
UC San Diego
UC San Diego Electronic Theses and Dissertations

Title
Connecting genotype to phenotype: investigation of photoacclimation in the marine diatom 
Phaeodactylum tricornutum

Permalink
https://escholarship.org/uc/item/9rt968zn

Author
Du, Niu

Publication Date
2018

Supplemental Material
https://escholarship.org/uc/item/9rt968zn#supplemental
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/9rt968zn
https://escholarship.org/uc/item/9rt968zn#supplemental
https://escholarship.org
http://www.cdlib.org/


UNIVERSITY OF CALIFORNIA, SAN DIEGO 
 
 
 

Connecting genotype to phenotype: Investigation of photoacclimation in the marine 
diatom Phaeodactylum tricornutum 

 
 
 

A dissertation submitted in partial satisfaction of the 
requirements for the degree Doctor of Philosophy 

 
 

in 
 
 

Marine Biology 
 
 

By 
 
 

Niu Du 
 
 
 
 
 
 
 
 
 

 
 

Committee in charge: 
 

B. Greg Mitchell, Chair 
Andrew E. Allen, Co-Chair 
David I. Kline 
Todd Martz 
Brian Palenik 
Julian Schroeder 

 
 
 

2018 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright 
Niu Du, 2018 

All rights reserved. 
	



	 iii	

The Dissertation of Niu Du is approved, and it is acceptable in quality and form for publication 

on microfilm and electronically: 

 

 

 

 

 

Chair 
 

Co-Chair 
 
 
 
 
 
 
 
 
 
 
 
 

University of California, San Diego 
2018 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



	 iv	

 
 

DEDICATION 
 

To my parents 
 

Zhenyuan Chen and Yanping Hong 
 

their steadfast support, encouragement, and sacrifice 
 

made it possible for me to complete this work 
 

and to Qiteng Du 
 

from whom I carry on the family name 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	 v	

TABLE OF CONTENTS 
 
Signature page .............................................................................................................................. iii 
 
Dedication...................................................................................................................................... iv 
 
Table of Contents............................................................................................................................ v 
 
List of Supplemental Files............................................................................................................. vi 
 
List of Figures............................................................................................................................... vii 
 
List of Tables.................................................................................................................................. x 
 
Acknowledgements........................................................................................................................ xi 
 
Vita.............................................................................................................................................. xiii 
 
Abstract of the Dissertation......................................................................................................... xiv 
 
Chapter 1. Introduction................................................................................................................... 1 
 
Chapter 2. Cross-compartment metabolic coupling enables flexible photoprotective mechanisms 
in diatom Phaeodactylum tricornutum ........................................................................................ 35 
 
Chapter 3. Simultaneous quantum yield measurements of carbon uptake and oxygen evolution in 
microalgal cultures ....................................................................................................................... 77 
 
Chapter 4. The light-harvesting complex stress related proteins LHCX1 and LHCX2 induce 
different protecting mechanisms in marine diatom Phaeodactylum tricornutum ......................123 
 
 
 
 
 
 
 
 
 
 



	 vi	

LIST OF SUPPLEMENTAL FILES 
 
Du_01_Supporting_information_Chpater_2.pdf 
 
Du_02_Supporting_information_Chpater_3.pdf 
 
Du_03_Supporting_information_Chapter_4.ipynb 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	 vii	

LIST OF FIGURES 
 
 
Figure 1.1. The structures and organization of P. tricornutum cell …………………………… 31 
 
Figure. 1.2 Weight specific absorption coefficient of major light harvesting pigments in 
Viridiplantae (Chl-a, Chl-b) and diatoms (Fucoxanthin, Chl-a, Chl-c1,2) …………….…….… 32  
 
Figure 1.3. Carotenoid biosynthesis pathway from lycopene to Fx and Dtx in P. tricornutum, 
with highlights on xanthophyll cycles …………………………………………………………. 33 
 
Figure 1.4. General model of chloroplast electron transport pathways in photosynthetic 
organisms ………………………………………………………………………………………. 34 
 
Figure 2.1. Photoacclimation increases growth rate without inducing photoinhibition. (a) Growth 
rate for P. tricornutum acclimated to different light intensities Error bars are the standard 
deviation of at least two biological replicates ………………………………………………….. 69 
 
Figure 2.2. Chloroplast volume as a function of acclimated irradiance. ……………………… 70 
 
Figure 2.3. Model simulations versus experimental values for P. tricornutum cultured under a 
diurnal sinusoidal light regime …………………………………………………………….…… 71 
 
Figure 2.4. Model simulations versus experimental values for P. tricornutum cultured under 
various photoacclimated PAR levels …………………………………………………………... 72 
 
Figure 2.5. Metabolic reconfiguration to photoacclimated PAR values ………………………. 73 
 
Figure 2.6. Alternate electron flows in P. tricornutum as a function of photoacclimated PAR 
values …………………………………………………………………………………………... 75 
 
Figure 2.7. Mitochondrial glycolate oxidase participates in photorespiration ………………… 76 
 
Figure 3.1.  The pHOS apparatus for pH calibration, measurement and data logging ………. 115 
 
Figure 3.2. Integration of pHOS and MIMS system with the ALGITM ……………………… 116 
 
Figure 3.3. t-scores of pHOS and MIMS measurements as a function of Chla concentration . 117 
 
Figure 3.4.  Empirical determination of PAR light attenuation within the ALGITM measurement 
cuvette as a function of OD750 …………………….………………………………………….. 118 
 
Figure 3.5. Carbon uptake rates vs. irradiance (n = 3) using pHOS …………………………. 119  
 



	 viii	

Figure 3.6.  (A) Chlorophyll a specific oxygen evolution, and (B) carbon uptake rates, as a 
function of light intensities measured with the pHOS-MIMS system at 0 and 24 hours during the 
24 hours low-to-high light acclimation ………………………………………………………. 120 
 
Figure 3.7. Spectral chlorophyll a specific absorption coefficients measured at 0 and 24 hours 
during the 24 hours low-to-high light acclimation ………………………………………...…. 121 
 
Figure 3.8.  Observations during the 24 hours low-to-high light acclimation of  (A) Maximal 
observed quantum yield for net photosynthesis and (B) the corresponding light intensities where 
maximal net quantum yield was observed …………………….…………………………...…. 122 
 
Figure 4.1.  NPQ responses of wild type (WT) and mutant (LHCX1A) cell lines at the beginning 
(0 hour) and the end of 24 hour LL-to-HL acclimation …….……………………………...…. 153 
 
Figure 4.2. Spectral chlorophyll a specific absorption coefficients of WT and LHCX1A culture 
measured at 0 and 24 hours during the 24 hours LL-to-HL acclimation …………………...… 154 
 
Figure 4.3. Chlorophyll a specific oxygen evolution and carbon uptake P vs. E respoonses for 
WT and LHCX1A …………………………………………….………………………………. 155 
 
Figure 4.4. Maximal levels of quantum yields Φmax  and their corresponding light intensities in 
WT and LHCX1A lines during the 24 hours LL-to-HL acclimation ………………………… 156 
 

Figure 4.5. PCA graph of triplicated WT and LHCX1A samples plotted in two dimensions using 
their projections onto the first two principal components ……………………………………. 157 
 
Figure 4.6. Expression categories that represent possible expression types observed in the RNA-
Seq data pool ……………………….………………………………………………………… 158 
 
Figure 4.7. Structure and training of the ANN model ……………………………………….. 159 

 
Figure 4.8. Gene expression patterns break down by pathways generated from trained ANN 
model classifier ……………………………………….………………………………….…… 160 
 
Figure 4.9. Network of P. tricornuntum pathway connectivity based on their differential 
expression patterns during low to HL acclimation due to LHCX1 gene knockout …………... 162 
 
Figure 4.10. Transcript abundances of LHCX gene family in WT and LHCX1A lines before (0 
hour) and after 24 hour HL treatment ………………………………………………………… 163 
 
Figure 4.11. Model for the different light utilizations in WT and LHCX1A lines before and after 
24 hour LL-to-HL acclimation ……………………………………………………………….. 164 
 
Figure 4.12. Relative transcript expression of light harvesting related genes ………..……… 165 
 



	 ix	

Fig 4.13. Relative transcript expression of PSII and related genes ………………………...… 166 
  



	 x	

LIST OF TABLES 
 
Table 3.1. Alkalinity calibration constants and results .……………………………………… 112 
 
Table 3.2. P vs. E parameters with data fitted using equations from Platt et al. (Platt, Gallegos, 
and Harrison 1980), with sensitivity test results ……………………………………………… 113 
 
Table 3.3. Physiological parameters measured at 0 and 24 hours during the low-to-high light 
acclimation (n = 3 for all samples) ………………………………………………………….... 114 
 
Table 4.1. Cellular carbon, nitrogen, chlorophyll a concentrations and variable fluorescence 
yield measured in wild type (WT) and mutant (LHCX1A) cell lines at low light (LL) control and 
after 24 hours high light (HL) treated environments …………………………………………. 151 
 
  



	 xi	

ACKNOWLEDGEMENTS 
 

I would like to thank my advisors Dr. B. Greg Mitchell and Dr. Andrew E. Allen, for 

their dedicated support throughout my academic career. Their mentorship guided me walk 

through the darkness of ignorance and confusion and to embrace the light of science. I would 

also like to thank my committee members, Dr. David Kline, Dr. Todd Martz, Dr. Brian Palenik 

and Dr. Julian Schroeder, for their kind help and encouragement that made this dissertation 

possible. A special thank to Dr. Andrew Dickson, for his significant contribution to my pHOS 

system development and technical support. 

I would like to thank everyone in the Mitchell lab and the Allen lab, especially to Elliot 

Weiss and Pardis Gholami, for being both great friends and colleagues during my most stressful 

time of my Ph.D. I also thank my friends Dr. Yuxiang Zhang, Dr. Spencer Eldred, Dr. Jonathan 

Meuser, Daniel Yee, Miao Li, Hai Yang, Lu Zheng, Ying Li and Anjun Zhou, for being always 

on my side and supporting me.   

Thank you my SIO and SD friends, my 2011 cohort, and my MAS classmates for the 

wonderful time we spend together; I enjoyed every moment with you guys. 

Chapter 2, in full, has been submitted for publication of the material as it may appear in 

New Phytologist, 2018. Niu Du, Jared T. Broddrick, Sarah R. Smith, Yoshinori Tsuji, Denis 

Jallet, Graham Peers, Yusuke Matsuda, Christopher L. Dupont, B. Greg Mitchell, Bernhard O. 

Palsson, Andrew E. Allen. The dissertation author was the primary investigator and author of 

this material. 

Chapter 3, in full, has been submitted for publication of the material as it may appear in 

Plos One, 2018. Niu Du, Pardis Gholami, David I. Kline, Christopher L. DuPont, Andrew G. 



	 xii	

Dickson, Dominick Mendola, Todd Martz, Andrew E. Allen, B. Greg Mitchell. The dissertation 

author was the primary investigator and author of this material. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	 xiii	

VITA 
 
2006  Bachelor of Science, Ocean University of China, Qing Dao 
2010  Master of Advanced Study, University of California, San Diego 
2018  Doctor of Philosophy, University of California, San Diego 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	 xiv	

 
 
 
 
 
 
 
 
 
 
 
 
 

ABSTRACT OF THE DISSERTATION 
 
 
 

 
Connecting genotype to phenotype: Investigation of photoacclimation in the marine diatom 

Phaeodactylum tricornutum 
 
 
 

By 
 
 

Niu Du 
 

Doctor of Philosophy in Marine Biology 

University of California, San Diego, 2018 

 
B. Greg Mitchell, Chair 

Andrew E. Allen, Co-Chair 
 

Increasing atmospheric CO2 levels have led to disastrous consequences that have 

impacted many people’s lives. In nature, photosynthesis is the primary sink of CO2 in the air and 

in the ocean. A better understanding of the light harvesting and utilization mechanisms can help 

us better design photosynthetic organisms or artificial photosynthetic systems to utilize and 

reduce CO2 levels in the natural environment. Thanks to advancements in computational biology 



	 xv	

and bioinformatics in the past decade, we are now capable of achieving this task from a new 

prospective, with data analysis accomplished more quantitatively and comprehensively than ever 

before. A marine diatom, Phaeodactylum tricornutum, was selected to be the model species in 

my study because of its wide range of light intensity tolerances and its capability of 

photoprotection to high light stress. The primary objective of this dissertation is to characterize 

the light utilization and photoprotection associated energy and metabolic mechanisms in this 

organism that allow it to have such extraordinary features. In the first chapter, the cross-

compartment energy and metabolite rebalancing was investigated by flux simulation developed 

from physiological experimental data and genome scale metabolic modeling. In the second 

chapter, a novel instrument for simultaneous measurement of carbon uptake and oxygen 

evolution was developed to provide additional insight into the light utilization efficiencies during 

photoacclimation period. In the third chapter, a comprehensive study, using both classic 

physiology and novel machine learning approaches, was conducted to investigate the function of 

a high light stress related protein (LHCX1) in photoprotection during acclimation. Taken 

together, these chapters significantly improve our understanding of photoprotective and energy 

utilization mechanisms in P. tricornutum that enable their remarkable success in adaptations to 

varying light conditions. 
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Chapter 1 

 

Introduction 

 

“Photosynthesis is one of the most fascinating achievements of biological 
evolution on earth.” – Eugene Rabinowitch and Govindjee  

 

The burning of fossil fuel, relic biomass formed by photosynthesis over 100s of millions 

of years, is leading to increased CO2 levels with potentially huge impacts on climate patterns, 

land temperature and rainfall, and as the CO2 is absorbed by the oceans it is leading to ocean 

acidification. Combined these changes in climate may result in ecological and economic 

disasters, including global scale agricultural and fisheries systems collapse (Keeling et al., 1995; 

Walther et al., 2002; Fischer et al., 2005; Hoegh-Guldberg et al., 2007). A better understanding 

of the embedded light harvesting and utilization mechanism in photosynthesis, which has been 

fixing CO2 for more than 2.5 billion years (Kazmierczak & Altermann, 2002), can help us design 

more efficient photosynthetic systems for industrial biotechnology and aquaculture applications. 

In fact, concepts for scaling up of algae as animal feed and fuel at global scale has been 

suggested as one of the few potential options for mitigating the impending climate challenges 

and also solving food and fuel supply and distribution challenges on Earth (Biello, 2013). 

Realizing this potential will require considerably more research on optimizing the conversion of 

light energy into biomass by photosynthesis. 

Light supplies all the necessary energy for photosynthetic formation of reduced biomass, 

and acclimation to the dynamic light environment in aquatic systems is one of the most 

important factors that affects photosynthetic efficiencies, growth and biosynthetic partitioning 
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into protein, carbohydrate, lipids, and pigments. In nature, light reaching the Earth’s surface is 

highly dynamic. The incident irradiance at the Earth's surface depends on the latitude, season, 

and weather.  In aquatic systems mixing, and wave focusing lead to even greater light 

fluctuations at times scales of hours from mixing to pulses from wave focusing up to 5x surface 

light intensity on time-scales close to the turnover time of the photosynthetic reaction center.  

Thus microalgae must cope and acclimate to this highly dynamic light environment and have 

evolutionary adaptations related directly to the dynamic light environment.  

Insufficient light can limit the rate of photosynthesis (Ryther, 1956; Bannister, 1979; 

Laws & Bannister, 1980; Falkowski & Owens, 1980; Kiefer & Mitchell, 1983; Sosik & Mitchell, 

1991; Behrenfeld & Falkowski, 1997; Geiderl et al., 1998), while too much light can induce 

damage to the photosynthetic apparatus and cause photoinhibition (Niyogi, 1999). Through 

evolution photosynthetic organisms adapted a variety of strategies to acclimate to different light 

intensities (Ritz and Thomas 2000; MacIntyre et al., 2002; Dubinsky and Stambler 2009; 

Falkowski and Chen 2003). Among them, diatoms (Bacillariophyceae) are a remarkably 

successful class of unicellular algae that has significant ecological roles in nutrient-rich coastal 

ecosystems, equatorial upwelling and at high latitudes, and they contribute an estimated 20% of 

global primary production (Malviya et al., 2016). Research into the marine diatom, 

Phaeodactylum tricornutum, has shown its acclimation and robust growth across an extremely 

wide range of light intensities and its ability to react dynamically to short term perturbations. 

Specifically, its compensation light intensity for growth is at less than 1 µmol photons m-2 s-1, 

while > 65% maximal growth rates can be reached between 40 and 200 µmol photons m-2 s-1 

(Geider et al., 1986).  Furthermore its photosystem reaction center protein suffers minimum 

damage by high light (Onno Feikema et al., 2006) and its growth is not inhibited at light 
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intensities greater than 500 µmol photons m-2 s-1, a level that causes inhibition of growth for 

most microalgae.  Though these features have been previously described in several individual 

studies, little is known about the mechanisms underlying the evolutionary adaptation, and the 

specific genes that contribute to acclimation via phenotypic expression in response to dynamic 

light conditions. Therefore, the overall goal of my thesis is to address this knowledge gap 

through individual studies aimed at exploring the molecular basis of the cellular response of P. 

tricornutum to changes the dynamic light environment. 

Principles of photoacclimation   

The term “photoacclimation” refers to physiological processes at different mechanistic 

levels, including regulation of gene transcription and expression, in response to light intensity 

and spectral quality changes, according to the definition by Falkowski & LaRoche (1991). 

Acclimation is distinct from adaptation since adaptation refers to evolutionary selection that 

leads to genome diversity. The term “photoadaptation” has often been used as a synonym for 

photoacclimation in older literature, however most contemporary literature recognizes that 

acclimation represents dynamic phenotypic expression of the underlying genome, and does not 

result in any change in the genome sequence.  Photoacclimation is manifested as light-induced 

changes of the photosynthetic apparatus ultrastructure, cellular pigmentation, biophysics of 

photon energy transfer, downstream electron transport, the Calvin-Benson-Basham (CBB) cycle 

and shifts in the catabolic processes that lead to differences in the allocation of protein, 

carbohydrate, lipids and pigments represented by the metabolome.  All of these are subject to 

transcriptional regulations (MacIntyre et al., 2002; Lepetit et al., 2013). Responses such as 

adjusting light-harvesting antenna size, and photosynthetic capacity to balance photon 

absorption, changes in ratios of accessory pigments to chlorophyll a, or allocation of 



	
4 

photosynthate to storage carbohydrate or lipids at time-scales from hours to days can be regarded 

as the result of photoacclimation. In the case of acclimating from a low to high light 

environment, multiple protective mechanisms might be activated to alleviate photo-oxidative 

stress and associated damage if the photosynthetic apparatus absorbs excess light energy. This 

type of response occurs at time scales from seconds to minutes, and is achieved by biochemical 

and biophysical reactions; no transcriptional regulation is required although the magnitude of 

these short-term responses can be affected by transcriptional regulations (Niyogi, 1999).  

Photosynthetic architecture 

In photosynthetic eukaryotes, the chloroplast is the main reaction site for light-dependent 

water oxidation, electron transport, NADPH and ATP production, CBB cycle and other 

associated reactions (Nelson & Ben-Shem, 2004). The chloroplast was evolved from 

endosymbiosis of ancient cyanobacteria.  In the Viridiplantae (including green algae and higher 

plants) the chloroplast is enveloped by a double membrane evolved from primary 

endosymbiosis. In diatoms, haptophytes and dinoflagellates the chloroplast is enveloped by 

three- or four membranes, which are evolved from secondary or tertiary endosymbiosis 

(Archibald, 2015). Inside the chloroplast, membranes are stacked and form the so-called granal 

regions, which are connected by non-stacked membranes called stroma lamellae. Together they 

form thylakoid membranes that are surrounded by fluid called stroma, and the enclosed space is 

known as the lumen (Nelson & Ben-Shem, 2004). Four protein complexes are essential to the 

light driven photosynthetic reactions, including photosystem II (PSII), cytochrome b6f complex, 

photosystem I (PSI) and the proton motive force (pmf)-driven F-ATPase (Falkowski and Raven 

2013). These complexes are in contact with both the stroma and the thylakoid lumen and are 

distributed unevenly across the surface of the thylakoid membranes (Figure 1.1). PSII is almost 
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exclusively located in the grana and segregated from PSI and ATPase that are localized to the 

stroma lamellae, whereas the cytochrome b6f is more homogenously distributed (Dekker & 

Boekema, 2005). There are two components that contribute to the pmf: trans-thylakoid H+ 

gradient (ΔpH) and trans-thylakoid membrane potential (Δψ). Both are induced by the net 

transport of H+; however, the two terms correspond to mass balance and charge balance, 

respectively. The heterogenic distribution of photosystems prevents energy withdrawal from 

PSII to PSI via the thermodynamically favorable energy transfer (energy spillover), and together 

with the electron transfer through cytochrome b6f, leads to the pmf driven ATP synthesis via F-

ATPase (Nelson & Ben-Shem, 2004). Although energy spillover has been confirmed in some 

cyanobacteria and red algae (Ueno et al., 2016), in P. tricornutum PSII and PSI are evidently 

segregated, as in the Viridiplantae (Flori et al., 2017). Nevertheless, similar functional topology 

of the photosystems does not yield the same electron flow capacity in diatoms and the 

Viridiplantae, because the highly connected thylakoid membranes in diatoms enables faster 

diffusion of soluble electron carriers, which promotes faster redox equilibration during electron 

transport; this phenomenon does not exist in the Viridiplantae (Flori et al., 2017).  

Light harvesting pigments 

The light harvesting antenna systems exist in all photosynthetic organisms despite their 

structural and functional differences. In prokaryotic cyanobacteria and eukaryotic red algae, light 

absorption is primarily carried out by phycobiliproteins that form peripheral rods and radiate 

from the core; this macromolecular complex structure is called the phycobilisome (Grossman et 

al., 1993). In most eukaryotes (except red algae), the main constituent proteins are members of a 

superfamily of chlorophyll- carotenoid proteins (Green & Durnford, 1996). 
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Photon absorption in diatoms is achieved with a light harvesting system that consists of 

fucoxanthin chlorophyll-a/c proteins complex (FCPC), which has a function corresponding to the 

light-harvesting complex (LHC) in the Viridiplantae that consists of chlorophyll a/b and 

accessory pigments that differ from those in diatoms (Premvardhan et al., 2010).  Importantly, 

compared to the LHC that consists of chlorophyll a and b, the FCPC possesses a higher 

accessory pigment to chlorophyll ratio and also fucoxanthin and chlorophylls c1+c2 have a 

higher absorption per unit mass  (Figure 1.2), suggesting a potential for greater absorption per 

unit of metabolic cost (Premvardhan et al., 2010; Ikeda et al., 2013). The gene superfamily that 

codes for pigment binding proteins is found in the nucleus for all photosynthetic eukaryotes.  For 

P. tricornutum there are three main protein groups including LCHF that encodes fucoxanthin 

chlorophyll-a/c protein, red algae-like LHCR and the LI818-like LHCX (Nymark et al., 2009). 

Additionally, the PsbS gene that is essential for non-photochemical quenching (NPQ) in higher 

plants does not exist in diatoms, and stress-responsive LI818 like LHCX genes are reported to be 

directly linked to NPQ responses in diatoms under stress conditions (Smith et al., 2016; Bailleul 

et al., 2010; Lepetit et al., 2017; Allen et al., 2008).  

Photoacclimation can involve significant changes in cellular content of both light- 

harvesting and photoprotective pigments, and these changes are also reflected in ultrastructure 

changes (Dubinsky & Stambler, 2009). Commonly, increased irradiance leads to a reduced light 

harvesting component quantity and vice versa, and the time to accomplish the changes in 

pigmentation and ultrastructure varies from species to species and ranges between a few hours to 

several days (Fisher et al., 1998). The thylakoid membranes are remarkably dynamic and fluid, 

and previous studies have shown increased membrane stacking in response to low light, which  

may increase intracellular light scattering by organelles, including pyrenoids, the Gogi apparatus, 
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and vesicles, thus increasing the path length of photons and increasing the probability for 

absorption (Moisan et al., 2006; Dubinsky & Stambler, 2009). However, this may not be the case 

for diatoms, which maintain regular stacks of three thylakoid membranes  (Lepetit et al., 2012). 

Compared to the Viridiplantae that are dominated by neutral galactolipids, the thylakoid 

membrane of diatoms consists of the same lipid classes but are also enriched in negatively 

charged lipids whose relative concentration increases upon high light illumination (Goss and 

Wilhelm 2009; Lepetit et al., 2012). In low light acclimated diatoms, the outer layers of the three 

stacked thylakoid membranes are enriched in negatively charged lipid, while the inner layers are 

enriched in neutral galactolipid; after acclimation to high light, the charged lipid concentration is 

further enriched in the marginal regions, and if high light continues the charged lipid eventually 

penetrates into the inner layers ( Lepetit et al., 2012). These changes are accompanied by 

increased ATP synthase units in the outer layers, and aggregated FCPC that binds to LHCX 

proteins that are mostly located in the inner layers ( Lepetit et al., 2012).  

Non-photochemical quenching (NPQ) 

The term NPQ describes the thermal dissipation of absorbed energy that occurs in the 

pigment containing proteins of PSI and PSII when light absorption exceeds the maximum rate of 

electron transfer capacity. The existence of a xanthophyll cycle, which occurs in almost all 

photosynthetic eukaryotes, involves very rapid formation or breaking of covalent bonds resulting 

in switching between two pigment states, allowing fine-tuning of photosynthetic electron flow 

(Niyogi, 1999). Under low light conditions, most of the absorbed energy is used in the photo-

oxidation of water and the subsequent assimilation of CO2, known as photochemical quenching. 

Alternatively, under excess light the xanthophyll cycle pigments dissipate light energy as heat 

(molecular vibration) rather than transferring their energy to the reaction centers that would 
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potentially produce ROS, which causes photo-oxidative stress and damages the photosynthetic 

apparatus (Demmig-Adams & Adams, 1996). Unlike the Viridiplantae that regulate NPQ via the 

Violaxanthin (Vx) cycle, in which Vx is de-epoxidized to Antheraxanthin (Ax) and Zeaxanthin 

(Zx); diatoms, dinophytes and haptophytes use a Diadinoxanthin (Ddx) cycle that converts Ddx 

to Diatoxanthin (Dtx) in a single de-epoxidation step (Goss et al., 2006; Goss & Jakob, 2010). 

The reduction of the photosystem absorption cross-section as a direct result of aggregation, 

together with the fast NPQ response in diatoms, provides a protective mechanisms that prevents 

excess excitons from reaching photosynthetic reaction centers and subsequently reduces 

excessive electrons from entering the chloroplast electron transport chain (chlETC).  

Chloroplast electron transport 

Electrons entering the chlETC are used to generate ATP and NADPH, which are 

subsequently used for carbon assimilation in the CBB cycle dark reactions. Once the rates of 

ATP and NADPH generation exceed the downstream capacity, combined with hypersaturation of 

oxygen evolution at PSII, NPQ no longer provides sufficient protections. Under this condition, 

other photoprotective mechanisms such as alternative electron transport and photorespiration 

function to alleviate the oxidative stress resulting from high light exposure (Figure 1.4).  

Non-cyclic electron transport 

In a typical oxygenic photosynthetic system, PSII and PSI on the thylakoid membranes 

mediate the light driven linear electron transfer chain that forms the basis of the Z-scheme, which 

starts with a photon striking a chlorophyll or fucoxanthin (Fx) pigment boosting an electron to a 

higher energy level, known as an exciton, which is then transferred to reaction centers through a 

very efficient transport chain (Jones, 2010). The high efficiency is due to a mechanism called 
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quantum coherence, which allows excitons to sample multiple energy pathways simultaneously 

and determine the most efficient route (Jones, 2010). A comparison between LHCII in 

Viridipantae and FCPC in diatoms further suggests that the FCPC in diatoms has enhanced 

stability and emissivity to reduce trapping of the excitation energy in thermally dissipating states, 

whereas enlarged spectral absorption cross-section increases the energy gradient, and these 

features together result in improved light harvesting capacity in diatoms (Krüger et al., 2017). At 

the reaction center, water is oxidized via a 4-oscillation electron redox reaction (4 electrons 

generated in 5 state changing steps), known as the S-state cycle (Goussias et al., 2002). 

Subsequently, a charge separation across the thylakoid membrane is created and 4 protons are 

released on the lumen side along with 1 oxygen molecule, while the primary electron acceptors 

of PSII, QA and QB, are reduced by those electrons generated on the stromal side.  Once charged, 

QB is released to pass 2 electrons to reduce cytochrome b6f via the plastquinone (PQ) pool that is 

inside the thylakoid membrane (Rochaix, 2011). The copper embedded protein plastocyanin (PC) 

in the thylakoid lumen shuttles electrons from cytochrome b6f to PSI, where PC is oxidized by 

energy from the PSI light absorption and the “re-excited” electrons are transferred to ferredoxin 

reductase (FNR) via ferredoxin (Fd) for NADPH production. Additionally, the proton gradient 

generated during the electron transport powers the synthesis of ATP.  The ATP and NADPH 

then drive the CBB cycle for CO2 assimilation (Rochaix, 2011). This process is defined as linear 

electron transport (LET), and it yields an estimated ATP/NADPH ratio at 1.28, which is not 

sufficient for driving the CBB cycle that consumes 3ATP and 2 NADPH molecules per 1 

molecule of CO2 assimilation (Rochaix, 2011). In fact, LET is commonly associated with other 

electron transport mechanisms, which are important in balancing the NADPH/ATP ratio for 

photosynthesis (Prihoda et al., 2012).  
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Cyclic electron transport (CET)  

CET occurs around PSI and is active in higher plants and algae, especially if 

photorespiration occurs and the cells require more ATP (Osmond, 1981). During this process the 

“re-excited” electrons are transferred from Fd to cytochrome b6f  (instead of FNR in LET) via 

the PQ pool and returned to PSI by PC, resulting in a net increase of pmf that powers ATP 

biosynthesis (Foyer et al., 1990). There are two possible pathways for the electron circulations:  

the first discovered in Arabidopsis (Tagawa et al., 1963) is an antimycin A-sensitive route, in 

which electrons are shuttled through the proton gradient regulation 5 protein (PGR5)/PGR5-like 

photosynthetic phenotype 1 protein (PGRL1) complex downstream of Fd; the other route is 

dependent on the chloroplast NAD(P)H dehydrogenase-like (NDH) complex that also receives 

electrons from Fd (Yamori & Shikanai, 2016). In the current model of photosynthetic electron 

transport, the NDH route translocates 8 H+ by the movement of 2 electrons, twice as efficient as 

the 4 H+ translocation in the PGR5/PGRL1 route (Shikanai & Yamamoto, 2017). However, the 

additional 4 H+ depends on the putative H+ -pumping activity of NDH, which may not function 

efficiently in the presence of a large pmf or ΔpH.  Therefore the PGR5/PGRL1 route is essential 

despite its lower efficiency, especially in C3 plants (Munekage et al., 2004; Shikanai & 

Yamamoto, 2017). A PGRL homolog sequence was discovered in the free protein fraction of P. 

tricornutum, suggesting that this function is conserved in diatoms (Grouneva et al., 2011).  

Nevertheless, the NDH complex gene is missing in P. tricornutum, implying other energy 

balancing mechanism(s) besides the NDH-based CET pathway might exist (Grouneva et al., 

2011).  
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Pseudo-cyclic electron transport 

When the upstream electron flow exceeds the carrying capacity of CET (supersaturated 

light, fully reduced), continuous electron flow does not occur which can lead to pseudo-cyclic 

electron transport. This fully reduced condition is usually caucsed by an insufficient PQ pool 

redox potential with a turnover time at 1-15ms, compared to other electron transport steps that 

are less than 1ms (Falkowski and Raven 2013). Under this condition, electron transfer proceeds 

from PC to PSI and oxygen is used as the electron acceptor (Shikanai & Yamamoto, 2017). 

Consequently, the CET is interrupted with H2O being generated, thus this process is called 

pseudo-CET. There are at least 3 pseudo-CET pathways known to exist, including:  

1. The Mehler reaction (Mehler, 1951) deposits an electron to an O2 molecule, and the 

resulting reactive oxygen species (ROS) is scavenged by superoxide dismutase (SOD) and 

ascorbate peroxidase (APX);  

2. The flavodiiron protein (Flv) catalyzed O2 reduction to H2O (or NO reduction to N2O, 

depending on the substrate of the reaction);  

3. The plastid terminal oxidase (PTOX) mediates O2 reduction using electrons from the 

PQ pool (Nawrocki et al., 2015).  

All 3 pathways result in the reduction of O2 to H2O, however, only the Mehler reaction 

uses electrons directly from the electron transport system, thus producing ROS, whereas Flv and 

PTOX catalyze the O2 reduction utilizing electrons from different donors. The electron donor for 

Flv is not yet clear, however recombinant protein assays suggest Flv can receive electrons from 

NAD(P)H or Fd, whereas its electron binding affinity is much lower than the CBB cycle and PSI 
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CET enzymes, suggesting the function is activated only when the stroma is strongly reduced 

(Vicente et al., 2002; Shikanai & Yamamoto, 2017). The PTOX activity depends on the electron 

transfer from NDH; depending on the source of electron donors, PTOX can serve different 

physiological functions (Nawrocki et al., 2015). Note that the PTOX involved chlororespiration 

pathway only occurs in the darkness when the electrons are donated by NAD(P)H from 

glycolysis (Nawrocki et al., 2015). Additionally, SOD is an ubiquitous enzyme in all aerobic 

cells (Keele et al., 1970) indicating that the Mehler reaction is probably conserved in all 

phototrophs. Flv is conserved from cyanobacteria to gymnosperms but not in angiosperms 

(Shikanai & Yamamoto, 2017). PTOX, despite its complex evolutionary history, is found widely 

distributed in all microalgal linages and serves important functions (Nawrocki et al., 2015). For 

example in Ostreococcus, the PTOX induced water–water cycle accounts for up to 30% of the 

total electron flow in iron limited conditions (Nawrocki et al., 2015).  

Chloroplast-mitochondrion interaction 

Indeed, the existence of metabolic interactions between chloroplasts and mitochondria 

has been known for decades (Peltier & Cournac, 2002). The classic model is described by the 

exchange of reducing equivalents NAD(P)H and phosphorylating power ATP between 

chloroplast and mitochondrion via the cytosol, using metabolic shuttles such as the phosphate or 

dicarboxylate translocators located in the inner chloroplast envelope membrane and the 

oxaloacetate translocator located in the inner mitochondrial membrane (Peltier & Cournac, 

2002). CET and pseudo-CET pathways in diatoms do not seem to be particularly active (Prihoda 

et al., 2012), and iron-starvation experiments suggested that mitochondria are a major sink for 

reducing equivalents from chloroplast (Allen et al., 2008). A recent study revealed evidence of 

the flow of reducing equivalent from the chloroplast to the mitochondria for ATP/NADPH ratio 
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regulation in diatoms (Bailleul et al., 2015).  However, comparative analysis of diatom genomes 

showed that P. tricornutum lacks cytosolic malate dehydrogenase (MDH) preventing import of 

reducing equivalents into the mitochondria from the cytosol (Smith et al., 2012).  A possible 

solution to this controversy was proposed by Levering et al. (2016), in which they used a 

genome-scale metabolic network simulation to infer the direct transport of reducing equivalents 

from the chloroplast to the mitochondria via an ornithine-glutamine cycle.. These biophysical 

and metabolic observations, and the very recent demonstration of a highly connected chloroplast-

mitochondrial sub-cellular ultrastructure (Flori et al., 2017), implies mitochondria may play a 

significant role in consuming excess reductant as a photoprotective mechanism.     

Post-chloroplast electron transport responses and regulations 

Photorespiration 

Photorespiration occurs when the bi-functional enzyme ribulose 1,5-bisphosphate (RuBP) 

carboxylase-oxygenase (Rubisco, the major entry point for carbon into organic matter) catalyzes 

the oxygenation of RuBP under conditions of a high [O2]/[CO2] ratio (Foyer & Noctor, 2009). 

This reaction produces 2-phosphoglycolate (2PG), that is eventually recycled back to 3-

phosphoglycerate (3PGA) to re-enter the CBB cycle via a C2 pathway. The C2 pathway involves 

multiple biochemical reaction steps and the transport of substrates among cellular organelles. 

Importantly, 3PGA generated in the chloroplast is dephosphorylated to glycolate and transported 

to the peroxisome, where it is converted to glycine. Simultaneously, H2O2 is generated in the 

peroxisome as well. After transport to the mitochondrion, glycine is converted to serine and 

returned to the chloroplast as glycerate, which is then phosphorylated to 3PGA (Bauwe et al., 

2010). There are two very important outcomes from the C2 pathway: some of the carbon lost due 

to photorespiration is recovered; and 2PG that inhibits certain enzymes involved in 
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photosynthetic carbon fixation is removed (Peterhansel et al., 2013). This photorespiration 

process releases carbon as CO2 that might otherwise be used for biosynthesis and can reduce net 

photosynthetic output by as much as 20% (Bauwe et al., 2010). In the marine environment, 

nearly all microalgal species have evolved a carbon concentrating mechanism (CCM) that 

increases the local concentration of CO2 in the vicinity of RubisCO, and consequently enhances 

carbon fixation and minimizes photorespiration (Reinfelder, 2011). In diatoms, the 

photorespiratory metabolism appears to be distinctly different from other photosynthetic 

eukaryotes, with the intermediates processed in the mitochondria routed into amino acid 

metabolism rather than back into the chloroplast (Davis et al., 2017).  Still, in P. tricornutum, 

open questions remain regarding how photorespiration intersects with the broader metabolic 

network and which organelles are involved (Davis et al., 2017). 

Photodamage and photoinhibition 

Photodamage occurs in all oxygenic organisms as a consequence of the light reaction 

(Tyystjärvi 2008), in which the D1 protein at the reaction centre of PSII is the major site where 

UV or visible light induced damage occurs, while other PSII proteins may be damaged as well, 

depending upon illumination conditions, such as D2 and CP43 ( Tyystjärvi et al., 2002; Nixon et 

al., 2005).  PSII damage resulting in the loss of oxygen evolution and electron transport activity, 

commonly referred to as photoinhibition, is irreversible without chloroplast protein synthesis to 

replace damaged proteins (Tyystjärvi, 2013). This is different from NPQ and closure of PSII 

reaction centers that cause reduced photosynthesis but can be reversed when the high light stress 

is removed. In the absence of repair, photons arriving as excitation energy at the PSII reaction 

center would cause direct damage to the D1 protein, at rate of 10-7 PSII photon-1 (Chow et al., 

2002). Interestingly, this rate constant is strictly proportional to light intensity across species, 
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from extremely dim light to supersaturating light intensities (Tyystjärvi, 2008). At the molecular 

level, no consensus on a mechanism for this protein damage has been reached, but the role of the 

manganese cluster of the oxygen-evolving complex (OEC) as the NPQ-independent 

photoreceptor in UV and visible light has been highlighted, as it was found to become 

deactivated before PSII was inhibited (Hakala et al., 2005; Ohnishi et al., 2005). Another 

damaging reaction that can be minimized by NPQ is related to over-saturated or malfunctioning 

electron transfer reactions within the already damaged PSII reaction centers (Havurinne & 

Tyystjärvi, 2017). The consequent production and accumulation of reactive oxygen species 

(ROS), including singlet oxygen (1O), •O2
-, H2O2, and •OH generated from redox reactions in the 

presence of O2 derived from splitting water by PSII, or photorespiration, can cause photodamage 

to proteins in the photosynthetic apparatus (Raven, 2011).  

Photodamage repair 

To survive the damage, photosynthetic organisms have to invest in a metabolically costly 

and complicated repair process involving biodegradation and de novo biosynthesis of the D1 

protein (Aro et al., 1993). In plants, the damaged PSII reaction center moves to the stroma and 

the major light-harvesting complexes remain in the grana, and subsequently the D1 protein is 

degraded and a new protein is synthesized (Nixon et al., 2010; Domingues et al., 2012). The 

general model for cyanobacteria and chloroplasts suggests that filamentation temperature 

sensitive H (FtsH) protease plays an essential role in D1 degradation, during which FtsH forms a 

hexametric ring in the thylakoid membrane, and the damaged D1 is then translocated through a 

central pore in an ATP-driven hydrolysis reaction and subsequently degraded at the Zn2+ 

protease domain (Nixon et al., 2005). The degradation process is synchronized with the insertion 

of a freshly synthesized D1 unit to minimize the destabilization of the reaction centre 
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ultrastructure (Nixon et al., 2010). Nymark et al. (2009) found two FtsH genes (FtsH1 and FtsH2) 

encoding proteases that are responsible for the PSII repair cycle in P. tricornutum.  

Summary 

Compared to the Viridiplantae, diatoms share some common structural organization and 

functionalities that facilitate photosynthesis and other cellular metabolisms. Nevertheless, some 

key features such as pigmentations and xanthophyll cycles make diatoms stand out. Specifically, 

the model diatom species, P. tricornutum, exhibits robust growth over a wide range of light 

intensities and has an exceptional tolerance for high light.  This motivated an investigation into 

the genetic and metabolic mechanisms that allow such flexible photo acclimation in the 

following chapters.  

In the second chapter, the genome scale metabolic model for P. tricornutum (Levering et 

al., 2016) was applied for simulating the intracellular metabolite flux under four light intensities, 

ranging from 60 to 600 µmol photons m-2 s-1. Oxygen evolution and photon absorption rates 

measured for cells at each acclimation state were applied as a novel constraint and combined 

with condition-specific biomass composition to provide inference of possible metabolic 

pathways used by P. tricornutum acclimated at the different light intensities. From the simulated 

results we identified photorespiration, an ornithine-glutamine shunt, and branched chain amino 

acid metabolism, as the primary inter-compartment reductant shuttles for mediating excess light 

energy dissipation. Additionally, simulations suggest carbon shunted through photorespiration is 

recycled back to the chloroplast as pyruvate, a mechanism distinct from known strategies in 

photosynthetic organisms.  
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In the third chapter, a pH oscillation - membrane inlet mass spectrometer (pHOS-MIMS) 

system was developed for rapid simultaneous measurement of carbon uptake and oxygen 

evolution rates as a function of irradiance for microalgae cultures. Carbon uptake estimated by 

the pHOS component was validated using P. tricornutum cultured with continuous illumination 

of 110 µmole quanta m-2 s-1 at 25°C. Results confirmed the pHOS-MIMS system can provide 

accurate measurements with sufficient time-resolution required to track carbon and oxygen 

physiological dynamics.  Combined with quantitative estimates of photon absorption, the pHOS-

MIMS data allowed for the first time simultaneous specification of the kinetics of change of the 

carbon and oxygen-specific photosynthetic quantum yields over a 24 hour shift from low to high 

light.   

In the fourth chapter, the function of the photoprotective role of the LHCX1 protein in  P. 

tricornutum was investigated by comparing the photophysiology and transcriptomic responses in 

WT and LHCX1 knockout lines under  a shift from low light acclimation to high light for 24 

hours. The results suggest LHCX1 regulates NPQ upon FCPC aggregation induced by high light 

stress, and the level of NPQ depends on the aggregation kinetics. Moreover, the rate of LHCX2 

induced NPQ is more rapid than LHCX1, indicating the response of NPQ due to LHCX2 might 

be faster than FCPC aggregation.  A line with a knockout of LHCX1 caused P. tricornutum to 

establish a different acclimation state at the end of the 24 hour high light treatment, yielding 

lower photosynthetic efficiencies as a result of LHCX2 induced NPQ acceleration and down-

regulated ribosomal protein expression. 

Algae are highly diverse evolutionarily, having diverged via multiple endosymbiosis 

events resulting in massive lateral gene transfer over the past 1.5 billion years (Archibald, 2015).  

This diversity of evolutionary origin has led to a range of different functionally parallel 



	
18 

adaptations that directly affect the extremely important processes of photoacclimation including 

the mechanisms for managing excess photon flux.  The model diatom P. tricornutum exhibits an 

exceptional range of robust growth from very low to very high light.  Recent literature raised 

intriguing questions about the management of excess photons and the potential for metabolic 

connections between the chloroplast and the mitochondria as part of a mechanism distinctly 

different from the Viridiplantae that have been studied in much more detail.   

To explore details raised by these questions required:  novel constraint of photon (energy) 

flux and oxygen evolution of a genome-scale metabolic model to allow inference of possible 

pathways used by P. tricornutum (Chapter 2); the creation of a new photosynthetic physiology 

system, the phOS-MIMS that allows rapid (less than 30 minutes) resolution of both carbon and 

oxygen flux and the kinetics of change in photosynthetic quantum yield  as a function of light 

from sub-saturating to super-saturating (Chapter 3); and application of the phOS-MIMS system 

to the study of the consequences of knocking out LHCX1, a specific gene related to the novel 

capacity of P. tricornutum to manage high light. As an integrated body of work, this doctoral 

dissertation advances the knowledge of how photoautotrophs manage light, provides new 

concepts for using photon flux to constrain genome-scale models of photosynthesis, and 

describes the fundamental concepts, design and software of the phOS method, a novel 

physiology approach for accurate measurement of CO2 flux in experimental reactors for 

microorganism metabolic studies.   
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Figure 1.1. The structures and organization of P. tricornutum cell. 
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Figure. 1.2 Weight specific absorption coefficient of major light harvesting pigments in 
Viridiplantae (Chl-a, Chl-b) and diatoms (Fucoxanthin, Chl-a, Chl-c1,2).  
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Figure 1.3. Carotenoid biosynthesis pathway from lycopene to Fx and Dtx in P. 
tricornutum, with highlights on xanthophyll cycles (modified from Goss and Jakob, 2010; 
Kuczynska et al., 2015). Note that the Vx cycle pigments exist in P. tricornutum only as 
precursors for the formation of Ddx cycle and fucoxanthin pigments, whilst in viridiplantae and 
brown algae they are the major regulators of NPQ responses. The specific pathways for Ddx and 
Fx biosynthesis are unclear, however two potential models were hypothesized from experimental 
results (Lohr & Wilhelm, 2001) and chemical property analysis (Dambek et al., 2012). The 
cofactors of the de-epoxidation reaction (VDE and DDE) and the epoxidation reaction (ZEP and 
DEP) are labeled next to their corresponding arrows, respectively. Symbols behind the cofactors 
indicate whether high (++) or low (+) concentrations of the respective substrates are needed for 
high enzyme activity. ΔpH control ++ indicates that the proton gradient inhibits Dtx epoxidation, 
whereas ΔpH control – indicates Zx epoxidation is unaffected. The pH range of the thylakoid 
lumen for VDE and DDE are listed next to their corresponding reactions.  
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Figure 1.4. General model of chloroplast electron transport pathways in photosynthetic 
organisms. In P. tricornutum, genes encoding NDH are missing, and only PGRL 
homologues was found in the genome sequence. 
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 Chapter 2 

Cross-compartment metabolic coupling enables flexible photoprotective mechanisms in 
diatom Phaeodactylum tricornutum 
 

Abstract 

Photoacclimation consists of short and long-term strategies used by photosynthetic 

organisms to adapt to dynamic light environments. Observable photophysiology changes 

resulting from these strategies have been used in coarse-grained models to predict light-

dependent growth and photosynthetic rates. However, the contribution of the broader metabolic 

network, relevant to species-specific strategies and fitness, is not accounted for in these simple 

models. Here we incorporate photophysiology experimental data with genome-scale modeling to 

characterize organism-level, light-dependent metabolic changes in the model diatom 

Phaeodactylum tricornutum. Oxygen evolution and photon absorption rates were combined with 

condition specific biomass compositions to characterize metabolic pathway usage for cells 

acclimated to four different light intensities. We identify photorespiration, an ornithine-

glutamine shunt, and branched chain amino acid metabolism as the primary inter-compartment 

reductant shuttles for mediating excess light energy dissipation. Additionally, simulations 

suggest carbon shunted through photorespiration is recycled back to the chloroplast as pyruvate, 

a mechanism distinct from known strategies in photosynthetic organisms. Overall, our results 

suggest a flexible metabolic network in P. tricornutum that tunes inter-compartment metabolism 

to optimize energy transport between the organelles, consuming excess energy as needed. 

Characterization of these inter-compartment reductant shuttles broadens our understanding of 

energy partitioning strategies in this clade of ecologically important primary producers. 
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Introduction 

Predicting changes to phytoplankton productivity and physiology in response to 

environmental variables has important implications for ecological and industrial applications. 

Light is a dynamic environmental input that functions both as the photosynthetic energy source 

and a regulatory signal that, in combination with other growth factors (nutrients, temperature, 

etc.), dictates phenotypic expression and hence cell physiology. A phototrophic organism unable 

to acclimate to changes in light intensity and quality experiences either too few photons 

captured, limiting the energy necessary for growth, or too many photons captured, resulting in 

damage to the photosynthetic apparatus, leading to photoinhibition (Raven, 2011). 

Photoacclimation (Falkowski & Owens, 1980) is the long-term (hours to days) adjustment to the 

light environment. Diatoms are important oceanic primary producers and attractive metabolic 

engineering candidates. Important features of their photoacclimation phenotype include 

reorganization of the macromolecular structures involved in light harvesting and adjusting 

mechanisms for dissipating excess light energy. The macromolecular strategies include changing 

the amount of light harvesting pigments per cell (Jakob et al., 2007), remodeling of the primary 

light-harvesting complexes, and reorganization of the thylakoid membrane (Lepetit et al., 2012). 

Diatoms can also adjust the amount of energy that is dissipated as heat upstream of the 

photosynthetic reaction centers by non-photochemical quenching (NPQ), or the amount of 

energy that flows through alternative electron flows downstream of photosystem II (PSII) 

(Lepetit et al., 2012). Induction of NPQ prevent damage to the photosynthetic apparatus. 

Alternative electron flows dissipate excess energy and balance the ATP/NADPH ratio by routing 

photosynthetically generated electrons to futile metabolic reactions, such as the reduction of O2 

to water (Nawrocki et al., 2015). Recently it was shown that energy coupling between the 
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chloroplast and mitochondrion is a dominant photoprotective mechanism in diatoms (Bailleul et 

al., 2015); however, the inter-compartment reductant shuttles facilitating energy transfer are still 

unknown. 

The contribution of photorespiration as a photoprotective mechanism is somewhat 

unclear in diatoms. When the primary photosynthetic enzyme, ribulose-1,5-bisphosphate 

carboxylase/oxygenase (RubisCO), reacts with O2 instead of CO2, it forms the toxic metabolic 

intermediate 2-phosphoglycolate, an inhibitor of photosynthesis (Bauwe et al., 2012). The 

photorespiratory pathway routes 2-phosphoglycolate through multiple compartments, 

detoxifying the metabolite at the expense of energy and carbon. In diatoms, as well as other 

microalgae, photorespiration is often considered an unavoidable consequence of oxygenic 

photosynthesis due to the kinetics of inorganic carbon diffusion and fixation (Reinfelder, 2011). 

These organisms minimize photorespiration through a carbon concentrating mechanism (CCM) 

that increases the local concentration of CO2 in the vicinity of RubisCO (Hopkinson et al., 

2011b; Tsuji et al., 2017). Under high light conditions the centric diatom Thalassiosira 

weissflogii upregulates expression of the genes involved in the photorespiration pathway, 

indicating photorespiration contributes to photoacclimation (Schnitzler Parker et al., 2004). In P. 

tricornutum, light-dependent metabolic flux regulations and associated photorespiration 

pathways have been carefully examinated based on whole genome sequence data; however, open 

questions remain regarding how photorespiration intersects with the broader metabolic network 

(Kroth et al., 2008; Davis et al., 2017). This perspective is necessary to account for the unique 

phylogeny and evolutionary history of diatoms, independent of the canonical pathways. 

The macromolecular strategies of photoacclimation result in observable changes to 

cellular photophysiology. Such changes in photophysiology can be parameterized and fit to 
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mathematical Eqns, enabling approximations of light-dependent growth and photosynthetic rates 

(Platt et al., 1980; Kiefer & Mitchell, 1983; Moisan & Mitchell, 1999). These models have also 

been used to interpret macromolecular acclimation to the light environment, such as the rate of 

photoinhibition and the light-level for which photosynthesis becomes saturated (Platt et al., 

1980). However, these modeling frameworks are restricted by oversimplification. In particular, 

characterization of intracellular metabolic reactions, such as inter-compartment reductant 

shuttles, are inaccessible. Closing this gap in understanding is necessary for bioprocess design of 

light-driven bioproduct engineering. Thus, an open area of research is to connect representations 

of photophysiology with the greater metabolic network.  

Genome-scale metabolic network reconstructions are bottom-up depictions of cellular 

metabolism (O’Brien et al., 2013). Built on the functional annotation of an organism’s genome, 

the metabolic capability of the cell is represented in a modeling framework amenable to 

hypothesis generation and testing, data analysis, and engineering. High-quality genome-scale 

models (GEMs) of phototrophic microorganisms have emerged as powerful tools for 

characterizing whole-cell metabolic fluxes and uncovering unique metabolic capabilities. For 

example, a GEM of the model diatom Phaeodactylum tricornutum identified ornithine-mediated 

energy coupling between the chloroplast and mitochondrion as a possible inter-compartment 

reductant shuttle (Levering et al., 2016). Still, one persistent challenge has been explicitly 

accounting for light absorption in phototrophic GEMs. GEMs are simulated by constraining 

nutrient exchange rates and defining the biomass composition of the cell for a given phenotype. 

Typically, photoautotrophy is modeled using the carbon uptake rates as the only resource 

constraint on the system, resulting in an underdetermined model with multiple, mathematically-

equivalent solutions (Ebrahim et al., 2013).  Without constraints on light absorption some model 
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solutions will not be consistent with the photophysiology of the cell, such as the oxygen 

evolution rate or photon availability. Phenotypes such as reductant partitioning (Halsey et al., 

2013) and light-dependent metabolic acclimation (Nymark et al., 2009) are inaccessible to these 

underdetermined models. As photoacclimation is essential to understand phototrophic 

productivity and whole-cell-level physiology, it is of interest to develop methodologies that 

explicitly model light-dependent changes to cellular metabolism. Recent metabolic modeling 

efforts in the cyanobacterium Synechococcus elongatus PCC7942 mechanistically incorporated 

photophysiology parameters, including photon absorption and photosynthetic oxygen evolution 

(Broddrick et al., 2016). While this study established a framework for incorporating photon 

uptake into microalgae GEMs, its application to other organisms and light regimes is needed. 

Thus, we set out to investigate differential metabolic pathway usage and inter-

compartment reductant shuttles in the diatom P. tricornutum acclimated to different levels of 

photosynthetically active radiation (PAR, irradiance between 400-700 nm). First, we 

characterized the photoacclimation phenotype with detailed photophysiology data. Next, we built 

a modeling framework to incorporate these data with a simulation of light-dark growth in P. 

tricornutum. This simulation accurately captured recently published results. Finally, we 

simulated photoautotrophic growth under four PAR values spanning an order of magnitude; 

elucidating photoacclimation-induced changes to the metabolic network to include inter-

compartment reductant shuttles. The physiological and modeling results suggest that 

photoacclimation induces a dramatic rerouting of intra-compartment metabolic coupling. The 

dominant inter-compartment reductant shuttles were the ornithine-glutamate shunt, branched-

chain amino acid cycling, and photorespiration. Additionally, the model suggests 

photorespiratory produced glycolate is reintegrated into cellular metabolism as pyruvate, which 



	
40 

differs from canonical pathways. Overall, we present a genome-scale assessment of 

photoacclimation consistent with photophysiology constraints through a modeling framework 

that is generally applicable to all phototrophic organisms.  

Materials and Methods 

Detailed materials and methods can be found in the Supporting Information. 

Cell cultivation and growth monitoring 

Axenic cultures of the marine diatom P. tricornutum (CCAP 1055/1) were cultivated in 1 

L vertical tubular bioreactors submerged in a temperature-controlled water tank at 20°C at 60, 

120, 300 and 600 µmol photons m-2 s-1 on a 12 h : 12 h light : dark cycle. Diatom cultures inside 

the bioreactors were mixed by CO2 enhanced air, the specific percentage of which was regulated 

by a Cole-Parmer gas flow controller to stabilize the culture pH at 8.1 ±0.3. Inoculations were 

carried out in f/2 medium 3 days before the first sampling point before being diluted to 2-6x105 

cells mL-1 and maintained at the same culture condition for 2 days’ replicated experiments. 

Biomass accumulation was monitored with optical density at 750 nm (OD750) during light 

periods. Analytical measurements were conducted at the end of the light period, approximately 

10 h into the 12 h cycle. Additional details can be found in Supporting Information Methods S1. 

Pigment analysis by high-performance liquid chromatography (HPLC) 

Chls and carotenoids were measured by HPLC. Aliquots of 50 and 100 mL were filtered 

on 2.5 cm Whatman GF/F filters and extracted with 3 mL of 90% acetone for 24 h. Pigments 

were separated on a C18 reverse-phase column (Alltech, Econosphere 5 µm, 4.3mm x 25 cm) 

and quantified using pure pigment standards. Additional details can be found in Supporting 

Information Methods S2. 
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Particulate carbon and nitrogen (POC/PN) 

After sampling, 10 mL of culture were filtered through a pre-combusted (500°C, 2 h) 

Whatman GF/F filter with pressure < 5PSI.  The filter with biomass was then folded and 

wrapped in pre-combusted foil before dried in an oven (60°C) overnight. The prepared samples 

were stored in desiccator before being shipped to Marine Science Institute at the University of 

California, Santa Barbara for analysis.  

Variable fluorescence (Fv/Fm) determination 

Fv/Fm was determined using a Chelsea Instruments FASTtracka FRR II fluorometer, 

which was programmed to deliver 100 saturation flashes per sequence with a flash duration of 

1.1 µs at a 1 µs interval and the PMT gain set to auto-ranging mode. Upon sampling, the samples 

were diluted with culture media and inoculated into the induction chamber for 5 minutes of dark 

acclimation before measurement. The value of Fv/Fm was calculated using Fasttracka II software 

with the default settings. 

Plastid volume determination 

P. tricornutum UTEX 642 was cultured in TrueLine 25cm2 vented culture flasks with 

approximately 15 mL of f/2 ASW at 20°C. Cultures were acclimated to 10, 150 and 600 µmol 

photons m-2 s-1 of PAR from a white LED, determined with a LI-COR LI-250A light probe. 

Cultures were sampled in early-mid exponential phase and imaged using a Leica TCS SP8 

confocal microscope. Chl autofluorescence of representative cells was detected at 640-715nm 

following laser excitation at 552 nm. The chloroplast volume was calculated from z-stacked 

images of Chl autofluorescence using Fiji (Schindelin et al., 2012) and used to derive an 

equation that allows for the approximation of chloroplast volume based on a single 2D image of 

Chl auto-fluorescence (Supporting Information. The chloroplast volume was converted to lipid 
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mass per cell using published values (Abida et al., 2015). Additional details can be found in 

Supporting Information Methods S3. 

Photophysiology constraints 

The biophysical constraints were based on an extension of our previous modeling of 

photoautotrophy in cyanobacteria (Broddrick et al., 2016). Briefly, the photon uptake flux was 

determined using the spectral distribution for the given light source at the experimental 

irradiance, the Chla specific spectral absorption coefficient (a*ph(λ)), and the biomass fraction of 

Chla. To fully capture the wavelength specific light-pigment interactions, we switched from PAR 

to quantum flux (QF) (Morel, 1978), which describes the total absorbed photon flux as the 

fundamental variable the oxygen evolution constraint.  The measured photosynthetic rates 

(oxygen evolution in this study, see Supporting Information Methods S4) were then fitted to 

Eqns for photosynthesis prediction (Platt et al., 1980; Aalderink & Jovin, 1997), using QF as the 

independent variable. Additional details can be found in Supporting Information Methods S5. 

Photoautotrophic simulations of cellular growth 

Details on the simulations can be found in Supporting Information Methods S6. Briefly, 

the P. tricornutum GEM, iLB1025 (Levering et al., 2016), was updated with recent advances in 

diatom metabolic understanding (Supplemental Information Table S6). The model was simulated 

under a 12 h : 12 h light : dark cycle, f/2 media, with 500 mL total culture volume and light from 

a white LED placed above the culture as reported (Jallet et al., 2016) for the sinusoidal culture. 

For the photoacclimated cultures in the tubular bioreactors the total volume was 800 mL total 

culture volume and light from 360°. The 24-hour simulation period was broken into 20-minute 

intervals with each interval considered to be at a pseudo-steady-state. For each interval, the total 

photon absorption of the culture was integrated accounting for culture self-shading; this quantum 
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flux value was set as the photon uptake and used to determine the maximum oxygen evolution 

for the culture during the simulation interval. The biomass objective function was updated at the 

beginning of each interval in accordance with the derived dynamic biomass allocation 

(Supporting Information Methods S7.). The objective was maximization of cellular biomass. All 

simulations were performed using COBRApy (Ebrahim et al., 2013) in custom IPython 

notebooks (Pérez & Granger, 2007) with the default GLPK solver. 

Sensitivity analysis 

Sensitivity to changes in the biomass composition was determined by randomly varying 

each biomass component by ±50% and simulating a single 20-minute biomass accumulation 

period for 1000 iterations. The resulting biomass was compared to the biomass accumulation at 

the default model composition. Sensitivity to changes in the biophysical constraints was 

determined by randomly varying a*ph(λ), PAR, initial biomass dry weight, and maximum oxygen 

evolution by ±30% and simulating a single 20-minute biomass accumulation period for 1000 

iterations. The resulting biomass was compared to the biomass accumulation at the default 

parameter values. All simulations were performed using COBRApy (Ebrahim et al., 2013) in 

custom IPython notebooks (Pérez & Granger, 2007) with the default GLPK solver.  

 

Results and Discussion 

Cultivation and photophysiology 

To investigate the physiological changes of P. tricornutum in response to light, we cultured and 

acclimated the cells at PAR values of 60, 120, 300, and 600 µmol photons m-2 s-1, covering the 

range of sub-saturating to post-saturating illumination intensities. Cell specific growth rates in 

response to PAR, measured by optical density at 750 nm (OD750), increased from 0.05 to 0.11 h-1 
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with the maximum rate at 600 µmol photons m-2 s-1
 (Figure 2.1a). The carbon to Chla (Chla) 

ratio (C:Chla) increased continuously, doubling between 60 and 600 µmol photons m-2 s-1, 

indicating an increase in biomass resources directed to light harvesting at low PAR values 

(Supporting Information Table S1). As PAR increased there was a decrease in the light 

harvesting pigments Chla, Chlc, and fucoxanthin (Fx); however, the ratios between these 

pigments were unaffected. In contrast, the ratio of the photoprotective pigment beta-carotene and 

the NPQ-related xanthophyll (Xan) pigments diatoxanthin and diadinoxanthin to Chla increased 

with rising PAR, suggesting an increase in energy dissipation upstream of PSII at higher PAR 

values. These results (Supporting Information Table S1) are consistent with previous 

observations (Jakob et al., 2007; Nymark et al., 2009).  

The maximal potential variable Chl fluorescence (Fv/Fm) is a proxy for photosystem II 

damage (Tikkanen et al., 2014). We measured Fv/Fm with Fast Repetition Rate Fluorometry 

(FRRF) and observed no significant variation under all culture conditions, suggesting no strong 

PSII (Figure 2.1b). The Chla specific absorption coefficient and Chla specific photosynthetic 

oxygen evolution (P) vs. PAR were measured for each condition and converted to P vs. quantum 

flux (QF) (Supporting Information Figure S1a, b and Figure S2). This metric describes the actual 

rate of photon absorption by the culture, as compared to PAR which is simply the rate that 

photons are delivered.  

Photoacclimation induced changes to the chloroplast 

Photoacclimation involves major cellular composition changes that should be accounted 

for as a resource cost for metabolism. We first approximated the metabolic resource cost of 

pigments at the various PAR levels (Figure 2a). We derived an Eqn (S2) to approximate plastid 

volume, validated against z-stacked images of Chl auto-fluorescence (Figure S3 and Table S1).  
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We determined the mean volume of the plastid to be 41, 24, and 12 µm3 at 15, 150, and 600 

µmol photons m-2 s-1, respectively (Supporting Information Table S2). Similar trends were 

observed for plots of both plastid volume and Chl concentration versus PAR level (Figure 2b) as 

these two variables were positively correlated (Figure 2.2c). Using this relationship, we 

determined the plastid volume to be approximately 30, 25, 18, and 12 µm3 at PAR levels of 60, 

120, 300, and 600 µmol photons m-2 s-1, respectively. Using published values for P. tricornutum 

(Abida et al., 2015), the calculated volumes correspond to a  photosynthetic lipid content ranging 

from 4.1% of total biomass at 600 µmol photons m-2 s-1  to 9.1% of total biomass at 60 µmol 

photons m-2 s-1 (Supporting Information Table S5). These results allowed us to include 

approximations of photoacclimation induced changes into the biomass for our modeling 

simulations (see below).  

The photophysiology results demonstrate an effective photoacclimation phenotype in P. 

tricornutum over the range of PAR values investigated. Cellular pigmentation observations are 

consistent with previous investigations into the macromolecular photoacclimation strategies in 

diatoms (Jakob et al., 2007; Nymark et al., 2009). Additionally, we derived an empirical 

relationship between cellular Chla content and chloroplast volume allowing us to approximate 

the relative resource cost of photoacclimation. Overall, these results generated photophysiology 

constraints for simulating condition specific growth and extend our knowledge of the 

photoacclimation phenotype in this organism. 

Generation of the simulation framework 

To simulate the photoacclimated conditions, we first generated a framework that models 

photoautotrophic growth in light-dark cycles. Three parameters constituted the simulation 

framework. These parameters were the experimental photophysiology constraints, biomass 
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component ratios for the photoacclimated condition, and dynamic allocation of fixed carbon to 

different biomass components over the light period. This simulation framework, accounting for 

condition specific biomass composition and dynamic biomass partitioning, was validated against 

published results for P. tricornutum grown in a sinusoidal light regime (Jallet et al., 2016). 

The simulation framework was employed to model circadian growth of P. tricornutum 

under a sinusoidal light regime over a 12:12 light:dark cycle. Combining the experimental data 

with the model biomass assumptions resulted in a complete carbon balance for most of the data 

points reported by Jallet et. al. (Jallet et al., 2016) (Supporting Information Table S3). The lack 

of mass balance in the late light period may be the result of the model biomass assumptions 

underestimating the resources allocated components lacking experimental data, such as RNA. 

The simulation results accurately captured the quantitative accumulation of all major biomass 

components (Figure 2.3a-f). Simulation results for total organic carbon, total nitrogen, and 

storage compounds were consistent with experimental values (Figure 2.3a, b, c, f).  

We performed a sensitivity analysis on the biophysical constraints and biomass 

composition to understand how inaccuracies in experimental data or derived parameters affected 

the predicted growth rate. The oxygen evolution rate had the most dramatic impact on the change 

in predicted growth rate (F-score 1.0, p-value 10-99, Figure S4d). PAR and initial biomass both 

had statistically significant, albeit minor impacts on growth rate (Supporting Information Figure 

S4a, b), while the absorption coefficient had an insignificant effect on the growth rate (Figure 

S4c). Sensitivity analysis for the biomass composition indicated only two biomass components 

had a significant impact on growth rate: protein and pigment biomass (Supporting Information 

Figure S5e, f). Therefore, processes associated with photosynthesis appear to be the dominant 

predictor of growth rate. 
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The simulation framework recapitulated the biomass accumulation in the sinusoidal-light 

grown culture, giving us confidence it could be applied to simulate the photoacclimated 

conditions. However, it did not predict the cellular Chla level observed in the afternoon in these 

conditions (Figure 2.3d). Interestingly, transcript abundances associated with the Chl 

biosynthetic pathway show little change in square-wave light/dark cultures (Chauton et al., 2013; 

Smith et al., 2016). This suggests a post-transcriptionally regulated mechanism to increase 

metabolic flux towards pigment biosynthesis that is not currently captured in the model but is 

proposed in other systems (Brzezowski et al., 2015). Additionally, the experimental data 

reported by Jallet et. al. 2016 showed continued accumulation of Chla during the dark period 

despite the apparent lack of a light-independent protochlorophyllide oxidoreductase in the 

annotated genome of P. tricornutum (Hunsperger et al., 2016). This observation suggests a pool 

of protochlorophyllide is biosynthesized during the light period and converted into Chla and 

Chlc during the night period; possibly to restore pigment levels to an optimal value after dilution 

due to cell division. While the non-steady-state pooling of pigment precursors is currently not 

captured by the model, the dynamic biomass allocation framework accurately captured the 

asymmetric biomass accumulation enabling modeling of macro-scale, non-steady state 

processes.  

Simulation of P. tricornutum photoacclimated to various PAR intensities 

Flux balance analysis at the genome-scale predicts metabolic pathway usage at the whole 

organism level, but to have confidence in the reaction flux predictions, the model must first 

recapitulate the biophysical characteristics of the phenotype. With the simulation framework in 

place, we modeled photoautotrophic growth in P. tricornutum acclimated to four different light 

intensities spanning an order of magnitude.  
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We parameterized the simulation framework with the experimentally determined 

biophysical constraints (Figure S1) and condition specific biomass component ratios (Supporting 

Information Table S4) at each PAR intensity. Based on Chla content per cell and the calculated 

photosynthetic lipid content (see above), biomass allocated to photosynthetic components ranged 

from 7.9% to 17.5% of total biomass at 600 µmol photons m-2 s-1 and 60 µmol photons m-2 s-1, 

respectively (Supporting Information Table S5). Photoautotrophic growth at each 

photoacclimated irradiance across a 12-hour light period was simulated according to the 

validated framework accounting for dynamic biomass accumulation, storage compound 

accumulation, and variable resources allocated to the photosynthetic apparatus (Supporting 

Information Table S4). The model overestimated the growth rate at low PAR by 37% and 

underestimated the growth rate at high PAR by 14%, with intermediate values being accurately 

predicted (Figure 2.4a). Upon converting the values for POC, PON, and Chla from content per 

cell to total mass, comparison with the model predictions showed good agreement with Pearson's 

R2 values greater than 0.95 and p-values on the order of 10-6 or lower (Figure 2.4b, c, d).  

Overall, the model accurately captured the qualitative differences in growth rate and 

quantitative differences in biomass accumulation. Growth rate predictions for intermediate light 

levels were accurate, deviating from the experimental values by less than 10% (Figure 2.4a). 

Based on our sensitivity analysis, the deviation between predicted and measured growth rate at 

high and low light was most likely linked to the Chla concentration (Supporting Information 

Figure S5). This value parameterizes the maximum oxygen evolution, which is the dominant 

constraint on growth rate (Supporting Information Figure S4). While the experimental growth 

rate at the 600 µmol photons m-2 s-1 PAR value deviated from the predicted values, the shape of 

the growth curve was consistent (Supporting Information Figure S6). This result suggests the 
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discrepancy between modeled and in vivo growth at high light was due to underestimating the 

initial Chla value or the rate of pigment biosynthesis in the dynamic biomass framework. The 

overestimation of growth rate at 60 µmol photons m-2 s-1 resulted from inability of the model to 

capture a growth rate plateau late in the light period (Supporting Information Figure S6). This 

was most likely due to the fact that the model formulation does not account for the pigment 

packaging effect (Morel & Bricaud, 1981) decreasing the light harvesting effectiveness of newly 

synthesized pigments added to a chloroplast of fixed volume. This decrease in light harvesting 

effectiveness is in addition to culture self-shading, which is modeled in our simulations 

(Supporting Information Methods S4). The packaging effect may have been more pronounced in 

the low light acclimated cultures due to the two-fold increase in pigments compared to the high 

light samples (Supporting Information Table S5).  

Metabolic pathway usage between low and high light acclimation 

Pathway-specific metabolic usage under various photoacclimation conditions was 

explored using the validated simulation framework. To compare differential pathway usage 

independent of growth rate, the metabolic fluxes were normalized to 100 units of RUBISCO 

carboxylase flux (Figure 2.5). The model predicted extensive remodeling of metabolic coupling 

between the plastid and mitochondrion as a function of photoacclimation state (Figure 2.5).  

At the lowest light condition simulated (60 µmol photons m-2 s-1), chloroplast 

glyceraldehyde-3-phosphate (G3P) shuttled reductant and ATP to the mitochondria. After being 

oxidized by mitochondrial glycolysis, the carbon returns to the chloroplast as pyruvate (Figure 

2.5a, b). To a lesser degree, carbon skeletons and reductant from the chloroplast are also 

delivered to the mitochondrion as ornithine synthesized in the plastid and returned as glutamine 

through a previously described shunt mechanism (Levering et al., 2016) (Figure 2.5b). At the 
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lowest light condition, the mitochondrial electron transport chain (ETC) is fully utilized to 

generate ATP for growth, implying chloroplast ATP generation was insufficient at this irradiance 

(Figure 2.5b). 

Metabolic flux simulations at the highest light conditions (300 and 600 µmol photons m-2 

s-1) were similar to one another but distinct from flux predictions in low light, with an 

intermediate configuration observed at 120 µmol photons m-2 s-1 (Figure 2.5). At high light, flux 

through the metabolic network shifted to maximize excess energy consumption. Mitochondrial 

ETC was configured for energy dissipation with increased flux through AOX with no flux 

through ubiquinol-cytochrome c oxidoreductase (Complex III) or cytochrome c oxidase 

(Complex IV) (Fig 2.5c and d, Figure 2.6b). There was increased flux though the ornithine shunt 

at higher light acclimation states and the ornithine shunt was almost 100% cyclic, suggesting a 

configuration to maximize energy export out of the chloroplast (Fig 6a). Branched chain amino 

acids (BCAA) synthesis in the chloroplast and catabolism in the mitochondrion were both 

increased, delivering reductant between the organelles for processing in the mitochondrial ETC. 

Carbon skeletons from BCAA degradation were converted to pyruvate through the back half of 

the TCA cycle for transport to the chloroplast, sustaining this shuttle. Another major difference 

at high light was the increase in photorespiration, resulting in elevated flux of glycolate from the 

chloroplast to mitochondrion (Figure 2.5c and d). Glycolate is oxidized in the mitochondrion and 

metabolized to pyruvate for export to the chloroplast, with the final step catalyzed by serine 

ammonia lyase (SAL_m, Figure 2.5). Ascorbate peroxidase metabolizes peroxides produced 

during glycolate oxidation. More photorespiration at high light is accompanied by reduced flux 

of G3P from the chloroplast and reduced flux through the mitochondrial glycolysis pathway. At 

the highest acclimated PAR value, mitochondrial alternative electron flows accounted for 40% of 
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the photosynthetically derived electrons that enter the broader metabolic network (PSI flux 

minus cyclic electron flow, Fig 2.6b). At all PAR levels, inter-compartment transport of the 

amino acids alanine and aspartate balanced carbon and nitrogen requirements (Figure 2.6a). 

Metabolic flux simulations indicate that glycolate is processed via the mitochondrial 

glycolate oxidase (GOX_m). While in plants glycolate oxidation occurs in the peroxisome 

(Bauwe et al., 2012), there is recent evidence the mitochondrial GOX participates in the 

photorespiratory cycle in P. tricornutum despite the presence of an annotated peroxisomal 

glycolate oxidase (GOX_x) (Schmitz et al., 2017). Transcript level expression of both GOX 

enzymes in P. tricornutum using published data (Smith et al., 2016) provided further evidence 

for the mitochondrial localized pathway being dominant. Not only was the transcript abundance 

of GOX_m more than 40 times higher than GOX_x on average, but GOX_m was also co-

expressed with other known key photorespiration genes including glycine decarboxylase (GCS) 

and phosphoglycolate phosphatase (PGLYCP) (Figure 2.7, Supporting Information Figure S7). 

Taken together, the flux predictions are consistent with biochemical evidence (Schmitz et al., 

2017), gene expression studies in P. tricornutum (Smith et al., 2016) and studies in the diatom T. 

pseudonana (Davis et al., 2017). 

In our simulations, serine-ammonia lyase (SAL) closes the photorespiration loop to return 

carbon skeletons to the chloroplast as pyruvate. This is different from plants where carbon 

skeletons are returned as 3-phosphoglycerate (3PG). In addition to the plant pathway, 

cyanobacteria can completely decarboxylate glyoxylate to CO2 through an oxalate intermediate 

and can bypass the plant pathway via a glycerate pathway (Eisenhut et al., 2008). The annotated 

genome of P. tricornutum lacks all these pathways except a truncated version of the plant-like 

pathway. Recently, an investigation into photorespiration in T. pseudonana found evidence for 
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the full plant-like pathway that converts mitochondrial serine to chloroplastic 2-

phosphoglycerate (2PG) (Davis et al., 2017). While homologs for the enzymes in this pathway 

exist in P. tricornutum, they are poorly characterized and mitochondrial targeted. Even with this 

pathway added to the model, SAL mediated pyruvate recycling is predicted. While energetically 

similar to 3PG and 2PG, pyruvate is a more versatile metabolite in P. tricornutum lying at the 

intersection of mitochondrial anaplerotic reactions, carbon and amino acid metabolism. 

Additionally, unlike 2PG or 3PG, pyruvate can be integrated with chloroplast metabolic 

pathways independent of the Calvin-Benson-Bassham cycle. This result opens a new hypothesis 

for exploring alternate photorespiratory pathways in diatoms. 

Our modeling framework enabled us to characterize the inter-compartment reductant 

shuttles in P. tricornutum. Model simulations, constrained with photophysiology data, detailed a 

diverse series of strategies that balance optimal energy use while avoiding photo-oxidative 

damage. Our results indicate there are two dominant factors driving pathway selection: energy 

relocation “capacity” (electrons transported per molecule) and oxygen consumption. The 

canonical pathways of mitochondrial carbon metabolism, ornithine-glutamine shunt, 

photorespiration, and BCAA degradation have defined energy yields based on reaction 

stoichiometry (Supporting Information Figure S8). We combined these energy yields with the 

actual metabolic flux predictions at the four experimental PAR values to determine the carbon 

resources dedicated to (Figure 2.6a) and the fraction of linear electron flow that is transferred by 

(Figure 2.6b) these intracellular reductant shuttles. This representation allowed comparisons of 

the actual energy relocation capacity predicted by the genome-scale model. 

Catabolism of Calvin-Benson cycle outputs by the mitochondrial glycolytic pathway and 

TCA cycle has high energy dissipation capacity (approximately 4.0 e- per molecule, Figure 2.6) 
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but no capacity to consume oxygen outside of the mitochondrial ETC. The ornithine-

glutamine/glutamate shunt is a highly flexible metabolic pathway delivering carbon skeletons, 

reductant, and nitrogen to the mitochondria. In our simulations, energy relocation capacity was 

dynamic, spanning from 1.3 to 3.7 e- per molecule (Figure 2.6). When operating as a closed 

cycle, this pathway accrues zero mass loss (Supporting Information Figure S8). Photorespiration 

has an energy relocation capacity of 1 e- per molecule and the pathway consumes oxygen at both 

the RubisCO oxygenase reaction and the GOX reaction. Our simulations predict photorespiration 

consumes approximately the same amount of oxygen as AOX at high light levels. Recent in vitro 

characterization of the P. tricornutum mitochondrial GOX revealed it can use multiple electron 

acceptors besides O2 (Schmitz et al., 2017). When we added this capability to the model, the 

majority of the flux still utilized O2 (data not shown). However, at high light the model suggested 

a cycle interconverting glycolate and glyoxylate, providing an effective photoprotective 

mechanism by consuming NADH and O2 in the process.  

BCAA synthesis and catabolism has the highest energy relocation capacity of all the 

predicted pathways; approximately 9.3 e- per molecule if oxidized to pyruvate (Figure 2.6). 

There is evidence BCAA metabolism may not only serve as photoprotection but as energy 

storage. Transcript level expression of BCAA catabolic enzymes in P. tricornutum where shown 

to be upregulated in the dark period (Smith et al., 2016) and when adjusting to nutrient 

deprivation (Ge et al., 2014). Dark period metabolic activity in P. tricornutum appeared to 

exceed the energy provided by intracellular sugar and lipid stores (Jallet et al., 2016); temporal 

segregation of BCAA synthesis and catabolism between the day and night could explain this 

discrepancy. The high energy capacity of BCAA molecules make them ideal energy storage 

compounds. Additionally, temporal segregation of synthesis and catabolism would allow excess 
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reductant to perform metabolic work as opposed to simply vented through inter-compartment 

reductant shuttles. Time-course metabolomics coupled with genome-scale modeling could test 

this hypothesis.  

There is uncertainty in how BCAA catabolism interfaces with mitochondrial carbon 

metabolism (Pan et al., 2017). Our GEM includes the proposed missing enzyme, methylmalonyl-

CoA epimerase, albeit with a low confidence annotation (Phatr3_J46728). Still, Phatr3_J46728 

showed a similar gene expression profile with the upstream enzyme, propionyl-CoA 

carboxylase, and the downstream enzyme, methylmalonyl-CoA mutase (Supporting Information 

Figure S9). Thus, we did not alter the pathway represented in the model.  

Overall, the simulation results suggest a flexible metabolic network that tunes inter-

compartment metabolism, optimizing energy transport between the organelles to facilitate 

consumption of excess energy, avoiding photo-oxidative damage. The model simulations did not 

include any constraints on the intracellular reaction fluxes, including transport reactions. Thus, 

the relative flux through the inter-compartment reductant shuttles could be regulated in vivo by 

enzyme capacity which is not currently included in the model. Pools of reduced metabolites and 

futile metabolic cycles may also serve as energy dissipating mechanisms. Quantifying metabolite 

pools and additional nutrient uptake rates can result in additional constraints that would increase 

the accuracy of the flux predictions (Bordbar et al., 2017). Additional assumptions include the 

quantity of absorbed photons lost upstream of PSII. We assumed up to 20% of absorbed photons 

could be lost due to NPQ, in line with observations in previous studies (Jakob et al., 2007). 

When we increased this value to 40%, similar inter-compartment reductant shuttles were 

predicted but at higher PAR values (e.g., photorespiration wasn't observed until 300 µmol 

photons m-2 s-1, data not shown). The model also allowed complete recapture of CO2 generated 
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in the mitochondria. While this efficiency is most likely not biologically realistic, when we 

applied an extreme penalty of 95% mitochondrial CO2 loss to the simulations, the same 

metabolic pathways were predicted, albeit with altered absolute flux values (data not shown). 

Thus, while the magnitude of flux through the predicted pathways is uncertain, the relative usage 

is robust despite modeling assumptions. 

Conclusion 

In this investigation, we generated a framework for incorporating photophysiology 

constraints with dynamic changes to cellular composition to explore photoacclimation in a model 

marine diatom. Incorporation of photophysiology constraints into our simulations resulted in 

accurate predictions of photoautotrophic growth, indicating these are the governing constraints 

on phototrophic metabolism. Our implementation of biomass composition dynamics, similar to a 

recent study in C. vulgaris (Zuñiga et al., 2017), characterized non-steady state growth over a 

circadian cycle. Data-dependent relaxation of the steady-state assumption is an important 

extension of constraint-based modeling and brings into scope a wide variety of phenotypes of 

interest to the phototrophic community.  

Our simulation results identified the dominant inter-compartment reductant shuttles used 

by P. tricornutum to relocate and consume excess light energy and support the hypothesis that 

photorespiration is an active photoprotection strategy in diatoms. The hypothesized inter-

compartment reductant shuttles highlight how species specific metabolic innovations enable 

increased fitness to environmental factors. These inter-compartment reductant shuttles also may 

serve as novel templates for engineering strategies searching to increase the production of 

bioproducts from algae such as diatoms. The dramatic reorganization of cellular metabolism as a 
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function of the light environment suggested by our simulations has implications in the design of 

metabolic engineering strategies to include heterologous pathway selection and bioprocess 

conditions. Our results highlight the value of systems-level analysis and present new directions 

for exploring diatom physiology.  
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Figure 2.1. Photoacclimation increases growth rate without inducing photoinhibition. (a) 
Growth rate for P. tricornutum acclimated to different light intensities Error bars are the 
standard deviation of at least two biological replicates. (b) Carbon to chlorophyll a and 
variable fluorescence to maximal fluorescence ratios for P. tricornutum acclimated to different 
light intensities. Error bars are the standard deviation of two technical replicates.    
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Figure 2.2. Chloroplast volume as a function of acclimated irradiance. (a) Confocal 
microscopy images of representative P. tricornutum cells acclimated to 15, 150 and 600 µmol 
photons m-2 s-1 of PAR. Chlorophyll autofluorescence is indicated in red. The scale bar in white 
is 5 µm. (b) Comparison of chloroplast volume as a function of photoacclimated PAR and 
chlorophyll a concentration as a function of photoacclimated PAR. Error bars are the standard 
deviation of at least 5 individual cell measurements. (c) Correlation between calculated 
chloroplast volume and experimental chlorophyll a concentration from a single biological 
replicate.  
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Figure 2.3. Model simulations versus experimental values for P. tricornutum cultured under 
a diurnal sinusoidal light regime. (a) Total carbon content in the culture biomass. (b) Total 
nitrogen content in the culture biomass. (c) Total carbohydrate content in the culture biomass 
including structural and storage carbohydrates. (d) Total chlorophyll a content in the culture 
biomass. (e) Total protein content in the culture biomass. (f) Total triacylglycerol (TAG) content 
in the culture biomass. Light and dark periods are indicated above the plot. Error bars on the 
experimental values are the standard deviations reported with the published data (Jallet et al., 
2016). 
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Figure 2.4. Model simulations versus experimental values for P. tricornutum cultured under 
various photoacclimated PAR levels. (a) Growth rate comparison between measured and 
simulated values. Error bars are the standard deviation of at least two biological replicates. (b) 
Biomass carbon content comparison between measured and simulated values. Error bars are the 
combined standard deviations of two technical replicates and cell count measurements. (c) 
Biomass nitrogen content comparison between measured and simulated values. Error bars are the 
combined standard deviations of two technical replicates and cell count measurements. (d) 
Chlorophyll a content comparison between measured and simulated values. Error bars represent 
the standard deviation of cell count measurements. Photoacclimated PAR values are indicated by 
color.  
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 Figure 2.5. Metabolic reconfiguration to photoacclimated PAR values. (a) Overview of 
metabolic coupling between the mitochondria and chloroplast in P. tricornutum. Dashed lines 
between the compartments indicate transport of metabolites. The dotted line represents a 
disputed metabolic pathway (see main text).  (b-d) Predicted metabolic pathway usage and 
reaction flux for cultures acclimated to various PAR levels. Line thickness corresponds to 
metabolic reaction flux normalized to 100 units of RUBISCO carboxylase flux. Color indicates 
the PAR value according to the figure legend. Abbreviations: 2Pglycolate, 2-phosophoglycolate; 
3PG, 3-phosphoglycerate; α-KG, alpha-ketoglutarate; ALA, alanine; BCAA, branched chain 
amino acid; CBB, Calvin-Bensen-Bassham; Cyto, cytochrome; ETC, electron transport chain; 
G3P, glyceraldehyde-3-phosphate; GSH, glutathione (oxidized); GSSG, glutathione (reduced); 
Ox, oxidation; Q9, Ubiquinone; PYR, pyruvate; R15BP, ribulose-1,5-bisphosphate; Red, 
reduction; TCA, tricarboxylic acid. Reaction abbreviations are in BiGG format (bigg.ucsd.edu) 
and correspond to the abbreviations used in the model (Supplementary Dataset). A more 
complete metabolic map and flux data for all model reactions can be found in the Supplemental 
Datasets. 
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Figure 2.6. Alternate electron flows in P. tricornutum as a function of photoacclimated PAR 
values. (a) Carbon cycling between the chloroplast and mitochondria. Metabolites shuttled to the 
mitochondria are indicated in the left shaded region. Carbon recycling metabolites returned the 
chloroplast are indicated in the right shaded region. Units are given in moles carbon per 100 
moles CO2 fixed by RUBISCO. Photoacclimated PAR values (µmol photons m-2 s-1) are 
indicated by bar color. (b) Mitochondrial consumption of photosynthetically generated electrons. 
Metabolites that reduce mitochondrial electron carriers are indicated on the left side of the 
vertical axis. Reactions that consume mitochondrial reductant are indicated on the right. Values 
are given in percent linear electron flow through photosystem I. PAR values (µmol photons m-2 
s-1) are indicated by the shaded regions. Abbreviations: AOX, alternative oxidase; BCAA, 
branched-chain amino acid; CYOO, cytochrome c oxidase (Complex IV); G3P, glyceraldehyde-
3-phosphate; GSSG, glutathione reduction; Orn, ornithine; PR, photorespiration; Pyr, pyruvate; 
TCA, tricarboxylic acid cycle. Amino acids are shown using their three-letter code. 
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Figure 2.7. Mitochondrial glycolate oxidase participates in photorespiration. Model 
predicted photorespiration metabolite flux between the chloroplast and mitochondria in P. 
tricornutum, and the correlated gene expression levels (RPKM) during a diel cycle (Smith et al., 
2016). Error bars represent the standard deviation of at least three biological replicates as 
reported in Smith et al., 2016. Reaction and metabolite abbreviations are in BiGG format 
(bigg.ucsd.edu) and correspond to the abbreviations used in the model (Supplementary Dataset). 
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Chapter 3 

Simultaneous quantum yield measurements of carbon uptake and oxygen evolution in 

microalgal cultures 

Abstract 

The photosynthetic quantum yield (Φ), defined as carbon fixed or oxygen evolved per 

unit of light absorbed, is a fundamental but rarely determined biophysical parameter.  A method 

to estimate Φ for both carbon uptake and oxygen evolution simultaneously can provide important 

insights into energy and mass fluxes. Here we present details for a novel system that allows 

quantification of carbon fluxes using pH oscillation (pHOS) and simultaneous oxygen fluxes by 

integration with a membrane inlet mass spectrometer (MIMS). The pHOS system was validated 

using Phaeodactylum tricornutum (CCMP 2561) cultured with continuous illumination of 110 

µmole quanta m-2 s-1 at 25°C. Furthermore, simultaneous measurements of carbon and oxygen 

flux using the pHOS-MIMS and photon flux based on spectral absorption were carried out to 

explore the kinetics of Φ in P. tricornutum during its acclimation from low to high light (110 to 

750 µmole quanta m-2 s-1). Comparing results at 0 and 24 hours, we observed strong decreases in 

cellular chlorophyll a (Chla, 0.58 to 0.21 pg cell-1), Fv/Fm (0.71 to 0.59) and maximum ΦCO2 

(0.019 to 0.004) and ΦO2 (0.028 to 0.007), confirming the transition toward high light 

acclimation. The Φ time-series indicated a non-synchronized acclimation response between 

carbon uptake and oxygen evolution, which has been previously inferred based on transcriptomic 

changes for a similar experimental design without physiological data. The integrated pHOS-

MIMS system can provide simultaneous carbon and oxygen measurements accurately, and at the 

time-resolution required to resolve high-resolution carbon and oxygen physiological dynamics.  
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Introduction 

Microalgae are capable of acclimating to dynamic light environments by reducing or 

increasing light harvesting capacity depending on light intensity, and implementing various 

strategies for stress mitigation when absorption of light exceeds photosynthetic carbon fixation 

capacity (Imramovsky et al., 2011). As a result, short-term photosynthesis vs. irradiance (P vs. 

E) responses are highly variable for different acclimation light conditions (MacIntyre et al., 

2002). Several acclimation mechanisms at different levels of photosynthesis are involved in the 

physiological response when environmental conditions are shifted, especially when the cells are 

exposed to super-saturating light as well as nutrient and temperature stresses (Sosik & Mitchell, 

1991, 1994; Moisan & Mitchell, 1999; Niyogi, 1999; Ritz & Thomas, 2000).  

The quantum yield of photosynthesis (Φ), defined here as moles of inorganic carbon 

fixed or oxygen evolved per mole of photons absorbed, is an important physiological parameter 

that represents the photochemical efficiency of light utilization.  In this study, the measured 

inorganic carbon uptake and oxygen evolution are the net budget of gas exchange between the 

cells and their surrounding environment considering both photosynthesis and respiration.  In 

general it is impossible to directly measure Φ, therefore variable chlorophyll fluorescence photon 

flux relative to the maximum yield under actinic light ( ) has been accepted as a good 

estimation of Φ, since a linear relation was discovered between them (Genty et al., 1989).  Note 

that the symbol Φ refers to the mass of carbon or oxygen per unit of absorbed photons whereas φ 

is a relative fluorescence flux.  The term is mathematically equivalent to the product of 

photochemical fluorescence quenching and the efficiency of excitation capture by open PS II 

reaction centers (Fv/Fm).  Both  and Fv/Fm are widely used in photosynthetic physiology 

ΔφF /φFm

ΔφF /φFm

ΔφF /φFm
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research because fluorescence measurements are easy, fast, and non-destructive.  However, 

different protocols may give different values of or Fv/Fm for the exact same culture 

(Kromkamp & Forster, 2003; Röttgers, 2007), thus this useful tool is not a reliable quantitative 

method for estimating the actual mass fluxes relative to quanta absorbed.  Since microalgae in 

culture or in the natural environment may experience a wide range of light intensities over short 

time-periods due to mixing, a mass flux based approach is necessary to explore the dynamics of 

Φ in relation to light. For example, Broddrick et al. (Broddrick et al., 2016) used oxygen flux as 

a constraint in a cyanobacterium genome scale model (GEM) to simulate the whole cell 

metabolic flux, which enabled the discovery of unique light-driven cellular mechanisms. While 

oxygen evolution was directly measured in that study, carbon uptake was estimated simply in 

direct stoichiometric proportion to the oxygen evolution due to the lack of proper tools for 

simultaneous measurement.  Therefore, any deviations in the ratio of oxygen evolution and 

carbon uptake would not have been resolved by the metabolic model.    

Despite the well-recognized need for simultaneous and quantitative estimates of carbon 

and oxygen fluxes to develop a deeper understanding of energy and mass flux in both 

photosynthesis and respiration, previous studies have not yet established robust methodologies 

that are capable of generating fast, quantitative and high precision results for both carbon and 

oxygen (Corcoran & Van Voorhies, 2012; Oakley et al., 2012) (details discussed in Text S1). 

Here we describe a novel integrated hardware and software system to monitor carbon and 

oxygen dynamics at short time scales (minutes) using pH oscillation (pHOS) that is validated 

relative to an independent estimate of carbon growth of a well-studied marine diatom 

Phaeodactylum tricornutum (P. tricornutum)  (Allen et al., 2008). The pHOS system was 

integrated to a membrane inlet mass spectrometer (MIMS) and we used the integrated pHOS-

ΔφF /φFm
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MIMS system for a 24 hour acclimation study in which the cultivation light was shifted from 

sub-saturating to super-saturating at time 0 to resolve the kinetics of Φ for both carbon and 

oxygen during the acclimation. The results were interpreted in the context of a similar study 

using the same organism that reported the changes in gene expression over 24 hours determined 

by transcriptomic analysis (Nymark et al., 2009).  

Principles of DIC measurement dynamics using pHOS 

The dissolved inorganic carbon (DIC) pool in an aqueous medium includes three carbon 

species (CO2, HCO3
- and CO3

2-) whose relative concentrations change significantly between pH 

6-10. For a closed microalgal culture system, changes in DIC reflect the dynamics of carbon 

transport into and out of the algal cells. Early work by Allen and Spence(ALLEN & SPENCE, 

1981) measured carbon uptake by submerging freshwater plants and microalgae into NaHCO3 

solutions and tracking the pH change over time. Their study was the first to demonstrate the 

feasibility of using “pH drift” caused by changes in carbonate chemistry as a method for 

photosynthetic carbon uptake measurement in aqueous media. During photosynthesis, algal cells 

uptake DIC from the aqueous medium via passive diffusion of CO2 and active transport of 

HCO3
-.  CO2 is then fixed into organic molecules via the Calvin-Benson cycle. The assimilation 

of CO2 (Equation 1), and subsequent formation of OH- ions from carbonate system re-

equilibration (Equation 2), together result in a net pH increase in the medium. 

      Equation 1

     Equation 2 

CO2 +H2O→Organic carbon+O2

CO3
2− +H + →HCO3

− →CO2 +OH
−
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However, the change in pH does not track the DIC concentration in a simple linear relationship. 

To estimate carbon uptake, Allen and Spence (ALLEN & SPENCE, 1981) assumed the total 

alkalinity (AT) to be a constant value, and calculated DIC using Equation 3: 

      Equation 3 

Where α1 and α2 are the ionization fractions of HCO3
- and CO3

2- in fresh water medium, 

respectively.  

Carbonate chemistry in seawater-based culture media is far more complex than the fresh 

water based system that Allen and Spence (ALLEN & SPENCE, 1981) worked with, due to 

higher salinity and more complex ion compositions. Relatively recent advances in understanding 

the complex carbonate chemistry in seawater (Wolf-Gladrow et al., 2007), combined with 

advances in pH sensors and electronic circuits, have made possible the application of a “pH 

drift” system for microalgae in sea water media. After reviewing prior experimental assumptions 

and conditions, we modified the original “pH drift” concept to a pH oscillation method, adding 

the following improvements over those employed by Allen and Spence (ALLEN & SPENCE, 

1981):   

(1) We shortened the measurement time from a few hours to 30 minutes to strengthen the 

assumption of a constant AT, given that algal cell growth within the time scale of hours can 

change AT, especially for high cell density lab cultures (Brewer & Goldman, 1976; Hernández-

Ayon et al., 2007);  

(2) Using a high sensitivity pH apparatus and oscillating light/dark periods of relatively short 

duration (2 min), we were able to control the pH using the oscillation method over a very small 

DIC = AT −[OH
− ]+[H + ]

α1 + 2α2
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range (usually less than 0.1 pH units), thus avoiding significant changes in media carbonate 

chemistry that affects the DIC uptake kinetics; and 

(3) For measurements in the pHOS-MIMS system we gently centrifuged the cells into a pellet, 

and re-suspended them in the fresh culture media for which careful calibrations had been carried 

out in order to minimize changes in chemistry that might affect the cell physiology and for 

precise understanding of the carbonate chemistry and alkalinity.  

An example of pH oscillation during a series of measurements over a 30 minute period 

(1800 s) is demonstrated in supporting information Figure S1. The calculations for carbon 

speciation were based on the following equations from Dickson et al. (Corps, 2011): 

 

      Equation 4 

       
Equation 5 

       
Equation 6 

        
Equation 7 

Where Ac is the carbonate alkalinity, and K1 and K2 are the dissociation constants of HCO3
- and 

CO3
2- in aquatic solutions as functions of salinity and temperature, respectively (details in Text 

S2). Ac is related to AT and varies as a function of pH.  

DIC = [HCO3
− ]+[CO3

2− ]+[CO2 ]

[CO2 ]=
AC[H

+ ]2

K1([H
+ ]+ 2K2 )

[HCO3
− ]= AC[H

+ ]
[H + ]+ 2K2

[CO3
2− ]= ACK2

[H + ]+ 2K2
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Materials and methods 

Cell cultivation and sampling 

For testing the performance of the pHOS system, the marine diatom P. tricornutum 

CCMP 2651 was cultured at 25°C with Artificial Sea Water medium (ASW; 

http://www3.botany.ubc.ca/cccm/NEPCC/esaw.html), under continuous white LED light (24h 

day-1) at an intensity of 110 ± 10 µmole quanta m-2 s-1. The cells were collected during 

exponential growth phase, then washed and re-suspended in fresh ASW medium to make up a 

series of differing cell concentration solutions. From the same culture we also determined the 

growth rate, particulate organic carbon and Chla and determined the rate of Chla specific carbon 

growth for a 5 hour period for 6 separate culture. OD750 was measured each hour during this to 

determine the growth rate. This data provided conversion coefficients for POC (175 ± 21 µg 

OD750
-1 cm-1), and Chla (8.31 ± 0.73 µg OD750

-1 cm-1), which were used in Equation 9 as part of 

the validation of the pHOS estimates for carbon fixation. For the low-to-highlight acclimation 

experiment, the cells were cultured at continuous 110 µmole quanta m-2 s-1
 LED light for more 

than 6 division cycles (~3 days) then shifted to 750 µmole quanta m-2 s-1
 LED light for 24 hours. 

During the high light exposure samples were taken at time 0, 1, 3, 6, 12 and 24 hours for 

simultaneous carbon uptake and oxygen evolution measurement with the pHOS-MIMS system, 

and spectral absorption. 

P vs. E  

Samples re-suspended in ASW medium with known alkalinity were inoculated into the 

glass cell of an ALGITM with the integrated pH oscillation (pHOS) and membrane inlet mass-

spectrometer (MIMS) system for simultaneous pH and dissolved oxygen and argon 



	
84 

measurements. The mixing, light and temperature control for the measurement was achieved by 

the ALGITM that has been validated previously (Meuser et al., 2011; Noone et al., 2017). During 

measurement, samples were treated with alternative dark/light periods with 2 min interval and at 

increasing light intensity steps of 0, 20, 50, 200, 500, 1000, and 2000 µmole quanta m-2 s-1. 

Measurement of pH and O2 and Ar were recorded at 1 Hz during the dark/light periods for 

computing DIC and O2 concentrations and subsequently the rate of changes. Rates of both 

parameters measured during the first dark period (light intensity = 0 µmole m-2 s-1) and the 

following light periods were used to create the P vs. E curves.  For the curve fitting we offset the 

respiration rate to force the data to start at 0 so we could use the Platt et al. (Platt et al., 1980) 

function that cannot use negative values.  Then the fitted result was subtracted by the offset 

respiration value, following Richardson et al. (Richardson et al., 1983b). 

Chlorophyll a-specific absorption coefficient 

In vivo whole cell absorption was determined at 1 nm intervals using a dual beam 

spectrophotometer (Cary 100) equipped with a 30 cm Lab Sphere integrating sphere (Moisan & 

Mitchell, 1999). The chlorophyll a-specific absorption coefficient a*
ph (λ) was estimated using 

Equation 8.  

        Equation 8 

Chlorophyll a concentration was measured with a calibrated Turner 10-AU fluorometer at default 

configuration, after all pigments were extracted in 90% acetone. 

Quantum yield (Φ) calculation 

aph
* (λ) =

aph (λ)
[Chl a]
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Φ was calculated for both carbon uptake and oxygen evolution using the definition of net 

growth, modified from Sosik and Mitchell (Sosik & Mitchell, 1991) (Equation 9). The integrated 

product of a*
ph (λ) and spectral irradiance E0 (λ) is generally regarded as the total amount of 

photon flux being absorbed by pigments.  

       
Equation 9 

Particulate carbon and nitrogen (POC/PON) 

For POC and PON estimates, a 10 ml sample was filtered onto a 0.2 µm Nuclepore 

polycarbonate filter under vacuum pressure < 5 PSI, and the concentrated biomass was then 

washed into a 25 ml acid-washed TOC glass vials with 20 ml DI water. A blank was determined 

by filtering an equal volume of DI water and treating the sample the same. The suspended 

samples and blanks were then analyzed with a Shimadzu TOC-L Analyzer using the total carbon 

and nitrogen (TC/TN) protocol and the POC and PON determined after subtracting the value for 

the blank.  

pHOS System 

pH measurement was achieved using a Cole-Parmer glass liquid-filled pH electrode with 

internal reference (EW-05991-61). An electrode amplifier (Vernier model EA-BTA) was 

connected in-line to amplify the signal at 2.2V V-1 ratio within an input range of -450 to 

+1100mV (DC), with +1200mV DC offset on the output. The analog voltage signal was 

converted to a digital output using a 16 bit, analog-to-digital converter (ADC; ADA Fruit model 

ADA-1115), which in-turn, was connected to an Arduino UNO board via an integrated I2C 

φ =
P

aph
* (λ)E0 (λ)dλ400nm

700nm
∫
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circuit bus (Figure 3.1). The 16bit ADC has logic detection between 2.0-5.5 V (DC) and enables 

0.1875mV/bit resolution at a default of “two-thirds” gain setting, allowing the system to measure 

pH changes of ±0.0015 pH unit resolution. A modified Arduino IO library (MathWorks, MA, 

USA) was uploaded to the Arduino controller to allow interactive communication between the 

Arduino circuit board and MATLAB based GUI application programmed on a laptop computer 

via a USB cable. In addition the Arduino UNO board has a 1 Amp 12V (DC) regulated power 

supply that was used to apply an extremely stable 5V signal as a reference for the pH voltage. 

All electronic parts, except for the pH electrode, were enclosed in a stainless steel box to provide 

electro-magnetic shielding.  

pHOS-MIMS integration 

For simultaneous pH oscillation and oxygen production and consumption estimates, the 

pHOS system was integrated with a custom-assembled Membrane Inlet Mass-Spectrometry 

(MIMS). For interfacing, we used an ALGITM instrument for light and temperature control. The 

ALGITM reactor vessel is approximately 1 cm interior diameter and has three ports for normal 

operations, two on the sides for dual Clark-type electrodes and a port on the top for filling / 

removing the experimental sample. We modified our unit to include a pH electrode inserted into 

custom fabricated 3-D printed Plexiglas adapter that also served as the seal for the top standard 

taper opening. We also fabricated a custom probe to interface between one of the side ports of 

the sample cell and the vacuum space of the MIMS spectrometer. The proximal end of the 

MIMS probe head was covered with a 100-µm thick polydimethylsiloxane (PDMS) membrane 

sealed onto the head with a neoprene O-ring, which also served to seal the port. The port on the 

opposite side of the MIMS port was sealed by a rod with an O-ring but no probe (Figure 3.2). 

The MIMS allowed us to simultaneously measure O2 and Argon in the media solution. The inert 
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gas Argon was used as a reference to adjust the oxygen signal that is very sensitive to small, high 

frequency fluctuations in the vacuum pressure of the mass spectrometer. We chose not to use the 

standard Clark-type electrode provided by the manufacturer for the ALGITM because 

precipitation onto the electrode could interfere with the pH measurements and the MIMS 

provided very sensitive, accurate and stable oxygen estimates with no interference to the pH 

electrode. Arduino driver and the computer programs for pHOS are available at 

https://github.com/ndu-UCSD/pHOS 

pH electrode calibration 

To ensure reliable pH measurements, the pH electrode’s response voltage for different 

pH standards was tested against predicted Nernst equation values (Table S1; Supporting 

information Text S3). After the electrode response testing, a voltage to pH response was 

calibrated immediately preceding each pH measurement. The calibration procedure consists of 

two steps: first, a 3-point standard pH calibration with standard laboratory pH buffers, and 

second, conversion of each pH measurement from the National Bureau of Standards (NBS) scale 

to the Total scale based on a single measurement in Tris-ASW. The second step was necessary 

because of the liquid junction potential (LJP), which causes the measured [H+] to deviate from its 

true value due to changes in ionic strength and H+ activity, as the probe is moved from buffer 

solution to the ASW medium. The deviation of pH results from changes in E0 in the Nernst 

equation (Dickson, 1984). Considering that the chemical composition of the ASW medium is 

similar to the Tris-buffered synthetic seawater we used (Dickson lab, SIO), we assumed equal E0 

between these two media. The Total scale pH (pHT) can then be calculated from measured pH 

(pHm) using Equation 10.  
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      Equation 10 

Based on the definition of pHT described in Dickson (Dickson, 1984), we assigned pHT to be the 

“true” pH that reflected the [H+] contributed in a carbon speciation calculation, with an offset 

determined from the measured Tris buffer pH (pHm-Tris), and a calculated Tris buffer pH (pHcal-

Tris). The pH of the Tris-buffered synthetic seawater was calculated following DelValls & 

Dickson (DelValls & Dickson, 1998) as a function of salinity (S) and temperature (T) in Kelvin 

units, using Equation 11. 

  Equation 11 

Alkalinity measurements and calibration 

 The total alkalinity (AT) in ASW medium is due to a variety of different chemical 

components but dominated by carbonate, phosphate and borate species. We followed the 

definition of AT in Dickson et al. (Wolf-Gladrow et al., 2007) and simplified the equations to 

represent only the relevant components in ASW medium (Equation 12).  

 Equation 12 

Additionally, removal of CO2 from the ASW medium can cause changes in chemical 

concentrations within the medium, however, AT remains constant regardless of the CO2 budget, 

as a result of mass and charge balance within the system (Wolf-Gladrow et al., 2007). The 

measured [H+] in Total scale includes both free hydrogen ion [H+]f and [HSO4
-] (DelValls & 

Dickson, 1998). Following the definition of carbonate alkalinity Ac in Equation 13 (Corps, 

pHT = pHm − (pHm−Tris − pHcal−Tris )

pHTris  = (11911.08 - 18.2499S - 0.039336S2)/T 
+(- 366.27059 + 0.53993607S + 0.00016329S2) 
+ (64.52243 - 0.084041S)ln(T) - 0.11149858T   

AT = [HCO3
− ]+ 2[CO3

2− ]+[B(OH )4
− ]+[HPO4

2− ]+ 2[PO4
3− ]+[OH − ]

−[H3PO4 ]−[H
+ ] f −[HSO4

− ]
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2011), we calculated the instantaneous Ac using Equation 14 by combining Equation 12 and 

Equation 13:  

       Equation 13

 Equation 14 

AT was measured using the Gran titration method (Dyrssen, 1965), with HCl standardized 

against reference seawater of known AT (Dickson Lab, SIO). Alkalinity measurements were 

conducted before and after the measurement for verifying the assumption of constant AT (Table 

3.1). Other alkalinity contributors were calculated using knowledge of the pH and the total molar 

concentrations of the elements (Wolf-Gladrow et al., 2007). Based on titration results during 

methods development, we determined that biological activities for boron and phosphorus species 

would have no significant effects on their respective concentrations during the 30-minute 

measurements. Therefore the total concentration for each of these two species was considered to 

be constant in the alkalinity calculations. 

Detection limit 

Algal cell densities used in laboratory cultures are very high relative to natural aquatic 

systems. These high cell densities can result in significant light attenuation during the 

measurements, affecting photosynthesis-irradiance responses. In order to determine the 

sensitivity of our carbon uptake measurements to Chla concentration and light intensity, we 

tested 5 different Chla concentrations at 7 different light intensities (Figure S2).  A  

AC = [HCO3
− ]+ 2[CO3

2− ]

AC = AT −[B(OH )4
− ]−[HPO4

2− ]− 2[PO4
3− ]+[H3PO4 ]−[OH

− ]+[H + ]
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t-score was calculated for each Chla concentration, and the corresponding critical value (CV) 

from the standard t-table suggests that a t-score value less than 1.943 corresponded to a Chla 

concentration that is sufficient to provide statistically significant results (Figure 3.3). 

The Chla specific oxygen evolution and carbon uptake vs. irradiance responses suggest 

that the minimal Chla concentration should be greater than 1.5 µg ml-1 for this method to be 

effective (Figure 3.3). To account for possible errors in light intensity in the measurement vessel, 

we measured light attenuation for these samples at the center of the ALGITM sample cuvette 

using a Li-Cor 250A photosynthetically active radiation (PAR) meter equipped with a WALZ 4π 

sensor. We then fit the light attenuation (Eattenuation) as a function of OD750 (Figure 3.4; Equation 

15): 

        Equation 15 

Where a and b are arbitrary coefficients of the power function for attenuation in the cuvette 

scaled by a simple observation of OD750. Using a least squares fit we calculated values of a = 

9.12 and b = 5.61 with r2 = 0.9839. For physiological measurements we limited light attenuation 

to no more than 10% of the total PAR measured so that it would have minimal impact on the 

results. This maximum allowed attenuation of PAR of 10% corresponded to OD750 = 0.35 cm-1. 

While an OD750 of 0.35 cm-1 would attenuate > 10% of PAR in a simple collimated 1 cm path, 

the ALGITM vessel illumination had a complex optical geometry with several reflective surfaces 

(the sample vessel and the water jacket) such that reflected light re-entered the sample. We 

carried out a careful empirical calibration using the PAR meter inside the sample space 

measuring different positions and for different cell densities of P. tricornutum to derive 

Eattenuation = −e
aOD750−b
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coefficients in Equation 17 and to define the upper limit of OD750 to ensure minimal PAR 

attenuation. 

Oxygen response calibration 

The response to changes in oxygen concentration was calibrated by establishing 

saturation and zero oxygen levels. The oxygen concentration was then estimated from a linear fit 

between these two points. The medium used for the saturation baseline was bubbled with air for 

>24hr and then stored at the calibration temperature for >24hr before conducting the oxygen 

calibration. After the MIMS system pressure was stabilized at < 4.0 x 10-7 mbar, we pipetted 1.5 

mL of air-saturated medium into the sample holder, inserted the standard taper plexiglass closure 

with the pH sensor forcing all air and some media out of the measurement chamber, then ran the 

experimental light sequence (see P vs. E section). Once completed, a small amount of Na2S2O4 

was added to remove all dissolved oxygen from the medium, and the zero oxygen level was 

recorded. In the MIMS system, the flux of molecules from the aqueous medium across the 

membrane into the vacuum space depends on the pressure differential, and therefore we used the 

32O2 to Ar signal ratio to measure the concentration of dissolved oxygen. The saturation oxygen 

concentration (O2sat) as a function of pressure, salinity and temperature was calculated following 

Garcia and Gordon (Garcia & Gordon, 1992) (Calculations in Text S4).  

Statistical analysis 

For method validation, an independent t-test was used to compare the carbon uptake rates 

using the pHOS, and carbon growth over a 5-hour period, both done on the same culture. For 

detection limit based on the t-score calculation, we divide the relative contribution of a 
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measurement error from an individual sample (x- x̅) by the standard error of the mean of the 

samples (s / √n; Eq. 16). 

 
         

Equation 16 

We determined the mean of the t-score for each sample at each Chla concentration (degree of 

freedom n = 7 light levels – 1 replication factor = 6), and fitted it with a power function.  The 

fitted curve was compared to critical value (CV) from a standard t-table to determine the 

minimal Chla concentration for effective results. All statistical analysis was conducted using 

Python 3.5.3 and Scipy 1.8.2 in a Jupyter notebook. 

Results and discussion  

Steady state carbon uptake detection and validation 

DIC changes reflect the rate of carbon flux into and out of algal cells, yet these rates 

might be not the same as carbon uptake and respiration rates, especially for eukaryotic algal cells 

in which DIC might be concentrated in chloroplasts prior to fixation, resulting in the efflux of 

DIC from the cell by passive diffusion down the concentration gradient during the post 

illumination period (Hopkinson et al., 2011a). Therefore, it is important to confirm the biological 

mechanisms associated with the measured DIC changes, and in this study we tested and 

validated the DIC uptake measurement using the pHOS system. CO2 released from respiration of 

cellular organic matter is another important physiological parameter, however due to the lack of 

methodologies to estimate short term respiration rates, this process could not be quantified 

independently, but should be addressed in the future. The experiment was conducted by 

establishing a steady state culture of P. tricornutum under 110 ± 10 µmole quanta m-2 s-1 constant 

t = x − x
s / n
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light, which is approximately the saturation irradiance for this strain (Fawley, 1984). The 

samples for testing were concentrated to the optimal concentration ranges  ([Chl a] >1.5 µg ml-1 

and OD750 < 0.35 ), and the P vs. E response was measured and fitted with Equation 17 (Platt et 

al., 1980).  

       Equation 17 

Pmax is the photosynthetic rate at the optimal light condition, α and β are the parameters that 

control the initial slope of the curve and the photoinhibition factor (if present), respectively. P vs. 

E results for carbon are shown in Figure 3.5 with fitted curves and the replicability of the 

measurement is shown in Table 1. Considering the potential error in the pH and alkalinity 

measurements, we performed a sensitivity analysis to determine the uncertainty in our results. 

Our titrated AT showed less than 1% standard deviation, and the pH errors in our measurements 

were less than 0.01 pH units. Both errors together introduce approximately a 1% uncertainty in 

the final results (Table 3.2).  

Independent from the samples collected for P vs. E measurements, we grew 6 P. 

tricornutum cultures under the same culture conditions (25oC and 110 µmole quanta m-2 s-1 

continuous light) and determined the natural log (base e) exponential growth rates (µ) at steady 

state of the cultures by measuring their optical density at 750 nm (OD750) over time.  During 

steady state exponential growth, the OD750 was well correlated to cell concentration, POC and 

Chla. The Chla specific carbon uptake rates (PChl) for these samples were then calculated using 

Equation 18.  

P = Pmax (1− e
−
αI
Pmax )e

−
βI
Pmax
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        Equation 18 

The estimate for Pchl determined with Equation 9 for the bulk culture, and separately the 

Pchl value determined with the pHOS, interpolated to the same growth irradiance, agreed well 

(62.5 ± 9.5 and 68.0 ± 7.9 µmole C mg-1 Chla h-1, respectively). The pHOS data, the PvsE curve 

fit to the pHOS data, and the two estimates at 110 µmole quanta m-2 s-1 for the bulk culture and 

the pHOS interpolation are shown in Figure 3.5.  The agreement between the pHOS and the bulk 

culture provides the primary validation of our pHOS method.  The agreement between the net 

growth rate (gross minus respiration) determined by the steady state culture, and the separate 

pHOS estimate interpolated to the same irradiance, supports our belief that the pHOS estimate is 

a good approximation of net photosynthesis. Further support for this is provided by Hopkinson et 

al. (2011a) who demonstrate that the rate of C fixation intracellularly is >10 times slower than 

exchange rates between the cell and the medium.   

Quantum yield dynamics during low-to-high light acclimation  

To investigate the dynamics of Φ in a non-steady state environment, we shifted low light 

acclimated P. tricornutum cultures to super-saturating irradiance (110 to 750 µmole quanta m-2 s-

1), and measured the Φ of oxygen evolution and DIC uptake during the 24 hour high light 

acclimation. Significant physiological changes in high light treated cells were observed, and the 

measured shift in cellular Chla concentrations, particulate carbon and nitrogen (POC/PON), and 

Fv/Fm responses at time 0 and 24 hours (Table 3.2) are consistent with previous published 

studies on P. tricornutum acclimated to different light conditions (Geiderl et al., 1998; 

Schellenberger Costa et al., 2013), confirming the detected physiological changes are correlated 

PChl = µ
[POC]
[Chla]
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to acclimation to high light stress. From P vs. E results we found similar initial slopes at 0 and 24 

hours for both the Chla specific oxygen evolution and carbon uptake, whereas for the high light 

region > 500 µmole quanta m-2 s-1 the rates increased at the 24 hour time point (Figure 3.6).  

The P vs. E response pattern is consistent with previous studies on a diatom Skeletonema 

costatum (Anning et al., 2000; MacIntyre et al., 2002), for P vs. E determined for low light and 

high light acclimation conditions (50 and 1200 µmole quanta m-2 s-1, respectively). This effect is 

likely the combined result of decreases in cellular Chla concentrations and pigment packaging 

effects, which is inferred by the increased Chla specific absorption coefficient (Morel & Bricaud, 

1981; Greg Mitchell & Kiefer, 1988) (Figure 3.7).  

One advantage of our method is that the calculation of Φmax is not estimated from the 

initial slope of a P vs. E curve as is common practice (Saroussi & Beer, 2007; Hiscock et al., 

2008).  At low light, basal respiration can be large relative to photosynthesis and at very low 

light it can even exceed photosynthesis (Figure S3).  Our method does not calculate Φmax at the 

very low light levels as might be expected from short term 14-C tracer studies that estimates 

gross photosynthesis (MacIntyre et al., 2002), since pHOS is considered to be net 

photosynthesis.   In our study the observed Φmax dropped significantly between the start and end 

of the acclimation to high light because both the chla-specific absorption increased ~2x (Figure 

3.7) due to lower pigment packaging effects (Sosik & Mitchell, 1994), and also the light intensity 

corresponding to the Φmax increased significantly during acclimation (Figure 3.8B).  The 

combination of these factors resulted in a greater than 5x reduction in Φmax.  Dark respiration 

rates in microalgae have been reported to be positively correlated with growth rates (Pérez-

LLoréns et al., 1996; Dubinsky & Stambler, 2009). In our study, a higher growth rate would be 

expected after 24 hours of acclimation to higher light with a concomitant increase in dark 
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respiration rates. The dynamics of Φ in response to light indicate that the acclimation process is 

non-linear and the changes in carbon uptake and oxygen evolution Φ are not synchronized 

(Figure S3). The Φ for oxygen evolution dropped rapidly at low light within the first hour of 

high light treatment, however the carbon uptake did not change until the 3-hour time point.  

Also, by 24 hours the carbon:oxygen ratio became lower (higher oxygen evolution than carbon 

uptake). Overall, carbon uptake seemed to lag in response to the light change, compared to the 

oxygen evolution response. Such a non-synchronized change in Φ for oxygen evolution and 

carbon uptake might be related to the transcriptional regulations in P. tricornutum, reported by 

Nymark et al. (2009) who found that genes that regulate carbon metabolism, respiration and the 

Calvin-Benson cycle changed later in the 24 hour acclimation phase, while the down regulation 

of light harvesting antenna genes responded immediately. We designed our experiments to be 

comparable to Nymark et al. ( 2009) by using the same culturing medium, strain of P. 

tricornutum, acclimation light, high light for the experimental manipulation, and the sampling 

frequency for carbon and oxygen dynamics. Our data show the utility of the pHOS-MIMS 

system for physiological validation of independent molecular level regulation of metabolic 

processes.  

For the high light acclimation time-series, Figure 3.8 shows changes in Φmax for oxygen 

and carbon, and changes in the irradiance where the Φmax is attained for the same data. Over the 

24 hour acclimation time at high light the Φmax for both carbon and oxygen drop and the 

irradiance at which Φmax was observed shifted higher (Figure 3.8). Furthermore the oxygen shifts 

started sooner than the carbon shifts. These results suggest that photorespiration might be 

important in the shift to super-saturating light, reducing the oxygen evolved and hence leading to 

a higher ratio of ΦC:ΦO2 (Figure S3). The overall trend in a strong decrease in Φmax for both 
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oxygen and carbon following the shift to super-saturating light is likely correlated to a reduction 

in the ratio of reaction centers to light harvesting that also results in a decrease in Fv/Fm, 

suggesting reduced maximal capacity for photochemical quenching (Table 3.3). As these shifts 

occurred there was also a strong change over 24 hours in cellular properties with decreases in 

Chla cell-1, and increases in C:Chla and the chlorophyll specific absorption coefficient (a*
ph). All 

of these cellular property changes are consistent with a physiological transition from low light to 

high light acclimation. 

System operation and implementation  

We found the integration of our pHOS and the MIMS to the ALGITM reactor system 

provided robust data.  Although the pHOS system has some novel circuitry and software and we 

optimized the membrane for the MIMS, all of these novel elements and improvements are well 

documented here and in the SI.  Therefore, based on our current system design, hardware, 

software and integration, and documentation in the manuscript and the SI, the system could be 

easily replicated. The pHOS system to estimate carbon uptake from an aqueous medium can be 

run independent of oxygen measurements.  All of the electronic parts required for the pHOS 

system can be sourced on-line using the information provided in the methods section, and the 

software for operation is provided in the SI.  We used the MIMS for oxygen in part because we 

intend to use it for other gases in the future but the pHOS system can also be easily used with 

other oxygen measuring systems such as a Clark electrode or an optode.

Conclusions 

Photochemical mechanisms such as non-photochemical quenching and alternative 

electron transport can affect the fate of electrons in the photosystems, resulting in changes in Φ 
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and its response to light at various time-scales from short-term perturbations to steady-state 

acclimation.  Our method successfully detected the change of instantaneous Φ in relation to 

irradiance variation from 0-2000 µmole quanta m-2s-1.  Our results demonstrate that there is a 

non-synchronous response of carbon uptake and oxygen evolution during the acclimation period 

from low to high light that is consistent with transcriptomic data (Nymark et al., 2009).   

Furthermore, at the end of the 24 hour acclimation, the irradiance where Φmax was attained for 

oxygen was much lower than for carbon.  We speculate this may be caused by an additional 

energy cost associated with other metabolic processes, for example nitrate reduction, that will 

divert some of the electrons generated upstream at PSII.   

These physiological observations provided quantitative data for industrial applications 

such as production simulation in dynamic light environments, and energy utilization per unit of 

carbon fixed for life cycle analysis.  They also inspired testable hypotheses regarding 

photosynthetic electron transport efficiency related to cellular mechanisms that could be pursued 

with the pHOS-MIMS system combined with other measurements, for example transcriptomics, 

variable chlorophyll fluorescence, mutant strains and stable oxygen isotopes. The novel pHOS 

system described here allows for the resolution of carbon dynamics at the needed time-scales and 

was validated with classical observations of rates of carbon growth in microalgae cultures. The 

integration of the pHOS with a MIMS system demonstrates an ability to resolve both carbon and 

oxygen dynamics during light and dark periods that were used to construct P vs. E curves from 

limiting to super-saturating light within 30 minutes. This type of simultaneous oxygen and 

carbon data is essential for metabolic modeling of mass fluxes and contributes to the integration 

between classic photo-physiology and the rapidly emerging interest in computational biology.  

Furthermore, the ability to resolve physiological responses to changing light conditions at time 
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scales of minutes is highly relevant for understanding growth rates of microalgae within the near 

surface turbulent mixing layer of aquatic ecosystems or commercial production systems.  
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	Table 3.2. P vs. E parameters with data fitted 
using equations from Platt et al. (1980), with 
sensitivity test results.    

 
Pmax 

(Carbon) α (Carbon) β (Carbon) 
Baseline 154.79 1.11 0 

 
    ±12.97 ±0.15 NA 

AT + 1% +0.76%  +0.75% 0 
AT - 1% -0.76% -0.75% 0 
pH + 0.01 +1.11% +1.12% 0 
pH - 0.01 -1.10% -1.11% 0 
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Table 3.3. Physiological parameters measured at 0 and 24 hours during the low-to-
high light acclimation (n = 3 for all samples). 

Time C (pg cell-1) N (pg cell-1) Chla (pg cell-1) C:N C:Chl Fv/Fm 
0 hour 11.44 ± 1.45 1.77 ± 0.07 0.58 ± 0.05 6.47 21.07 0.71±0.007 

24 hours 15.46 ± 2.10 2.08 ± 0.21 0.21 ± 0.02 7.43 77.32 0.59±0.005 
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Figure 3.1.  The pHOS apparatus for pH calibration, measurement and data logging. The 
configuration of nodes on the Arduino UNO controller was simplified to highlight the circuit 
connections. To improve the precision of pH measurement, the Arduino micro-controller must be 
plugged in with an independent power supply to avoid reference voltage fluctuation when 
powered only by the USB connection. 
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Figure 3.2. Integration of pHOS and MIMS system with the ALGITM.  The dashed line 
shows the size and shape of an ALGITM control unit in the background.  
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Figure 3.3. t-scores of pHOS and MIMS measurements as a function of Chla concentration. 
The critical value (CV) marked with a dashed line shows the cut off where the replicated 
measurement results are not significantly different (below the dash line) from sample means 
determined for all Chla concentrations, with 95% confidence interval.  
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Figure 3.4.  Empirical determination of PAR light attenuation within the ALGITM 
measurement cuvette as a function of OD750.   For OD750 less than 0.35 the effect of culture 
density has less than 10% reduction of PAR. 
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Figure 3.5. Carbon uptake rates vs. irradiance (n = 3) using pHOS. The estimated net carbon 
growth rate for a separate culture validation experiment at 110 µmole quanta m-2 s-1 is indicated 
by the closed square and the corresponding interpolation from the pHOS data at the same 
irradiance is shown in the inverted triangle (n = 6). Carbon uptake rates determined from these 
two approaches are not significantly different from each other (p > 0.05).  
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Figure 3.6.  (A) Chlorophyll a specific oxygen evolution, and (B) carbon uptake rates, as a 
function of light intensities measured with the pHOS-MIMS system at 0 and 24 hours 
during the 24 hours low-to-high light acclimation.  
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Figure 3.7. Spectral chlorophyll a specific absorption coefficients measured at 0 and 24 
hours during the 24 hours low-to-high light acclimation.  
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Figure 3.8.  Observations during the 24 hours low-to-high light acclimation of  (A) Maximal 
observed quantum yield for net photosynthesis and (B) the corresponding light intensities 
where maximal net quantum yield was observed.  
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Chapter 4 

Differentiation in the photo-protective mechanism of the Light Harvesting Complex stress-

related proteins LHCX1 and LHCX2 of the marine diatom Phaeodactylum tricornutum 

Abstract 

In diatoms, the expression of the Light Harvesting Complex (LHCX) gene family is 

closely related to Non-Photochemical Quenching (NPQ) responses, which serve significant 

photoprotective functions under fluctuating or high light conditions. Previous studies of the 

LHCX gene expression dynamics highlighted the function of LHCX1 in modulating NPQ, and 

several hypotheses describing the structural role of LHCX1 in the fucoxanthin chlorophyll-a/c 

pigment protein complex (FCPC) have been proposed to justify the connection between LHCX1 

and NPQ. Based on these previous findings, we further investigated the role of LHCX1 in 

facilitating photo-acclimation by comparing the photophysiology and transcriptomic responses in 

wild type (WT) and LHCX1 knockout lines under low light and 24 hour high light acclimation 

conditions. The results indicate that LHCX1 regulates NPQ upon FCPC aggregation induced by 

high light stress, and the level of NPQ is dependent on the aggregation states. Moreover, we 

found that the rate of LHCX2 induced NPQ is more rapid than LHCX1, indicating the response 

of NPQ due to LHCX2 might be faster than FCPC aggregation. LHCX1 knockouts caused P. 

tricornutum to establish a different acclimation state after 24 hour high light treatment, with 

lower photosynthetic efficiencies caused by acceleration of NPQ as a result of LHCX2 induction 

combined with down regulation of ribosomal protein expression. The study of LHCX genes 

provides important insight into the role of NPQ in regulating energy transfer during high light 

acclimation.  
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Introduction 

Light is the ultimate energy source for photosynthesis and the subsequent cell growth of 

microalgae. However, excess light can cause damage to the photosynthetic apparatus and even 

result in cell death (Raven, 2011). Through evolution microalgae have evolved a variety of 

photoprotective mechanisms including: non-photochemical quenching (NPQ), alternative 

electron transport that redistributes energy between photosystem I and II (PSI and PSII), and D1 

protein damage-repair (Horton & Ruban, 2005; Nymark et al., 2009; Raven, 2011). Among 

them, NPQ is the protective mechanism that is most capable of responding to sudden irradiance 

increases, dissipating excess energy as heat via molecular vibration (Peers, 2014). The discovery 

by Peers et al. (2009) first unveiled the significance of an ancient Light Harvesting Complex 

Stress Related protein (LHCX) in regulating NPQ response in Chlamydomonas. Soon after that, 

members of the LHCX family were discovered in the marine diatom Phaeodactylum 

tricornutum, and the transcription levels of LHCX1, LHCX2 and LHCX3 were found to be 

dependent on light intensity (Bailleul et al., 2010; Lepetit et al., 2013). Interestingly, the genes 

encoding these proteins are absent in higher plants (Neilson & Durnford, 2010), indicating that 

the LHCX family is related to NPQ regulation under the frequently shifting light conditions that 

are common for aquatic microalgae.  In diatoms, the fucoxanthin chlorophyll-a/c protein 

complex (FCPC) functions as the light harvesting comple. In P. tricornuntum the basic unit of 

the FCPC protein complex is trimeric, as it is in the chlorophyll-a/b light harvesting complex 

(LHC) in green algae and higher plants (Lepetit et al., 2007). FCPC proteins are encoded by 

three group of genes that include the LHCX family, which was hypothesized to be essential for 

the structural change in the light harvesting complex during the induction of NPQ measured by 

chlorophyll a fluorescence (Wilhelm et al., 2014).  
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The FCPC contains a high concentration of fucoxanthin (Fx) pigment, which serves as 

the main light-harvesting accessory pigment. Fx is biosynthetically associated with the 

xanthophyll cycle (XC) pigments, while the ratio of Fx to XC pigments depends on the photo-

acclimation state (Wilhelm et al., 2014). For high light acclimation, the diatom Cyclotella 

meneghiniana, was found to have a fast and strongly pH dependent NPQ response during the 

slower conversion of diadinoxanthin (Ddx) to diatoxanthin (Dtx) Grouneva et al. (2009). 

Gundermann & Büchel (2012) further proposed a FCPC regulated NPQ model, in which the 

FCPC units are spread out under dark or low light (LL) conditions. With increased light 

intensity, these units first aggregate to form a more packed complex with decreased fluorescence 

yield.  This may be related to increased NPQ under most conditions; however the change in 

absorption related to both a smaller absorption cross-section (Miloslavina et al., 2009) and 

possibly lower absorption per unit pigment from pigment packaging effects (Morel & Bricaud, 

1981; Mitchell & Kiefer, 1988) must be taken into account as well. This aggregation 

phenomenon was confirmed experimentally with isolated FCPC from P. tricornutum (Schaller-

Laudel et al., 2015). FCPC aggregation can reduce fluorescence yield by up to 85% even without 

XC (Grouneva et al., 2009). By global transcriptional profiling, Nymark et al. (2009) found that 

three of the four LHCX genes (LHCX 1-3) were up-regulated immediately after the high light 

treatment was applied.   Further investigation of LHCX genes by Bailleul et al. (2010) showed 

LHCX1 expression is closely related to the NPQ capacity.  However, LHCX1 expression was 

not significantly up regulated under high light treatment. In addition, Bailleul et al. (2010) also 

found the lack of LHCX1 protein is not associated with a diminished XC, suggesting its 

involvement in protective mechanism is not through direct NPQ induction, but possibly through 

functioning as a molecular gauge controlling the level of NPQ from XC.  
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LHCX1 has been shown to modulate NPQ capacity during a typical light/dark cycle and 

transgenic RNAi knockdown lines with inhibited LHCX1 expression have significantly reduced 

NPQ and growth rates (Bailleul et al., 2010). However, the mechanism for how LHCX1 

regulates NPQ remains unclear because some of the observed experimental data do not support 

previously hypothesized LHCX1 functions. The measured NPQ strongly corresponds to the 

expression level of LHCX1, but the level of LHCX1 expression is not up regulated with 

increasing light intensity. The de-expoxidation state (DES) of XC is independent of the level of 

LHCX1 expression, suggesting LHCX1 is not always the key enzyme that regulates NPQ and it 

is not involved in the XC. Additionally, the measured PSII cross-section and oxygen evolution 

rate did seem not to be affected by the inhibition of LHCX1 expression, leading us to speculate 

that LHCX1 may not be a structural protein in FCPC under all conditions.  In this study we seek 

to characterize the role of LHCX1 in photosynthesis and photoacclimation in P. tricornutum. 

Materials and Methods 

Knocking out the LHCX1 gene in Phaeodactylum tricornutum 

We used Crispr-Cas9 genome editing to enable bi-allelic homologous recombination of 

the Sh-ble gene, a zeocin antibiotic-resistance marker, into a double-strand break to generate P. 

tricornutum LHCX1 knockout lines. We selected 3 transgenic lines that showed disrupted 

LHCX1 gene loci from a pool of transformed cell lines, and picked one of the transgenic lines 

(named LHCX1A) for detailed experiments. (Details of the knockout methods and related 

validations are in supporting information) 

Cultivation and environmental control 
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The P. tricornutum wild type strain CCAP1055/1 (McCarthy et al., 2017) and our 

LHCX1A knockout line were cultured in triplicates with Artificial Sea Water medium (ASW; 

www3.botany.ubc.ca/cccm/NEPCC/esaw.html) contained in 175ml sterile VWR polystyrene 

tissue culture flasks. Cultures were maintained at 25 °C in Percival incubators, under 24 hours 

illumination supplied by a white LED source. A light diffuser was installed for light 

homogenization and heat isolation. Each flask with 125ml culture volume was laid horizontally 

on top of the light diffuser to maximize the surface area for illumination and to minimize light 

attenuation in the vertical direction. Cultures were diluted semi-continuously to keep their optical 

density at 750nm, below 0.2 in order to avoid nutrient and carbon limitation and to reduce cell 

shading. The culture light intensity was initially set at 110 µmol photons m-2 s-1 (LL), and cells 

were grown for more than 6 division cycles (~3 days) to enable sufficient acclimation before 

shifting to 750 µmole quanta m-2 s-1
 light (HL), for the 24 hours acclimation experiment. Detailed 

physiological experiments were conducted at the beginning and the end of the experiment. 

During the HL period samples were taken at time 0, 1, 3, 6, 12 and 24 hour time points for 

simultaneous carbon uptake and oxygen evolution quantum yields (ΦC, ΦO2) measurement, with 

the use of a pHOS-MIMS system and a spectral photometer equipped with an integrating sphere. 

In addition, scalar irradiance (Photosynthetically Active Radiation, 400–700 nm) in the culture 

flasks was measured with a Li-Cor irradiance sensor with a 4 π probe, and relative spectral 

irradiance was measured with a Newport portable spectrophotometer equipped with an 

integrating sphere.  

Chlorophyll a-specific absorption coefficient 

In vivo whole cell absorption was determined at 1 nm intervals from 400-700 nm using a 

dual beam spectrophotometer (Cary 100) equipped with a 30 cm Lab Sphere integrating sphere 
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(Moisan & Mitchell, 1999). The chlorophyll a-specific spectral absorption coefficient a*
ph (λ) is 

defined as:  

        Equation 4.1 

Chlorophyll a concentration was measured on 90% acetone extracts after 24 hours at 4oC using a 

Turner 10-AU fluorometer calibrated with pure chlorophyll a (Sigma). 

Quantum yield (Φ) calculation 

The calculation of Φ (mole carbon or oxygen / mole photons absorbed) for both carbon 

uptake and oxygen evolution using the definition of net growth, modified from Sosik and 

Mitchell (1991) (Equation 2). Where P is the rate of net photosynthesis (O2 evolution or CO2 

fixation) and the spectral integration of the product a*
ph (λ) and spectral irradiance E0 (λ) is the 

total photon flux absorbed by the culture.  

       
Equation 4.2

 

Particulate carbon and nitrogen (POC/PON) 

For POC and PON estimates, a 10 ml sample was filtered onto a 0.2 µm Nuclepore 

polycarbonate filter under vacuum pressure < 5 PSI. The concentrated biomass was then washed 

into a 25 ml acid-washed TOC glass vial with 20 ml DI water. A blank was determined by 

filtering an equal volume of DI water and then processing it identically to the other  samples. The 

samples and blanks were then analyzed with a Shimadzu TOC-L Analyzer using the total carbon 

and nitrogen (TC/TN) protocol, and the final POC and PON results were determined by 

aph
* (λ) =

aph (λ)
[Chl a]

φ =
P

aph
* (λ)E0 (λ)dλ400nm

700nm
∫
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subtracting the measurement values from the blank.  

P vs. E  

Samples re-suspended in ASW medium with known alkalinity were inoculated into the 

glass cell of an ALGITM with the integrated pH oscillation (pHOS) and membrane inlet mass-

spectrometer (MIMS) system for simultaneous pH and dissolved oxygen and argon 

measurements (Chapter 3). The cell mixing, light and temperature control for the measurement 

was achieved by the ALGITM system that has been validated previously (Meuser et al., 2011; 

Noone et al., 2017). During measurement, samples were exposed to alternating dark/light periods 

with 2 min intervals and at increasing light intensity steps of 0, 20, 50, 200, 500, 1000, and 2000 

µmole quanta m-2 s-1. Measurement of the pH and O2/Ar ratio were recorded at 1 Hz during the 

dark/light periods for computing DIC and O2 concentrations. The rate of both parameters 

measured during the first dark period (light intensity = 0 µmole m-2 s-1) and the following light 

periods were used to create the P vs. E curves.  For the curve fitting we offset the respiration rate 

to force the data to start at 0 so we could use the Platt et al. (1980) function because this 

calculation does not allow the use of negative values. The offset respiration value was then 

subtracted from the fitted result following Richardson et al. (1983). 

RNAseq and Harvesting  

RNAseq samples were collected at the beginning and the end of the 24 hour HL 

acclimation treatment for both WT and LHCX1A cell lines. The biological triplicated samples 

were aliquoted in 50mL Falcon tubes. Depending on cell density, samples collected for RNA 

were filtered on 5.0 uM SVPP Durapore filters (Millipore Sigma) then flash frozen in liquid 

nitrogen and stored at −80° C until needed.  RNA was extracted using Trizol Reagent (Thermo 
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Fisher Scientific), genomic DNA was removed with DNase I (TURBO DNA-free™ Kit, 

ThermoFisher Scientific), followed by RNA purification with the Agencourt RNAClean XP 

beads (Beckman Coulter). RNA samples were enriched for mRNA using NEBNext® Poly(A) 

mRNA Magnetic Isolation Module (New England Biolabs). Libraries were constructed using 

ScriptSeq v2 RNA-Seq kit (Illumina), library quality verified on the Agilent 2200 TapeStation 

System and sequencing of 66 libraries was run on the Illumina Single-Read 50 (SR50) platform. 

Sequence-Read Mapping Paired-end 

Paired-end Illumina HiSeq reads were quality trimmed to Phred score 33 and at least 30 

bp in length. Filtered reads were mapped to contigs of P. tricornutum 

(http://genome.jgi.doe.gov/Phatr2/Phatr2.home.html) using HISAT2 (Kim et al., 2015). Raw 

read counts and TPMs for genes were based on Phatr3 gene models 

(http://protists.ensembl.org/Phaeodactylum_tricornutum/Info/Index).  

Transcriptome Analysis 

Differential expression analysis was performed using Python3.6 in Jupyter notebook 

(Robinson et al., 2010) on raw read counts to obtain transcript per million (TPM ; Li & Dewey, 

2011) and normalized fold changes. The PCA analysis was conducted using Python 3.6 with the 

scikit-learn library (Pedregosa et al., 2012). Expression profiles of individual genes and gene 

clusters were developed using an AD HOC artificial neural network (ANN) designed for this 

dataset (Figure 7; supporting information).  
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Results 

Photophysiology dynamics resulting from LHCX1 knockout in P. tricornutum 

The reduced NPQ response in LHCX1A compared to WT at the beginning (0 hour) of 

LL-to-HL acclimation confirmed this phenotype (Figure 4.1).  After 24 hours of HL, the NPQ 

response in the WT dropped roughly by 50% but in the LHCX1A line it increased by more than 

100%, and the maximal NPQ level in LHCX1A exceeded WT. We found the rate of change in 

WT NPQ slowed down between 50 and 100 seconds. This two-stage response in WT after 24 

hour HL acclimation might be caused by the reduced rate of FCPC aggregation, which resulted 

from protonation of the antenna protein and de-epoxidation of diadinoxanthin to diatoxanthin. 

Notably, the NPQ response at 0 hours did not exhibit this trend. The FCPC aggregation is known 

to induce strong energy dissipation as NPQ (Goss & Jakob, 2010). As the cells reach a HL 

acclimation state after 24 hours, the reduced cell specific photon absorption (Figure 4.2) can 

slow down the accumulation of the proton gradient required for protonation, causing the NPQ to 

rise after 100s (Figure 4.1; WT 0 hour). The LHCX1A line has almost identical cell specific 

absorption as the WT at 0 hour, but higher Chla specific absorption (Figure 4.2). This suggests 

the pigment in LHCX1A is less affected by the packaging effect. The overall energy input at the 

cellular level in both lines at 0 hours are similar, and similar growth rates were observed in both 

lines. This is possible because NPQ under LL condition can be quite low, and therefore the 

difference in NPQ capacity is not noticeable. LHCX1A NPQ increased much faster than WT at 

24 hours during the entire measurement period, indicating a different NPQ response mechanism. 

At 0 hours, values of Fv/Fm in both the WT and LHCX1A lines were approximately 0.7, 

indicating that cells were close to their maximal photosynthetic capacity. After 24 hours, a 

significant drop in Fv/Fm was found in both lines, as a result of HL stress and consequent 
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photoinhibition, and this effect was found to be more severe in the LHCX1A line. The 

differences at time 0 and 24 hours in cellular Chla concentrations, POC/Chla, particulate carbon 

and nitrogen (POC/PON) (Table 1) are consistent with previous published studies on P. 

tricornutum acclimated to different light conditions (Costa et al., 2013), thus confirming that the 

detected physiological changes in both cell lines are correlated to the HL acclimation and stress 

responses. The increased cellular carbon and nitrogen levels after 24 hours of high light is 

consistent with observations by Anning et al. (2000) for Skeletonenum costatum, for a similar 

low to high light experiment and changes in the C/Chla ratio is consistent with many previous 

research results for microalgae (Falkowski & Raven, 2013) 

Photosynthesis vs. irradiance (P vs. E) responses (Figure 4.3) and the Chla specific 

absorption coefficient (Figure 4.2) were used to determine the dynamics of the maximum 

quantum yield (Φmax) for both carbon uptake and oxygen evolution during the 24 hour HL 

acclimation period. At 0 hour, Chla specific oxygen evolution and carbon uptake rates in 

LHCX1A were slightly higher than the WT when exposed to > 500 µmole photons m-2 s-1 

measurement light.   At 24 hour, the shift of P vs. E response in WT culture is consistent with 

previous studies on the diatom Skeletonema costatum at 50 and 1200 µmole quanta m-2 s-1, 

respectively (Anning et al., 2000).  Compared to WT, after 24 hours both oxygen evolution and 

carbon uptake rates in the LHCX1A line were lower for all light levels in the P vs. E curve  

(Figure 4.3). From the calculated Φ vs E we estimated the maximal quantum yields Φmax and the 

corresponding light intensities where the maximum occurred (Figure 4.4). In the WT line, the 

observed Φmax dropped significantly during the LL-to-HL acclimation because both the Chla-

specific absorption and also the light intensity corresponding to the Φmax increased significantly 

during acclimation (Figure 4.2).  Compared to WT, Φmax for both carbon and oxygen in the 
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LHCX1A line was slightly lower at 0 hour, and had a large drop after 3 hours.  Another 

noticeable difference with the shift to high light was the strong increase in the light intensity 

where Φmax was attained for both oxygen evolution and carbon uptake in the LHCX1A line, 

although after 24 hours the light intensities for carbon uptake Φmax were similar in both lines 

(Figure 4.4). 

WT and LHCX1A gene expressions during LL to HL acclimation 

RNA-Seq assays were conducted for all triplicated WT and LHCX1A cell lines at 0 and 

24 hour time points of the acclimation experiment. The Poly(A) captured cDNA library 

sequencing results were mapped to a referenced genome ASM15095v2 from Ensembl that 

included 10,402 gene models. TPM was then calculated for the raw counts and 10,054 genes 

with average counts >10 were selected for further analysis. Principle component analysis (PCA) 

was performed on the processed TPM data. These results showed the expressions of WT and 

LHCX1A at 0 hour are much more similar than at 24 hours  (Figure 4.5). The light acclimation 

(related to PC1) contributed more to the variance in differential expressions than the knockout of 

LHCX1; the knockout had less variance and was related to PC2. Based on the PCA result and 

TPM data, we designed 7 expression types to represent possible trends observed in our RNA-Seq 

results (Figure 4.6). Types 1-5 describe patterns in which WT and LHCX1A have similar 

expression levels at 0 hour; types 6 and 7 describe patterns where WT and LHCX1A are 

different regardless of the light treatment. Patterns of WT and LHCX1A with reversed 

expression trend (expression increased in WT but decreased in LHCX1A due to HL, and vice 

versa) were rarely observed from a quick data survey; therefore, they were not included in the 

classification. We calculated the geometric mean of TPM for each gene model and defined three 

features for classification (Supporting information). By conducting selections using these three 
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features and their relationship to each other, we selected 1148 genes from the total of 10054 

genes that satisfy the criteria that we chose for expression pattern classification without 

overlapping, and we then used these genes and their corresponding one hot encoding binary 

result for training an artificial neural network (ANN).  

 The training dataset was relatively small and the input layer has only one vector with four 

scalars; therefore, we designed the ANN to contain one hidden layer and one output layer to 

minimize the architecture complexity and subsequently reduce the time needed for hypo-

parameter optimization (Figure 4.6). For this specific study, we randomly picked 50% of the 

samples from the selected genes for training and the other 50% for model validation. A dropout 

function with 0.8 keep rate was applied to the hidden layer to avoid over-fitting of the training 

data set, while the learning rate was set to a default value of 0.1 in Tensorflow. We analyzed the 

performance of this model with different hidden layer sizes and found the cost function 

minimized and converged after 10,000 iterations for all models tested. Additionally, both the 

error rates for training and validation sets decreased following power laws as the size of hidden 

layer increased and reached minimal levels when the size exceeded 100 nodes. We set the hidden 

layer size to 300 nodes for better performance; the additional computing power for the additional 

200 nodes does not add much additional computation time in this simple model.  

Although the properly defined and trained ANN model with the selected dataset 

minimized bias and variance within, when applying it for predicting the remaining dataset the 

variance of prediction can still be high because features extracted for those genes are more 

similar to each other, consequently small variations in the trained model parameters can have 

large impacts on the classification results. Thus, we performed a bootstrap aggregation with 100 

random sub-samples to improve the stability of the ANN model prediction, and the final 
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classification result was based on the highest voting. The trained ANN model was then used to 

classify 4854 P. tricornutum genes that have Clusters of Orthologous Groups (COGs; Tatusov 

2000) annotated functions, and the classified genes were normalized to their corresponding 

functional groups to show the relative density distribution of expression types (Figure 4.8). 

Based on the density distribution results, we calculated the connectivity of all annotated 

functional groups plus one ‘Control’ group to represent scenarios with no difference between 

WT and LHCA1A expression. The calculation of correlation was based on the signed weighted 

gene co-expression network analysis (WGCNA) method (Zhang & Horvath, 2005), and the 

similarity of expression patterns among functional groups were shown as distances between 

nodes in Figure 4.8. Among the 23 functional groups (including an unknown group) annotated in 

COGs, 3 exhibited contrasting expression patterns compared to the control and other groups. 

Discussion 

LHCX1, a light harvesting complex stress-related gene in P. tricornutum, is highly 

expressed under LL acclimated condition and the level of its product is known to directly affect 

NPQ response for a given amount of Dtx synthesized (Bailleul et al., 2010; Lepetit et al., 2013, 

2017). Previous studies on LHCX1 have focused on its role in regulating NPQ. For example, the 

inhibited LHCX1 expression and subsequent lower protein accumulation was found to reduce 

NPQ capacity (Bailleul et al., 2010; Lepetit et al., 2013, 2017). The measured NPQ at the 0 hour 

time point supports previous findings showing the lack of LHCX1 significantly reduced NPQ 

levels in the LHCX1A line compared to WT. After 24 hours of LL-to-HL acclimation, the NPQ 

in WT decreased as a result of reduced light harvesting per reaction center and the number of 

reaction centers per cell due to photoacclimation (Falkowski & Raven, 2013). The increased 

NPQ response in the LHCX1A line after 24 hour acclimation has not been found in previous 
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literature; the closest observation was by Bailleul et al. (2010), in which the LL acclimated WT 

and LHCX1 knockdown line were exposed to HL for 1 hour before taking the second NPQ 

measurement, and the results showed a slight increase of NPQ in both lines. However, this 

observation might be an artifact of the increased pigment biosynthesis due to higher energy input 

during the initial stage of LL-to-HL acclimation (Ritz & Thomas, 2000) which would result in 

increased light absorption leading to higher NPQ, and may not be related to transcriptional 

regulation associated with longer-term acclimation. Our results indicate that the increased NPQ 

in LHCX1A line is related to LHCX2 function, and the hypothesis is supported by the 

transcriptomic data in which the transcription of LHCX2 in the LHCX1A line has more than a 6 

fold increase (Figure 4.10). P. tricornutum WT under LL acclimation has a high rate of NPQ, 

however for HL acclimation the WT has lower concentrations of light harvesting pigments and 

during NPQ induction this lowers the rate of light absorption, resulting in slower formation of a 

proton gradient, leading to slower aggregation and a low rate of NPQ  (Miloslavina et al., 2009; 

Goss & Jakob, 2010).  Previous results are consistent with the WT data from our experiments. 

Compared to WT, the NPQ response in the LHCX1A line sampled after 24 hour HL acclimation 

continued to increase without plateauing between 50-100 s. The two-phase response in WT is 

possibly a result of slower FCPC aggregation, which is essential for the LHCX1 protein to 

induce NPQ dissipation (Goss & Jakob, 2010). We speculate that the LHCX2 forms a permanent 

bond either to the xanthophyll pigments or to part of the protein complex very close to the 

xanthophyll pigments allowing rapid induction of NPQ under HL acclimated conditions, 

regardless of the aggregation state (Figure 4.11).  

The observed photoacclimation physiology, including cellular carbon and nitrogen 

concentrations, Fv/Fm, and Chla specific oxygen evolution P vs. E, showed no observable 
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difference between WT and LHCX1A lines at the 0 hour time point, except cellular Chla 

concentration was slightly higher in the WT. Importantly, the cell specific absorption coefficient 

data show no observable difference between WT and LHCX1A at 0 hours. These findings 

support the model that LHCX1 is involved in FCPC aggregation (Goss & Jakob, 2010) rather 

than the hypothesis of a structural role in P. tricornutum (Bailleul et al., 2010; Zhu & Green, 

2010). The transcriptomic results show that LHCX1 is the predominently expressed gene among 

the LHCX family under LL condition, which is consistent with results shown in previous 

literature (Bailleul et al., 2010; Lepetit et al., 2013). Compared to time 0 (LL acclimation), 

signficant changes in cell composition  were found in both WT and LHCX1A lines after 24 hour 

HL acclimation however no major differences were found between WT and LHCX1A lines. 

However, the photophysioslogy dynamcies including Fv/Fm, oxygen evolution and carbon 

uptake P vs E and quantum yields suggest that the LHCX1A line is more severely photo-

inhibited at 24 hours.  

Relative expression based neural network analysis (NNA), predicts photosynthesis and 

ribosomal biosynthesis are the two most severely affected functions as a result of HL stress when 

NPQ induction from  LHCX1 is lacking during LL-to-HL acclimation. Within the 

photosynthesis functional group, type 2 expression genes predicted from the  NNA are the same 

group of genes (Figure 4.12) that showed upregulation under HL stress in Nymark et al. (2009).  

For the “Translation, ribosomal structure and biogenesis” group, 34% and 29% of the gene 

expressions belong to type 3 and 4, and in “RNA processing and modification” group, 17 and 

33% of the gene expressions belong to to type 3 and 4, respectively. These data provide clear 

evidence that for the LHCX1A line, HL stress related light harvesting protein expressions are up 

regulated to provide additional photoprotection and acclimation in response to HL. These genes 
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include some of the LHCR family members that are associated with PSI alternative electron 

transport function (Lepetit et al., 2013),  and LHCX2 and LHCX3 that are related to NPQ. The 

reduced ribosomal biosynthesis expressions are in agreement with the reduced chlorophyll 

specific carbon uptake and oxygen evolution rates in the LHCX1A line when compared to the 

WT line after 24 hour high light acclimation, indicating inhibited biosynthesis of key enzymes in 

chloroplast electron transport and in the CBB cycle. Interestly, photodamage repair related 

genes, FTSH, HCF136 and PSB27 (Figure 4.13; Nymark et al., 2009), are not significantly up 

regulated in the LHCX1A line compared to WT, suggesting photodamage is not a significant 

factor causing reduced photosynthesis in the LHCX1A line.  

Conclusions 

Our study supports the interpretation that LHCX1 has an important role in regulating 

NPQ under HL and dynamic light conditons in P. tricornutum proposed in previous literature 

(Bailleul et al., 2010; Lepetit et al., 2013), and highlights the role of LHCX1 in LL-to-HL 

acclimation. With the LHCX1 function knocked out, P. tricornutum can still acclimate to HL, 

however the achieved acclimation state was quite different from the WT. The measured NPQ 

response suggests that the LHCX1 function was activated upon HL exposure together with 

FCPC aggregation. LHCX2 can replace some LHCX1 functions, however LHCX2 induced more 

rapid NPQ responses, suggesting the mechanisms of NPQ induction by LHCX1 and LHCX2 are 

different. Without sufficient NPQ protection from LHCX1 during high light stress and 

acclimation, the cells had a greater biosynthetic investment in energy dissipation and alternative 

electron transport, and down regulated other essential functions in photosynthesis. The combined 

result was the loss of energy from harvested photons and consequently inhibited oxygen 

evolution and carbon fixation. Nevertheless, this inhibition did not seem to be related to 
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photodamage; instead a stress related transcriptomic regulation is hypothesized to be responsible 

for the inefficient energy transfer.  
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Figure 4.1.  NPQ responses of wild type (WT) and mutant (LHCX1A) cell lines at the 
beginning (0 hour) and the end of 24 hour LL-to-HL acclimation.  
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Figure 4.2. Chlorophyll a specific spectral absorption coefficients of WT and LHCX1A 
culture measured at 0 and 24 hours during the 24 hours LL-to-HL acclimation.  
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Figure 4.3. Chlorophyll a specific oxygen evolution and carbon uptake P vs. E responses for 
WT and LHCX1A. The measurement was conducted with pHOS-MIMS system at 0 and 24 
hours during the 24 hours LL-to-HL acclimation. 
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Figure 4.4. Maximal levels of quantum yields Φmax  and their corresponding light 
intensities in WT and LHCX1A lines during the 24 hours LL-to-HL acclimation. 
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Figure 4.5. PCA graph of triplicated WT and LHCX1A samples plotted in two dimensions 
using their projections onto the first two principal components. The arrows denote the 
eigenvectors that describe the relative contribution of each principle component (PC) of the total 
variance. In this 2 dimension plot only the first 2 PCs are presented. 
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Figure 4.6. Expression categories that represent possible expression types observed in the 
RNA-Seq data pool. 1. No effect, both wild type (WT) line and LHCX1A knockout line (KO) 
line exhibited the same level of transcription regulations in response to the HL treatment; 2. KO 
enhanced up-regulation, an up-regulation trend was found in both the WT and KO, and the 
magnitude is larger in the KO; 3. KO enhanced down-regulation, a down-regulation trend was 
found in both the WT and KO, and the magnitude is larger in the KO; 4. KO reduced up-
regulation, an up-regulation trend was found in both the WT and KO, and the magnitude is larger 
in the WT; 5. KO reduced down-regulation, a down-regulation trend was found in both the WT 
and KO, and the magnitude is larger in the WT; 6. Level up, the overall expression levels are 
higher in the KO; 7. Level down, the overall expression levels are lower in the KO. The 4 
columns from left to right are WT at 0 hour, WT at 24 hour, LHCX1A at 0 hour and LHCX1A at 
24 hour.  
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Figure 4.7. Structure and training of the ANN model 
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Figure 4.8. Gene expression patterns break down by pathways generated from trained 
ANN model classifier.  'A': 'Amino acid transport and metabolism',  'B': 'Carbohydrate transport 
and metabolism',  'C': 'Cell cycle control, cell division, chromosome partitioning',  'D': 'Cell 
wall/membrane/envelope biogenesis',  'E': 'Chromatin structure and dynamics',  'F': 'Coenzyme 
transport and metabolism',  'G': 'Cytoskeleton',  'H': 'Defense mechanisms',  'I': 'Energy 
production and conversion',  'J': 'Inorganic ion transport and metabolism',  'K': 'Intracellular 
trafficking, secretion, and vesicular transport',  'L': 'Lipid transport and metabolism',  'M': 
'Nuclear structure',  'N': 'Nucleotide transport and metabolism',  'O': 'Photosynthesis',  'P': 
'Posttranslational modification, protein turnover, chaperones',  'Q': 'RNA processing and 
modification',  'R': 'Replication, recombination and repair',  'S': 'Secondary metabolites 
biosynthesis, transport and catabolism',  'T': 'Signal transduction mechanisms',  'U': 
'Transcription',  'V': 'Translation, ribosomal structure and biogenesis',  'W': 'Unknown', 'X': 
'Control'. The color code represent different expression patterns that are defined in Figure 4.6.  
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Figure 4.9. Network of P. tricornuntum pathway connectivity based on their differential 
expression patterns during LL to HL acclimation due to LHCX1 gene knockout. The nodes 
and edges represent the similarity of expression patterns among pathways, and the color gradient 
shows the similarity between a specific pathway and the control; a higher value of color gradient 
(more red) indicates a similar pattern of expression. The radius of a node is dictated by the 
number of valid genes (TPM > 10) within the corresponding pathway.  
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Figure 4.10. Transcript abundances of LHCX gene family in WT and LHCX1A lines 
before (0 hour) and after 24 hour HL treatment.  Error bars show the standard deviation of 
TPM calculated from raw counts. 
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Figure 4.11. Model for the different light utilization in WT and LHCX1A lines before and 
after 24 hour LL-to-HL acclimation.  In LL acclimated cells, upon HL illumination, A. FCPC 
aggregation was quickly induced and LHCX1 functioned with XC de-epoxidation to dissipate 
NPQ and protect the WT cell from HL stress. B. With the absence of LHCX1, the level of 
LHCX2 transcription was slightly up regulated in the LHCX1A line, however the level of NPQ 
via LHCX2 and XC de-epoxidation did not provide sufficient photo-protection. After 24 hour 
LL-to-HL acclimation, C. WT cells acclimated to HL and the FCPC aggregation slowed down 
compare to LL acclimation, therefore the amount of NPQ was minimized to reduce un-necessary 
energy loss, unless even higher light was applied; D. LHCX1A line acclimated to HL rapidly 
dissipated NPQ regardless of light level due to up regulated LHCX2 expression, resulting in 
significant energy loss due to NPQ. 
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Figure 4.12. Relative transcript expression of light harvesting related genes. Heat map 
shows RNASeq data as log_2 fold-change in transcript level relative to WT at 0 hour. The 
abbreviations used are LHCF: major fucoxanthin Chl a/c proteins; LHCR: red algal-like proteins; 
LHCX: light-harvesting complex stress related protein; LHC#: unclassified light harvesting 
proteins. The colored numeric IDs indicate the type of gene expression pattern. 
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Figure 4.13. Relative transcript expression of PSII and related genes. Heatmap shows 
RNASeq data as log_2 fold-change in transcript level relative to WT at 0 hour. The abbreviations 
used are PSB27: Photosystem II Pbs27; PPPGO: Protoporphyrinogen oxidase; POR1: 
Dehydrogenases with different specificities (related to short-chain alcohol dehydrogenases); 
MPMT: Methyltransferases; MPML: Protoporphyrin IX magnesium chelatase, subunit D; 
HEML: Acetylornithine aminotransferase; HEMF_2: Coproporphyrinogen III oxidase 
CPO/HEM13; HEMF_1: Coproporphyrinogen III oxidase CPO/HEM13; HEME: 
Uroporphyrinogen decarboxylase; HEMD: Uroporphyrinogen-III synthase HemD; HEMC: 
Porphobilinogen deaminase; HEMB: Delta-aminolevulinic acid dehydratase; HEMA: Glutamyl-
tRNAGlu reductase, dimerisation domain||Shikimate / quinate 5-dehydrogenase||Glutamyl-
tRNAGlu reductase, N-terminal domain; HCF136: Sortilin and related receptors; GLUTL: 
Glutamyl-tRNA synthetase (mitochondrial); FTSH1: AAA+-type ATPase containing the 
peptidase M41 domain; DVR: Predicted dehydrogenase; CHLG: chlorophyll synthase ChlG; 
PsbP1: calcium ion binding; PsB32: TLP18.3, Psb32 and MOLO-1 founding proteins of 
phosphatase; PsbM: Photosystem II reaction centre M protein; PsbP2: calcium ion binding; 
PsbP3: calcium ion binding; PsbU: Photosystem II 12 kDa extrinsic protein; OEE3: Oxygen 
evolving enhancer protein 3; PsbO: Manganese-stabilising protein / photosystem II polypeptide; 
The colored numeric IDs indicate the type of gene expression pattern. 
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