forms colonies: (a) Schematic

diagrams are for the metabolic Fe in modeled Trichodesmium colony. (c) Also shown are the relative changes of N

fixation rates in the modeled colony from acidified to ambient conditions.

(b, d) Toxic effects of ammonia and copper. The microenvironmental NH4" concentration gradients decreases from

1.0 pmol L-! in the center to 0.4 umol L' at the edge. The colony models were simulated under ambient or acidified

(OA) conditions at a replete Fe' level (1250 pM).

20



123

124

125
126
127
128
129
130

Low Fe High Fe

Gross carbon fixation [mol C (mol €)' d™] Gross carbon fixation [mol C (mol €)' d™]

Ambient Ambient

800 20 800 20
600 15 600 15
400 10 400 10
200 5 200 5

O 0 0

o

€ €
3 3
2 2
[ = [ =
[} [}
o o
> >
§ 800 20 § 800 20
8 600 15 8600 15
£ 400 10 £ 400 10
§ 200 5 5200 5
3 o o g o 0
(= OA - Ambient [~ OA - Ambient
5 800 © 4 = so0 — 4
© ©
5 600 . 2 5 600 2
E 400 0 E 400 0
200 -2 200 -2
e R -4 0 o g
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time after light on (hour) Time after light on (hour)
>
S N, fixation [mol N (mol C)" d™] N, fixation [mol N (mol C)”" d™]
(_3 Ambient Ambient
(@]

)
)

0.2 0.2
0.15 0.15
§L 400 0.1 §L 400 0.1
200 005 g 200 0.05
0 0

g L
) [
3 3
Z 800 02 § 800 o.z
8 oo _ Wos 3 coo [ N
£ 400 01 £ 400 o.1
§ 200 005 5 200 0.5
0] 0 0 @ 0 0
g k OA - Ambient g OA - Ambient
£ 800 0.04 2 800 0.04
3 600 002 600 0.02
© ©
T 400 0 T 400 0
= 200 002 % 200 0,02

0 _— -0.04 0 - -0.04

0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time after light on (hour) Time after light on (hour)

Supplementary Figure 11. Model results of Trichodesmium colony with toxicity effects of ammonia and copper.

Related to Fig. 6 and DISCUSSION. The colony models were simulated under ambient or acidified (OA) conditions.
Top panels present gross carbon fixation rate and bottom panels are N, fixation rates. The simulations were under
limiting Fe’ concentration of 40 pM (left column) or replete Fe' of 1250 pM (right column). In the colony model,
microenvironmental NH4" concentration profile was predefined according to the findings of Klawonn, et al. 2. The
pattern of microenvironmental Cu was set the same as that of NH4", with the highest concentration (1 nmol L) at the

center of the colony. Red area (e, f, k, 1) represents higher carbon or N, fixation rates under OA.
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Supplementary Figure 12. Results of model experiments testing effects of elevated Fe acquisition in Trichodesmium

colonies when considering ammonia and copper toxicity.

Related to Fig. 6 and DISCUSSION. The colony models were simulated under ambient or acidified (OA) conditions

at limiting (40 pM) and replete (1250 pM) Fe' level.
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Supplementary Figure 13. The observed biomass of trichome and colony.

Related to Fig. 7 and DISCUSSION.
(a, b) Observations '? with geometric mean and standard deviation. Values (b) represent colony biomass calculated

from raw database data '° with a 0.25 multiplier applied to adjust for seasonal occurrence of colonies 2°.
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Supplementary Figure 14. Results of model experiments of toxic effects of ammonia and copper in free trichomes.

Related to DISCUSSION and METHODS. The trichome models were simulated under ambient or acidified (OA)

conditions and under limiting-Fe (Fe’ = 40 pM) and replete-Fe (Fe’ = 1250 pM) conditions. The concentration of total

dissolved copper was set 1 nmol L', which is at the same level as that of the YBC-II medium 2'. Model results were

constrained using observations with artificially introduced toxicity
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Supplementary Figure 15. Results of model experiments on OA effects when considering ammonia and copper

toxicity in free trichomes.

Related to DISCUSSION and METHODS. The trichome models were simulated under ambient (blue lines) or acidified
(OA) (red lines) conditions with Fe' at 40 pM (a, c, e) or 1250 pM (b, d, f). The shown results include instantaneous
rates of gross carbon fixation (a, b) and N> fixation (c, d), as well as intracellular O, concentrations (e, f). For the
experiments, the concentration of total dissolved copper was set 1 nmol L', which is at the same level as that of YBC-
II medium ?'; the ammonium concentration was set at 20 umol L'! as Hong, et al. 22, The black dashed lines in (e) and
(f) represent the far-field extracellular O, concentration. In the presence of Cu and NHj toxicity, OA not only enhanced
N: fixation potential of Trichodesmium free trichomes but also increased their carbon fixation rates. This led to greater
carbohydrate accumulation during the early light period, which facilitated the formation of the low-O, window, further

promoting N, fixation rates.
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Supplementary Figure 16. Modeled and observed diurnal variations of Fe in photosystems and nitrogenase in

Trichodesmium free trichome.

Related to METHODS. The observational data are from Shi, et al. '8. The model was simulated under both ambient

(blue lines) and acidified (red lines) conditions with a constant light intensity and Fe’ concentrations of 40 pM (a, ¢)

and 1250 pM (b, d).
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Supplementary Methods. Full model description. Related to METHODS.

We introduce the schemes of single trichome first, and then describe the model parametrizations

of Trichodesmium colony.

1. Light intensity and photosynthetic pathways

The daytime light intensity (/, umol m™? s') is 24

Tt
43,200

I(t) = Lyqy - sin( ), (S1)

where /,,,, 1s the maximal light intensity and ¢ is the time (s) during a 12-hour light period.

Linear photosynthetic electron transfer (LPET) and alternative electron transfer (AET) are
simulated in our model (Fig. 1a). Because (Mehler reaction)-mediated AET is probably the
dominant AET in Trichodesmium *, other AET (e.g., the cyclic electron transfer around
photosystem I, the AET mediated by midstream oxidase with photosystem II, and the AET from
photosystem II to the respiratory terminal oxidase respiratory terminal oxidase) 2°, are not

considered.

Both LPET and AET generate a proton gradient of 12 H* per 8 photons °. By assuming that 3
ATP are produced by the thylakoid ATP synthase with a proton gradient of 14 H", for 4 electrons
through PET, LPET produces 2.6 ATP, with 2 NADPH and 1 O, while AET only produces 2.6
ATP 3926,

The total PET rate [Vpgr, mol electron (mol C)! s7!] is modulated by light intensity (/) and

increases with the amount of Fe allocated to photosystems [Fepg, umol Fe (mol C) '], and Vpgy is

inhibited by respiratory protection (RP) [Vgp, mol C (mol C)! 57!, described later] ?’.
max Fe S -a - -B Vap
VPET: VPET * Fepsikgf ’ (1 -e 1) e BV > (S2)

where V%% [mol electron (mol C)! s'] is the maximal rate of PET, k§§ [umol Fe (mol C)'] is the
half-saturating coefficient of Fepg for PET, a, (umol! m? s) is the initial slope of PET versus
light curve, and # [mol C (mol C)! s] represents the degree of the inhibition effect from RP on
PET.
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To calculate the rates of LPET and AET [V, pgr and Vg7 , mol electron (mol C)! s, the

fraction of photosynthetic electrons flowing into AET (f .., dimensionless) is introduced in our
model, and /.. is calculated in each time step to fulfill the intracellular immediate requirement

of ATP and NADPH *.
Viper = Veer - (1 '.&ET), (83)
Vaer = Veer " fypr (S4)

The ATP production rate of PET [V7p, mol ATP (mol C)' s™!] is contributed by both LPET and
AET, and it is downregulated under OA %2
Varp =V pgr qZ’;ZT +Vaer- qj?;) : 100APET HPH P (S5)

where ¢4F = ¢/{I"' = 0.65 mol ATP (mol electron) 'are ratios of ATP to electron in LPET and

AET %% 04"ET (dimensionless) denotes the degree of OA impact on the ATP production by

PET, pH (dimensionless) represents the extracellular pH value at the cell surface, and pH, , =

8.08 refers to the baseline pH value.

NADPH production by LPET is unlike ATP production, which is driven by the proton (H")
gradient between the lumen and stroma °. Therefore, its rate is assumed to be not impacted by
the reduction in the pH value under OA:

Vxappn = Viper - qfﬁgf”, (S6)

where qivﬁgﬁ " = (.5 mol NADPH (mol electron) is the ratio of NADPH to electron in LPET 8.
The O production rate [V,, mol Oz (mol C)'s'] is:
Vo, = Virer* dpep (S7)

where qLOf, o= 0.25 mol O (mol electron) " is the ratio of Oz to electron in LPET *7.

2. N, fixation
N fixation requires both ATP and NADPH !'%!!, The maximal N> fixation rate [V}, mol N (mol
C) ! s!]is calculated based on the assumption that produced ATP and NADPH of PET

completely sustain N> fixation.

Varp
Vi = (S8)
NF
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where q’]i,;P =9 mol ATP (mol N)!is ATP:N ratio in N, fixation '®!!,

The N fixation rate [Vyz, mol N (mol C)! s'] is also regulated by the Fe quota in nitrogenase
[Feyp, pmol Fe (mol C)'] and inhibited by intracellular Oz [O,, mol O, m™] 2. Under OA, the
reduced pH value (i.e., increased H" concentration) lowers the efficiency of nitrogenase %> while

the energy saved from CCM can benefit N fixation %°.

F 0
N PP (1 - —2 ) 4 M, (S9)

Ve =VNg -
NF
Fenr + kre 0, + ko,

where kgf [umol Fe (mol C)!'] and k](\)lf (mol O> m) are half-saturating coefficients of Fey and

O, for N fixation, V;C\}SM [mol N (mol C)! s7!'] represents the elevated N fixation rate driven by

CCM energy saving [V555" """ mol ATP (mol C)" s"'] under OA.

CM, saving
pecH VACTPATP - Feyr . 10PH P - (] - 0, ). (S10)
INF Fenr + kre O, + ko,

3. CO; concentrating mechanism

The energy consumption rate for CCM [ A%‘fl , mol ATP (mol C)! s!] is calculated based on the
requirement of HCOs™ for carbon fixation [V, mol C (mol C)!' s'] and the cost for per HCO3~

transportation [qﬁg;} = 0.5 mol ATP (mol C)!] 11330,

Tco,

Oc

Vi = (Ver 'fR,CJF “Vep- ) qilh (S11)
where Vgp [mol C (mol C)! s7!] is the respiratory protection rate, fRICJF represents the fraction of
produced CO; by respiratory protection to support carbon fixation, T, (mol CO: m™ s7) is the

diffusion rate of CO2 between cytoplasm and extracellular environment, Q. = 18333 mol C m>

is the cellular carbon biomass quota '°.

The elevation of CO, concentration (CO,, mol C m™) as seawater acidifies can lower the energy

need for CCM by reducing the requirement for HCO3~ 23133
sl
V™" = (Tg—zf - TSZZ) L (812)
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where Tlé%z (mol CO, m™ s is the diffusion rate of CO, between cytoplasm and extracellular

environment under baseline condition.

4. Carbon fixation

Carbon fixation also requires both NADPH and ATP !2, and consumption rates [fopoH and

Vs, mol NADPH (mol C)" s and mol ATP (mol C)" s™'] are:

Vilioen = Ver - g 4PPH, (S13)
Vite=Ver - qIF. (S14)

Ver 18 solved at each time step with /.., based on the consumption that total NADPH and ATP

production by PET are immediately and fully utilized by intracellular process:

Vaaprs = Viliprs + Vapers (S15)
Varp = (VS50 + Ve +Vitp) - (L+y,0). (S16)

where y, . (dimensionless) represents the ratio of ATP consumption by maintenance to other

processes !

The carbon skeleton production rate [V, mol C (mol C)!' s7'] is stimulated by carbohydrate

[CH0, mol C (mol C)'] and downregulated by its own accumulation [CS, mol C (mol C)']:

CH,0 CSpax - CS
CH,0 + k&0 CSmax

max

Ves =Ves

) (817)

where V% [mol C (mol C)! s7!] is the maximal production rate of the carbon skeleton, kgf,zo

[mol C (mol C)!] is the half-saturation constant of carbohydrates for carbon skeleton production,

and CS,,,,, [mol C (mol C)'] is the maximum CS storage.

5. Respiratory protection

Respiratory protection rate is regulated by the requirement of N> fixation and intracellular O
4,534,

cs Nyae - N 0,
s+ kCS ]\[max 02 + kj(\)/f ’

max a, -1)

Vip =V - (1- "% (S18)

where V4" [mol C (mol C)!' s7!] is the maximal respiratory protection rate, kg [mol C (mol C)']
is the half-saturating coefficient of the carbon skeleton for respiratory protection, and N,,,, [mol

N (mol C)'] is the maximal N storage.
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The Oz consumption by RP [V, mol Oz (mol €)' 5] is:
Vel = Ve - 422, (S19)

where qu [mol O, (mol C)'] is the ratio of Oz to carbon in carbohydrate respiration.

6. O, and CO; diffusion

The rate of O diffusion (7y,, mol Oz m> s7') between the intracellular cytoplasm and the

extracellular environment is parameterized by adopting the scheme in Staal, et al. 3°:
2-mwdo,L (1 R R+L,+L,\)"
- i . (OF - $20
To, Vv {s In <R + Lg> ln< R+1L, >} (03 -0,), (520)

where d, (m? s} is the O diffusion coefficient in seawater, ¢ (dimensionless) is the ratio of the
O: diffusion coefficient of the cell membrane relative to dy,, L (m) and V/ (m?) are the length and
the volume of the trichome, R (m) is the radius of the cytoplasm, L, (m) is the thickness of the

cell membrane, L, (m) is the thickness of the boundary layer, O5 is the extracellular far-field O,

concentration.

The CO; diffusion rate between cytoplasm and extracellular environment is

-1
-Z'H'dco L 1 R R +L +Lb
T = 2 = n(——) -n(—=2—— . S21
o 4 {gcoz n<R+Lg> n( R+Lg coz. G20

where d ¢, (m? s™!) is the CO, diffusion coefficient in seawater, €co, (dimensionless) is the ratio

of the COz diffusion coefficient of the cell membrane relative to dco,, CO5 is the extracellular

far-field CO; concentration. CO> concentration in the cytoplasm was not simulated but set 0
based on the assumption that CO» in the cytoplasm was assumed to be quickly transferred into

carboxysome or leak into extracellular environment.

Cs(l)z is calculated based on the extracellular far-field CO2 concentration under baseline

condition:

5 -Z'E'dco,'L 1 R R+ L +Lb !
15, = ————— {F— 1 < ) -ln< = ng - COE (S22)
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7. Intracellular Fe pools and translocation

Trichodesmium can uptake more Fe than that required by its metabolism (called “luxury uptake”)
particularly under high-Fe conditions, and the excess Fe is stored to enable the survival in low-
iron environments %7, Therefore, the total intracellular Fe quota [Fe, pmol Fe (mol C)™']
consists of Fe in metabolism and storage [Fe,, and Fegr, pmol Fe (mol C)'], calculated based on

the threshold level of Fe [Fery, umol Fe (mol C)'] !:

Fery=Felh - [1+045T - (10PHe -PH _ 1)), (S23)
Fey = Fe, when Fe < Fery, (S24)
Fey = Fery + (1 - fo;) - (Fe - Fery), when Fe > Fery, (S25)

where F el}i_l, [umol Fe (mol C)'] is the threshold level of Fe under the baseline condition, oA’T

(dimensionless) is the coefficient representing the strength of OA impact on Fery, f¢,

(dimensionless) is the fraction of luxury Fe uptake.

Fe allocations are among Fe,,, including Fe in photosystems, active nitrogenase, inactivated
nitrogenase, maintenance and buffer [Fepg, Feyg, F e%, Feyr and Fegr, pmol Fe (mol C)']. Fe
in maintenance is set diurnally constant at 10% of Fe,, under ambient and acidified conditions '.

Fe used in the photosystems and nitrogenase is from the buffer pool *.

Ocean acidification seemingly does not affect the general diurnal patterns of both Fepg and Feyy
but their initial levels at the beginning of the light period '*, predefined in our model using

observations '*. The differences in the absolute amount of Fepg or Fey between ambient and

8

acidified conditions '® were represented in the optimized maximal Fe translocation rates of

photosystems or nitrogenase (Supplementary Table 5), which ensured optimal intracellular Fe

allocations to achieve the maximal growth rate 3.

The synthesis rate of photosystems [7%5, pmol Fe (mol C)' s™'] is stimulated by light intensity

and gradually saturated with Fepg:

. Fepg
TE§ = TFES,, - (L-e" % 1) - (1 - ———5), (S26)

FePS + kFePS

. . . PSS n
where Tﬁgmax [umol Fe (mol C)! s!] is the maximal synthesis rate of photosystems, kFePyS

[wmol

Fe (mol C)'] is the half-saturating coefficients of Fepg for the synthesis of photosystems.
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The decomposition rate of photosystems [T, pmol Fe (mol C)! s7!] is stimulated by Fepg but
inhibited by respiratory protection >’

S _ oPS Fepg
BF ™ * BFyax PSec
FePS + kFeP;(

renf T, (S27)

where TZIS:W [umol Fe (mol C)! s™!] is the maximal decomposition rate of photosystems, k,};ff;

[umol Fe (mol C)'] is the half-saturating coefficient of Fepg for the decomposition of

photosystems. Fe released from decomposed photosystems returns to buffer pool **.

The nitrogenase synthesis rate [T%F, pmol Fe (mol C)! s is:
cs Nyax - N

=(1-e-% 1. .
O=(l-e ) G () (S28)
Fe
F _ +BF BF
TNF = TN @~ (S29)

FeBF + kF‘-’BF

where @ represents the intracellular requirement of N> fixation, T%Em [umol Fe (mol €)' s7!'] is

the maximal nitrogenase synthesis rate, kg [mol C (mol C)'] and kgj; " [umol Fe (mol C)!] are

half-saturating coefficients of the carbon skeleton and Fep for the synthesis of nitrogenase,
respectively, N,,,. [mol N (mol C)!] is the maximal N storage. Note that the requirement of N»
fixation (@) is assumed to be stimulated by the increase of light and the production of CS

stimulates but be suppressed by the accumulation of fixed N lowers the requirement.

The decomposition of nitrogenase seems to occur at night '3 and therefore it is not considered

during the light period in our model. Notably, nitrogenase is inhibited upon exposure to O,

flowing into the pool of inactivated nitrogenase %’ at the rate [T%A, pmol Fe (mol C)! s7!]:

4 4 FeNF 02

NF = INF,. ° NF NF >
Fexp +kpe O3+ kg,

(S30)

where TV4  [umol Fe (mol C)! s7'] is the maximal inactivation rate of nitrogenase.

Note that The Fe in nitrogenase and photosystems from Shi, et al. '* were estimated from
observed protein content, based on Fe atoms in per protein. PSII, Cyt b6f, PSI and Ferredoxin
together represents photosystems. Cyt b6f and Ferredoxin were not measured in Shi, et al. ' but
estimated by assuming Cyt b6f:PSII = 1:1 in Fe quota and Ferredoxin:PSI = 1:1 in protein

content. Further details are in the supplementary information in !.
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8. Integration of state variables during the daytime

The diurnal change rates (basically normalized to carbon biomass) of CH>O, CS, N, intracellular
O: and Fe are represented in ordinary differential equations (ODEs). Note that O is in a unit

volumetric concentration (mol O m™):

dCH,0
_dt2 =Ver-Ves - Veps (831)
dcCs
—_—= S32
7 Ves, (832)
dN
= =Vyr (S33)
do,
Vo, V) 0+ T, 39
dFePS
dt = Pg - Bf“a (835)
dFe
o~ T T, (836)
t
dFe%fF1
-1, )
dt
dFe
d[BF =Tt - Ty - + T (838)

ODEs are run over a 12-hour light period with odel5s integrator of MATLAB *°.

9. Biosynthesis and growth rate

Trichodesmium might store newly fixed C and N during the daytime and assimilate them into
biomass mainly during the dark period *°. Therefore, for simplification, no biomass synthesis
occurs during the light period in the model. Instead, the model calculates the amount of biomass
[Bio, mol C (mol C)!'] that can be synthesized using the carbohydrates, carbon skeletons and
fixed N at the end of the light period. Bio is the smaller value of N-based (Bioy) and C-based
biomass (Bioc), with Bioy calculated by dividing fixed N to the molar N:C (0.159) 7. Bio is
calculated from the carbohydrates and carbon skeleton considering mass and energy balance.

Notably, like PET, the impact of OA on the energy production by respiration is considered.

: . o ESP \.
The energy needed for biosynthesis is from the respiration of carbohydrates (CH 20210 ):

) S, o. RESP _
Bioc gyl - (14 7,) = CH?O,I;}EOP * rpgp 10 ! =P, (839)

where q‘gg =2 mol ATP (mol C)! is the ATP requirement rate by biosynthesis >, and Rg}, =5

mol ATP (mol C)! is the ATP production rate from respiring carbohydrates !4, OARESP

(dimensionless) represents the strength of OA impact on the ATP production by respiration at
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night. Given that the respiratory electron transfer chain shares the apparatuses in the PET chain
and its energy production is also driven by the proton gradient *!, OAREP s set the same as

1o} APE T.

Meanwhile, the non-respired carbohydrates and all the carbon skeletons are involved in
biosynthesis:
Bioc = CH,0 - CH,053" + CS. (S40)

Bioc then can be solved from the above two equations. Note that the carbohydrate respiration

calculated in this step is counted in the daily integrated respiration as the ordinary respiration.
Noting that all the rates have been normalized to carbon biomass, Bio is therefore the relative
increase in biomass over one day. The growth rate (G) is then the natural log of (1 + Bio) divided

by 1 day.

10. Colony model framework

The colony is modeled as a porous sphere (the radius, Rc = 800 um), exhibiting spatially variable
porosity with the variable porosity [y(r), dimensionless] from the center to the edge of colony 2.
The porosity [w(r)] is calculated as the ratio of the non-biological volume to the sum of non-
biological and biological volumes at the location, from which to the center of colony the radical

distance is 7 (m), using the scheme in Klawonn, et al. %

w(r)=1-1.7141 x 10° - [1 + tanh(2 - (2r/Rc - 0.6)/0.3]. (S41)

Biological processes within the colony are parameterized similar to those in the single trichome
model described above. Note that the light intensity in the colony [/(z, 7), umol m™ s™'] is
designed by multiplying /(¢) (see description about the trichome model above) with y/(r).
Considering that there might be DIC limitation for carbon fixation of colony especially at the
center, we introduced the parameter (1, dimensionless) to evaluate the strength of DIC limitation
effect. n is regulated by the concentration of CO2 and HCOj™ in the microenvironment of colony:

COM(r) + HCOM(r) 1}
CO5 g + HCOS 4y” )’

n(r) = min { (S42)
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where HCO? »s is the extracellular far-field HCOs™ concentration (mol C m™). The carbon
fixation of colony could be calculated based on ATP- and NADPH-dependent carbon fixation

(see above) and 1.

In the non-biological microenvironment of the colony, concentrations of O [O5(r), mol Oz m™],
CO, [COY (), mol C m?], HCO3 [HCOS (r), mol C m?], CO:* [COY(r), mol C m?], H'
[H(r), mol H' m™], and OH" [OHY(r), mol OH" m™] are simulated at the radical distance r (<
Rc). These concentrations are controlled by the physical diffusion, extracellular chemical
reactions of carbonate system, and intracellular biological processes (e.g., net uptake or release).
Therefore, their changing rates with time (#) and radical distance (») can be represented using

diffusion-reaction equations:

8OM v ['4 r r S
(;t( ) ( ) ’.2 {’,2 [d02 l/l(l’)] - ( )} C, 02( ) : [1 - l//( )]a ( 3)
GCOM 1 0. oC + r r 14 U
(; (r) . l//(l’) - _1‘2 . (91'{ [dCOz l//(‘ )] ( )} JCOEW( ) ' l//( )' ]{gC()g( ) : [1 - l//( )]a (S )
6HCOM 1 0 ) 7 r 7 !
6[3 L “y(r) = 2 _6r{ dnco; -y 6}"3 (r)} HC()M( ) y(r) - TMHCOs( ) [1-yl, (543)

aco¥ () I OM()
= )= 5{% ooy )] - = }+Jc0;y(r)‘w(r), (S46)
OH(
= {ﬂ 0 52} ) ) - T ) T, (347)
O0OH( 00.
D =5 2P o v O ) i), (348)

where do,, dco,» ducoy, d+ and dograre the diffusion coefficients of Oz, CO2, HCOy3', H" and
OH' in seawater, respectively. Note that J represents the flux driven by driven by the chemical
reactions in microenvironmental carbonate systems, and 7" denotes the flux interreacted with
intracellular concentrations or processes, both of which are described later. M denotes the

microenvironment.

The change rates of CO2 [J,u(r), mol C m> s, HCOs [/, icov(r), mol C m 3], COs* [J con(®,

mol C m”], H" [J,u(r), mol H" m™], and OH" [J,,;p(r), mol OH" m™], driven by the chemical
reactions in carbonate systems, are:

ky
CO, + H,0 = HCO; + H', (S49)
kg
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k.
CO, + OH" ‘f HCO3, (S50)
g

coy +H' ::5* HCO3, (S51)

H,0 zf H'+OH, (S52)

Jeou(®) =Tk, - HY(r) - HCOY'(r) - kyy - COS ()] + [k, - HCOY'(r) - kuy - OHY(r) - COS (1), (S53)

Jucon(®) =[-k.p - H'(r) - HCOS'(") + k- COY (M) + [- ky - HCOY'(r) + kiy - OHY(r) - COY' ()] 5
+ [kys - H'(r) - COS'(r) - ks - HCOY' ().

Jeoy() = ks - HCOS'(r) - kus - HY(r) - COF' (), (S55)

Jy(r) = 1= ky - H(r) - HCOY'(r) + k- COY (] + [ks - HCOS'(r) - kus - HY(r) - COY(1)] (556

[~ kg - H'(r) - OH'(r) + kig),

Jor(r) =k, - HCOS' (1) - kuy - OHY(r) - COS() + [- ks - HY(r) - OHY(1) + kg, (S57)
where £ represents the reaction rate coefficient, and its subscript with positive or negative
number represents the forward or reverse reaction, respectively.

The O diffusion rate [T% 0,(r), mol Oz m™ s71] between the intracellular cytoplasm and the
extracellular microenvironment is:
2mdy, L (1 R\
T 0,(r) = nVOZ : {;'ln <R+Lg>} - [05() - O] (858)

Considering the complexity of intracellular carbonate system with diffusion between cytoplasm
and carboxysome, for simplification, the concentration of DIC and the reactions of carbonate
system are not simulated in the intracellular cytoplasm as mentioned above. The exchange rates

of CO» [Tg co,(r), mol C m™ s'] was regulated by the CO; diffusion flux from

1
2mdeo, L [ 1 R
—= {_‘ln(R +Lg>} o)

¢CO,

Oc

microenvironment into cytoplasm [ ] and leakage flux into

microenvironment [(1 - ngF) - Vgp(r)]. The exchange rate of HCO3" [T‘g Hco;(r), mol C m3 s
was based on the requirement of HCO3™ to support carbon fixation. The exchange rate of HCO3"

[T¢ ;(r), mol H m? s™'] was the same as T¢" 0, (r) -

2rdeort (L (R oty

SCOZ R+ Lg

Qc

T¢ colr) = (559)

(£ Vre(o),
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SCOZ R + Lg
Oc
T 4(r) = T¢ neoy(r). (S61)

(S60)

| -2'7‘['0;CO,'L { 1 'ln( R )}1 oM
T8 1coy(r) = Verlr) - o Vap(r) - ,

11. Model experiments with ammonia and copper toxicity

Ammonia (NH3) and/or copper (Cu) toxicity can impact the response of the trichome to ocean
acidification 2. Furthermore, previous study reported that the colony could also create a
chemical gradient of NH4" and copper from the center to the edge >**. Accordingly, we
conducted model experiments that incorporated the toxic effects of NH3 and/or Cu into the

models for both trichome and colony.

Considering that NH; and/or Cu can inhibit photosystem II activity and photosynthetic ATP

22,43

production , we hypothesized that that NH3 and/or Cu toxicity would negatively affect the

ATP production by the photosynthetic electron transfer chain. This effect (§, dimensionless) is

regulated by extracellular NH3 and/or dissolved inorganic Cu concentration with pH level:

NH; Cu
) NH3 + kNH{ Cu + kcu

f=1 ) IOOACU . (pH-pH,”,), (S62)

where kyy, = 3% 10 mol N m™ and k¢, = 2.5x107" mol Cu m™ are the half-saturating coefficient

of NH3 and Cu concentrations for the toxic effect, and 04" = 1.65 represents the strength of

negative effect from acidification on copper availability.

The concentration of NH3 was calculated based on the pH level, NH4" concentration, and the
equilibrium constant for the chemical reaction between NH3 and NH4". In the colony model,
microenvironmental NH4" concentration profile was predefined according to the findings of
Klawonn, et al. 2. The pattern of microenvironmental Cu was set the same as that of NH4", with
the highest concentration (1 nmol L) at the center of the colony. This concentration selection is

supported by observations from Wang, et al. 42

Given an approximate colony volume of ~1 pL, dust loads of 0.2—1 pg per colony yield an
effective dust concentration of 200—1,000 mg/L . In situ observations of puff-shaped colonies
indicate that each colony typically contains less than 200 ng of dust, corresponding to ~200 mg/L

42 Based on these estimations and relationship between dust and Cu concentrations **, a Cu
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concentration of 1 nmol L™ could be considered a conservative estimate. Additionally,

observations of trichome growth in YBC-II media with 1 nmol L' Cu have likely demonstrated

toxic effects 22, further supporting the relevance of this concentration for the colony model

experiments.
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