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Abstract

Fast‐growing cyanobacterial and microalgal strains are considered to be a promising

resource to overcome current productivity barriers of phototrophic cultivation. The

purpose of this communication, however, is to argue that a high maximal growth rate

itself is not a sufficient or necessary property for high phototrophic productivity.

Rather, the light‐limited specific growth rate of a phototrophic microorganism is a

product of several factors, including the rate of light absorption, the photosynthetic

efficiency, and the maximal biomass yield per mol photons. It is suggested that, in

addition to the maximal growth rate, reports on fast‐growing strains should also

assess photosynthetic efficiency and maximal biomass yield as predictors of culture

productivity. The arguments within the communication are underpinned by a

theoretical analysis of a light‐limited chemostat, compared to its heterotrophic

counterpart. It is shown that for the light‐limited chemostat maximal productivity

occurs at low dilution rates.
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1 | INTRODUCTION

Phototrophic microorganisms are a promising resource for the

renewable synthesis of carbon‐based products directly from atmo-

spheric CO2 . Compared to heterotrophic cultivation, however, the

productivities and yields reported for phototrophic microorganisms

are still low and hinder widespread economically viable applications.

To overcome the productivity barriers of phototrophic cultivation,

there has been increasing interest in fast‐growing cyanobacteria and

microalgae. Starting with the (re‐)discovery of the fast‐growing strain

Synechococcus elongatus UTEX 2973 (Yu et al., 2015), several

cyanobacterial and algal strains have now been identified that exhibit

significantly higher growth rates than established model strains

(Jaiswal et al., 2018; Treves et al., 2017; Wlodarczyk et al., 2020).

With reported division times of 2 h or less, these fast‐growing

phototrophic microorganisms exhibit growth rates that are compara-

ble to those of heterotrophic microorganisms. Strains that exhibit

high (maximal) growth rates are considered to improve the

productivity of phototrophic cultivation, and are argued to allow

for the synthesis of more biomass in shorter time (Srivastava et al.,

2021).

A high maximal growth rate itself, however, is not a panacea to

improve phototrophic productivity. The purpose of this communica-

tion is to argue that (i) the maximal growth rate of a photosynthetic

microorganism is not necessarily a suitable predictor of culture

productivity, (ii) in addition to the maximal growth rate, reports on
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fast‐growing strains should assess photosynthetic efficiency and

biomass yield per photon as predictors of culture productivity.

To underpin these arguments, we first consider the relationship

between the growth rate and productivity for light‐limited photo-

trophic growth. The dependence of the light‐limited growth rate μ I( )

of a photosynthetic microorganism on the light intensity I can be

described by a Monod or Haldane/Aiba equation. See Figure 1 and

Section 2 for details. Equivalently, however, the light‐limited growth

rate can also be understood as a product of three factors: the

maximal biomass yield YBM
max per mol photons, the photosynthetic

efficiency η I( ) , and the rate of light absorption JI ,

μ I Y η I J( ) = ( ) .IBM
max (1)

The rate of light absorption JI specifies how many photons are

absorbed per cell, relative to its biomass, and is measured in mol

photons per gram cellular dry mass (gCDM) per time. The rate of light

absorption depends on the light intensity I (measured in mol photons

per area per time), as well as on the physiological properties of the

organism, such as the expression of light‐harvesting complexes.

The photosynthetic efficiency ∈η I( ) [0, 1] is equivalent to the

quantum yield and denotes a dimensionless factor that specifies the

(relative) amount of absorbed photons that are used for the synthesis

of cellular biomass. The value of η depends on the light intensity I, as

well as on other culture parameters, such as pH, CO2 (or HCO3
−)

availability, and temperature. The photosynthetic efficiency typically

decreases with increasing light intensity.

Finally, the maximal biomass yield is measured in units of gCDM

per mol photons and specifies how many photons are (minimally)

required to synthesize 1 gCDM. The value of YBM
max depends on the

composition of biomass, as well as on the source of other nutrients, in

particular nitrogen. Typical values obtained from genome‐scale

models are ≈1.8–2.0 gCDM∕mol photons for the cyanobacteria

Synechococcus PCC 7002 (Clark et al., 2018) and Synechocystis sp.

PCC 6803 (Knoop et al., 2013) using nitrate as a source of nitrogen.

The product of maximal biomass yield and photosynthetic

efficiency,

Y Y η I=   ( ) ,BM BM
max (2)

corresponds to the actual biomass yield per absorbed photon. Typical

values of the actual biomass yield reported for the cyanobacterium

Synechocystis sp. PCC 6803 growing at moderate light intensites

(I ≈ 100 μmol photons/m s2 ) are Y ≈ 1.0 gCDM∕mol photonsBM or

lower (Touloupakis et al., 2015).

Equation (1) implies that an increase of the (maximal) specific

growth rate of a phototrophic microorganism can either be due to an

increased maximal phototropic biomass yield YBM
max , such that the

F IGURE 1 (a) The light‐limited growth rate of a photosynthetic microorganism can be expressed as a function of the light intensity. Shown is
the Haldane/Aiba equation with parameters specified in Section 2. (b) For a growth rate described by the Haldane equation, the biomass yield,
measured in gCDM per mol photons, is a decreasing function of the light intensity. (c) Equivalent to a description in terms of the Haldane
equations, the light‐limited growth rate can be understood as a product of three factors: the maximal biomass yield (gCDM per mol photons), the
(dimensionless) photosynthetic efficiency, and the rate of light absorption (mol photons per gCDM per time). (d) The photosynthetic efficiency
specifies the relative amount of absorbed photons that are used for the synthesis of cellular biomass and is a decreasing function of the specific
growth rate. gCDM, gram cellular dry mass.
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synthesis of one gCDM requires fewer absorbed photons compared

to a slower‐growing strain. Or the increased growth rate is due to a

higher photosynthetic efficiency, such that an increased fraction of

absorbed photons are utilized for the synthesis of biomass, while the

(maximal) yield of biomass per photon remains unchanged. Or the

increased growth rate is due to the fact that the strain has evolved

the capability for a higher rate of light utilization, while photo-

synthetic efficiency and the (maximal) yield remain unchanged, or

even decrease. The latter scenario is analogous to a sports car that

achieves a high top speed not by increased fuel efficiency or yield,

but rather by increased fuel consumption, often concomitant with

reduced fuel efficiency and yield. Therefore, knowledge of the

maximal specific growth rate alone, without disentangling

the individual contributions, does not allow us to fully assess the

suitability of fast‐growing strains for phototrophic biotechnology. It is

therefore suggested that, in addition to the maximal specific growth

rate, reports on novel fast‐growing strains should also include

estimates of maximal phototrophic yield and photosynthetic effi-

ciency. The respective quantities can be readily estimated (see

Section 2).

To further assess the productivity of phototrophic cultures, and

to highlight differences to heterotrophic cultivation, we must also

distinguish between strains that have a capability of fast growth, that

is, strains that exhibit a high maximal specific growth rate, and culture

conditions under which strains exhibit maximal productivity. As

shown in Figure 1D, the photosynthetic efficiency typically decreases

with increasing growth rate, irrespective of the maximal growth rate.

Hence, even for fast‐growing strains, culture conditions that

implement fast growth are not necessarily conducive to productive

cultivation.

We may therefore ask: what are appropriate culture conditions

that maximize (light‐limited) productivity? Or, more specifically, at

which growth rates do phototropic cultures exhibit maximal

productivity? To this end, we consider the areal productivity PA

(measured in gCDM per area per time) of a phototrophic culture. The

areal productivity PA is defined as the product of areal culture density

ρA and the specific growth rate,

P ρ μ= .A A (3)

Following established models of (homogeneous and well‐stirred)

phototrophic cultures, and given an incident light intensity I0 at

the surface of the culture, we can approximate the areal

productivity as,

P Y η I=     ,A BM
max

0 (4)

see Section 2. That is, the areal productivity depends (in a first

approximation) on the maximal phototrophic yield YBM
max , the incident

light intensity, as well as on the (average) photosynthetic efficiency of

cells under the respective culture conditions. The latter depends on

various culture parameters, including density and incident light

intensity. Irrespective of these culture parameters, however, the

photosynthetic efficiency is a decreasing function of growth rate (see

Figure 1D). Hence, Equation (4) suggests that maximal productivity of

a phototrophic culture is attained at low growth rates.

The argument can be further illustrated by considering a model

of a light‐limited chemostat, and comparing the results to a model of

heterotrophic cultivation in a chemostat. The chemostat allows us to

set a constant specific growth rate by the dilution rate D, and hence

allows us to monitor the culture productivity as a function of D. For

the light‐limited chemostat we assume a constant incident light

intensity. In case of the heterotrophic chemostat, the nutrient input is

coupled to the influx of medium. The results are shown in Figure 2.

All equations and parameters are detailed in Section 2 and in the

Supporting Information Materials.

F IGURE 2 (a) For a heterotrophic chemostat, the productivity increases with increasing dilution (and hence growth) rate, the maximal
productivity is obtained just below the washout rate. (b) For phototrophic growth the productivity decreases with increasing dilution (and hence
growth) rate, the maximal productivity is obtained for small to moderate values of the dilution (and hence growth) rate. The qualitative difference
is a consequence of the dependence of the biomass yield on the growth rate. For phototrophic cultivation the yield is a decreasing function of
the growth rate, whereas for heterotrophic cultivation the yield is (assumed to be) independent of the growth rate. Parameters for the
light‐limited chemostat were chosen within plausible ranges. Model equations and parameters are provided in the Supporting Information
Materials.
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As expected, in both cases the productivity vanishes for very

high and low dilution rates D. Of interest are the dependencies

between the two extreme values of D: for heterotrophic growth, the

productivity increases with increasing growth rate (set by the dilution

rate), the maximal productivity is attained at a dilution rate just below

the washout rate. For the light‐limited chemostat, however, the

productivity decreases with increasing growth rate, the maximal

productivity is attained at low dilution rates, far below the washout

rate. The observed differences can be attributed to two facts. First,

the supply of the rate‐limiting nutrient is different. In the heterotro-

phic case, the influx of nutrient increases with increasing D which

results in an approximately constant biomass density for intermediate

values ofD and hence increasing productivity as a function ofD, until

washout occurs. In the phototrophic case, the light input is constant

per unit area and does not increase with D, hence we observe a

monotonic decline in cellular density with increasing dilution rate D.

This fact alone, however, would only result in approximately constant

productivity as a function of D and does not explain the tilt of the

maximal productivity toward low dilution rates. The second fact to

consider is that for phototrophic cultivation, different to the

heterotrophic case, the biomass yield per photon decreases with

increasing growth rate. The decrease of photosynthetic efficiency

with increasing growth rate results in a peak of maximal productivity

at low dilution rates. The argument can be underpinned by

mathematical expressions for the productivity as a function of D

(see Section 2 and Supporting Information Material). Here, we merely

emphasize that the peak productivity for light‐limited phototrophic

cultivation, in the absence of other limiting factors, occurs at low

dilution, and hence at low growth rates, combined with a high areal

biomass density. The feasibility of high‐density cultivation of

phototrophic microorganisms has already been demonstrated (Dienst

et al., 2020; Freudenberg et al., 2021; Lippi et al., 2018; Qiang

et al., 1998).

The above reasoning also holds for other modes of light‐limited

cultivation, in particular batch cultures. Figure 3 shows a simulation

of a phototrophic batch culture using identical parameters as in

Figure 2. After a brief exponential phase, the biomass density

increases linearly, while the average growth rate decreases. The

(areal) productivity increases with increasing density, until the loss by

growth‐independent respiration outweighs a further increase in

density, and the productivity decreases again.

In summary, the purpose of this communication is twofold: First,

it is argued that a high maximal specific growth rate is itself not a

sufficient indicator that the respective strain exhibits increased

productivity. Rather, a high maximal growth rate can also be

attributed to cellular physiology that has evolved to make use of

high light intensities, even at the expense of efficiency and yield.

Indeed, fast‐growing strains are reported to be more tolerant to high

light intensities compared to slower growing strains, in both

freshwater and marine environments (Srivastava et al., 2021), and

are typically cultivated in high light environments. Measurements of

(maximal) growth rates are often performed in highly dilute cultures

F IGURE 3 (a) Simulation of a light‐limited
batch culture with identical parameters as in the
light‐limited chemostat. Shown is the areal
biomass density ρA as a function of time. Initial
biomass density is ρ = 1.0 gCDM∕mA

2. The
dashed line indicates the light intensity IZ at the
bottom of the culture. If almost all light is
absorbed, the culture enters the linear growth
phase. (b) Shown are the areal productivity PA and
the average growth rate μ as a function of time.
The productivity increases with increasing
biomass density until loss by maintenance
outweights additional increase in density. After a
brief increase, the growth rate decreases with
increased density. Maximal productivity is
P ≈ 80.0 gCDM∕m ∕dA

2 , identical to the
light‐limited chemostat, at t ≈ 44.4 h. The growth
rate at maximal productivity is μ ≈ 0.044 h−1.
Model equations and parameters are provided in
Supporting Information Materials.
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and do not account for the cell‐specific light absorption, and hence so

not allow us to disentangle the observed growth rate with respect to

their contributing factors. It is therefore suggested that future studies

also report photosynthetic efficiency and (maximal as well as actual)

biomass yield per mol photons. Such analyses would also be

instrumental to assess possible trade‐offs between strain‐specific

parameters. That is, to what extent strain‐specific parameters, such

as maximal growth rate, photosynthetic efficiency, and biomass yield,

can vary independently or whether trade‐offs exist, with implications

for the screening of novel strains, as well as for targeted modifica-

tions of engineered strains.

Secondly, and independently of the maximal specific growth rate

of an organism, models of phototrophic cultivation suggest that the

maximal productivity is attained in dense cultures that exhibit low

growth rates—a consequence of the fact that photosynthetic

efficiency, and hence biomass yield, decreases with increasing growth

rate. This well‐known fact also underpins the reasoning behind

antennae truncation (Kirst et al., 2014), that is, the reduction of light

harvesting of individual cells to increase the productivity of a culture

as a whole, but is rarely considered in the context of novel fast‐

growing strains.

Finally, we acknowledge that also other factors, such as

temperature or pH, play an important role for culture productivity.

We also emphasize that there is no indication that the recently

characterized fast‐growing strains are not highly suitable hosts for

biotechnology. Furthermore, known properties of (some) fast‐

growing strains, such as tolerance to high light intensities can be

considered as attractive properties for biotechnology, independent of

photosynthetic efficiency and yield. The arguments presented here

solely seek to emphasize that fast growth itself is neither a sufficient

nor a necessary property for high culture productivity. We are

confident that further quantitative and model‐based analyses of the

factors that determine culture productivity are required and that such

analyses will facilitate novel opportunities for cyanobacterial and

algal biotechnology and bioengineering.

2 | COMPUTATIONAL METHODS

2.1 | Models of phototrophic growth

We illustrate the equivalence of Equation (1) to commonly used

descriptions of light‐limited phototrophic growth. In particular, we

consider the Monod equation to describe the light‐limited growth

rate μ I( ) of a photosynthetic microorganism under conditions such

that all other nutrients are nonlimiting,

μ I
μ I

K I
( ) =

*

+
.

A
(5)

The parameter μ* denotes the maximal growth rate, I denote the light

intensity or photon flux‐density (PFD), and KA the half‐saturation

constant, that is, the light intensity at which the growth rate equals

half its maximal rate. For simplicity, and following previous works

(Clark et al., 2018; Huisman et al., 2002; Martínez et al., 2018;

Schediwy et al., 2019), we only consider monochromatic light (the

description can be readily extended to account for different light

spectra). The Monod equation can be rewritten to obtain the

expression given in Equation (1),

    
⋅ ⋅ ⏟μ I

α

μ

K

K

K I
αI( ) =

1 *

+
.

A

Y

A

A

η I

J

=: =: ( )

=: I

BM
max

(6)

This formulation introduces an additional parameter, the extinction

coefficient α, that describes an effective cross‐section per gCDM

measured in units m ∕gCDM2 (area per gCDM) at the wavelength of

the incident light.

Consequently, a light‐limited phototrophic growth rate described

by the Monod equation can be disentangled into three contributing

factors, as discussed in the main text. Specifically, the rate of light

absorption

≔J αI,I (7)

is given by the effective cross‐section per gCDM, described by the

parameter α, multiplied with the incident light intensity. The

(dimensionless) photosynthetic efficiency,

η I
K

K I
( ) =

+
,

A

A
(8)

describes the fraction of absorbed photons that are used for the

synthesis of biomass, and the maximal biomass yield,

Y
α

μ

K
=
1 *

,
A

BM
max

(9)

described the (maximal) amount of biomass that can be synthesized

per mol photons. Knowledge of the extinction coefficient α allows us

to estimate the individual contributions. More general, however, the

actual biomass yield can be estimated by the growth rate divided by

the rate of (biomass‐specific) light absorption Y μ J= ∕ IBM . The maximal

yield is obtained in the limit of low light intensities. The latter method

is also applicable if the extinction coefficient α depends on the light

intensity (which is usually the case, see Supporting Information

Materials).

2.2 | The Haldane/Aiba equation

The decomposition given by Equation (1) is not unique to the Monod

equation, and holds for any reasonable description of phototrophic

growth. For the Haldane (or Aiba) equation,

μ I
μ I

K I I
( ) =

*

+ +
,

A
γ

K
2

A

(10)

that also accounts for photoinhibition, we obtain
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 10970290, 2022, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/bit.28123 by H

um
boldt-U

niversitat Z
u B

erlin, W
iley O

nline L
ibrary on [10/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    
⋅ ⋅ ⏟μ I

α

μ

K

K

K I I
αI( ) =

1 *

+ +
.

A

Y

A

A
γ

K

η I

J

=:

2

=: ( )

=:A I

BM
max

(11)

As for the Monod equation, the photosynthetic efficiency η I( ) is a

decreasing function of the light intensity. The actual biomass yield

YBM can again be estimated by the growth rate divided by the rate of

(biomass‐specific) light absorption, the maximal yield is obtained in

the limit of low light intensities.

2.3 | Phototrophic productivity

To assess the productivity of a phototrophic culture, we follow

established models of light‐limited growth (Clark et al., 2018;

Huisman et al., 2002; Martínez et al., 2018; Schediwy et al., 2019).

It is emphasized that within this communication our aim is not a

comprehensive quantitative description of a phototrophic culture

(see the cited literature for more elaborate models). Rather, our aim is

to obtain an understanding of general dependencies between growth

rate, culture density, and productivity. Specifically, following Clark

et al. (2018), we use light integration (in the terminology of Schediwy

et al., 2019) and assume that cellular growth within the culture is

determined by the integral of the absorbed photons over a

homogeneous, isogenic, and well‐stirred culture. The average light

intensity Î within the culture is defined as follows:

∫I
Z

I z dzˆ =
1

( ) ,
Z

0
(12)

where Z is the full depth of the reactor and I z( ) is the local light

intensity I z( ) at depth z. The local light intensity is approximated by

the Lambert–Beer law, I z I αρ z Z( ) =  exp(− ∕ )A0 , where I0 denotes the

light intensity at the surface. Solving Equation (12) results in

I I I αρˆ = ( − )∕ ( )z A0 . Assuming that the light at the bottom of the

culture is negligible, I ≈ 0z , we obtain the expression for the areal

productivity, Equation (4), using ⋅P ρ μ=A A , with μ Y η α I=      ˆBM
max and

I I αρˆ = ∕ ( )A0 . See Supporting Information Materials for the explicit

calculation.

2.4 | The light‐limited chemostat

The light‐limited chemostat is described by a differential equation for

the dynamics of the areal biomass density ρA ,

   ρ μρ D m ρ˙ = − ( + ) .A A

gain

A

loss
(13)

The first term in the equation describes the gain of biomass by

growth, the second term describes the loss by dilution (with a rate D)

and growth‐independent maintenance (with a rate m). The growth

rate is determined by the average light intensity, such that μ μ I= (ˆ)

with I I I αρˆ = ( − )∕ ( )z A0 as above. The chemostat is solved at the

steady‐state. The areal productivity is P ρ D=A A .

Parameter values are chosen such that the values correspond

to typical values obtained for phototropic growth. Specifically,

parameter values used in the simulations are Y =BM
max

μ h1.8 gCDM∕mol photons, = 0.173max −1 (corresponding to a divi-

sion time T = 4hD ), K μ= 49.0 μmol photons∕m ∕s, * = 0.2223 h ,A
2 −1

γ α I= 0.02, = 0.7 m ∕gCDM, = 800 μmol photons∕m /s2
0

2 , and m =

0.0087 h−1.

The heterotrophic chemostat is characterized by a nutrient

concentration nx in the influx that is supplied with a rate D. The

corresponding equations are

ρ μρ D m ρ˙ = − ( + )het het het (14)

n D n n
μ n

Y
ρ˙ = ( − ) −

( )
,x

BM
het (15)

where YBM
het denotes the heterotrophic biomass yield (gCDM per mol

nutrient n) and the growth rate is a Monod function of the nutrient

concentration n. Parameter values are arbitrary and chosen such that

the values correspond to typical values obtained for phototropic

growth. All model equations are detailed in Supporting Information

Materials.

In addition to the numerical results, we can obtain analytical

estimates for the optimal dilution rate at which maximal productivity is

obtained for both scenarios. Using reasonable approximations (detailed

in Supporting Information Materials) the (idealized) solutions for a

phototrophic and heterotrophic chemostat result in diametrically

opposed results for the optimal dilution rate. For the heterotrophic

case, the optimal dilution rate is close to the washout rate, whereas for

phototrophic cultivation, the optimal dilution rate is proportional to the

maintenance rate, significantly below the maximal growth rate. Within

the Supporting Information Materials, also a modified heterotrophic

chemostat is analyzed, such that the influx of nutrients is independent

of the dilution rate D.

2.5 | A light‐limited batch culture

The simulation of the light‐limited batch culture corresponds to a

simulation of the light‐limited chemostat in the absence of dilution,

D = 0,

ρ μ m ρ˙ = ( − ) ,A A (16)

The model is evaluated as an ordinary differential equation using

identical parameters as for the chemostat. It is noted that steady‐

state is reached when the energy input by light equals the loss by

growth‐independent maintenance (Clark et al., 2018). This balance

results in unrealistically high steady‐state biomass densities, in

practice other nutrients will become limiting well before the light‐

limited steady‐state. All model equations, parameters, matlab code to

generate all figures, as well as further analytical analyses are provided

in Supporting Information Materials.
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