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What happens as a system evolves toward 
the Optimum? 

 
How close can it get? 



Some Relevant Processes that 
Shape Adaptations 

• Mutation 

• Selection 

• Genetic Drift 

• Pleiotropy 

• Epistasis  

• Recombination  

• Functional Trade-offs 

• Environment 

 



http://www.ucl.ac.uk/~ucbhdjm/courses/b242/ 

Pleiotropy 

Individual Genes Can Effect Different Traits 
Which is being optimized?    Genetic Tradeoffs 



Gene Interactions (Epistasis) 

When Epistasis Can Constrain 
Achieving an Optimum 

When Intermediates have Lower Fitness 
 
Requires double mutations 
(requires very large population size) 

* * 

Interprotein Epistasis   

Intraprotein Epistasis 

* 
* 



Mutation-Selection Balance 
In Infinitely Large Populations 

(Single Locus) 

p* =  u/s    haploids    

p* =  sqr (u/s)    diploids (recessive allele) 
 
p* ~ u/(sh)  for  diploid (intermediate dominant)  

p* - equilibrium frequency of the deleterious mutation 
u  -  mutation rate from wild-type to mutant allele 
s   -  fitness reduction of the deleterious allele 
                                            (wild-type W = 1  mutant W = 1-s) 

Neglects back mutations 



www.mpg.de 

U – total new deleterious mutations per generation 
 
Depends on number of genes causing the phenotype 
 
The more genes, the greater the number of targets for harmful mutations 
And the greater the distance of the trait from the optimum due to harmful mutations 

What about mutations in a  
suite of genes that affect a trait? 

http://courses.bio.indiana.edu/S318-Lively/S318/lecturexv-xvi/figs/fig4.gif


Population Size and Genetic Drift 
Can Limit Adaptation  

Genetic drift – stochastic sampling of alleles 
in finite populations will lead to changes in 
allele frequencies over time. 
 
The larger  the population, the slower are 
changes in allele frequency due to drift. 
 
But even Very large populations experience 
drift 
 
Drift can also effect the probability positively 
selected alleles will become “fixed” 
 
“fixed” in genetic parlance means the allele 
goes to  100% (or nearly so) 
 
 



Effective Population Size (Ne ) 

Ne   - Idealized population size that should result in a 
particular pattern of polymorphism in a population 

• Population size fluctuations 

• Population substructure  & Inbreeding 

• Stochastic variation in survival and fecundity 

• Selection 

• Mating Systems  

Ne << N     Why?  



Charlesworth 2009 



In General  

s >> 1/Ne 

s << 1/Ne 

Selection is stronger than genetic drift 

Selection is weaker than genetic drift 
(selected alleles are effectively neutral) 

New mutations, even with strong effect, have a finite probability of being lost by drift 



Step-wise mutations 
Fitness increment si = e-Ki 

 
u – rate of beneficial mutations  
v  - rate of harmful mutations 
 
 

Combining Mutation, Selection & Drift 
(Lynch 2012) 

Allele series 1 x 

As the optimum is approached,  
incremental fitness gains (si) 
become smaller 
 

Smaller populations hit the “Drift 
Barrier” (when fitness gain is 
effectively neutral) sooner 

http://www.google.ca/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&docid=ZcEUO5kekFl5vM&tbnid=yZ72v1nDrFnLuM:&ved=0CAUQjRw&url=http://www.mpg.de/5984467/mutations_populations?filter_order%3DLT%26research_topic%3DBM-EB_BM-EVB_BM-G&ei=ZRqOU9fjAoTeoASpl4HwDA&bvm=bv.68235269,d.cGU&psig=AFQjCNF2u6Kn73UORhtdBr07bT3qisES8g&ust=1401908148305796


What Happens? 

1. System evolves upward until the 
fitness gain is effectively neutral 
due to population size 
Population Size Matters. 
 
2.   The model assumes that 
beneficial and harmful mutation 
rates are unchanging; however, the 
relative numbers of beneficial 
mutations  will decline as the 
optimum is approached 
 
3. The mutation process is 
unrealistic and there is no 
recombination in this system 



Lanfear et al. 2014 

As the optimum is 
approached, the 
proportion of mildly 
deleterious and nearly 
neutral mutations 
increases because 
effect sizes of beneficial 
mutations become 
effectively neutral 



General Findings 

• Species with larger Ne will show  
(a) more adaptive evolution 
(b) evolve closer to the optimum (s>1/ Ne) 
(c) Are less likely to fix mildly harmful mutations  
• Species with smaller Ne will show the opposite 

and are likely to have more rapid divergence in 
nuclear-cytoplasmic incompatibilities 

• Recombining genomes are better at evolving 
adaptively. Chloroplasts suffer from non-
recombining genomes.   



Some Points About Chloroplasts 
 & Their Evolution 



Timmis et al 2004 

Extensive Transfer of  Symbiont & Then Organelle Genes to the Nucleus 

Chloroplasts retain ~100 of their original 2,500 proteins 
(Wise 2006) 



Photosystem II is composed of nearly 30 different protein subunits 
encoded by both the chloroplast and the nuclear genomes.  

Fig 1. Photosystem II: nuclear-encoded proteins in blue, 
chloroplast encoded proteins as light blue. Tikkanen group 

Mutation rates differ between Ch & Nuc Genome 
Ch genomes are asexual – no recombination 



Timmis et al 2004 

General Inheritance Patterns of Nuclear and Plastid Genes 



Chloroplast Inheritance is generally maternal (through the seed) 
 
There are mechanisms to ensure uniparental inheritance of chloroplasts 
(e.g. active elimination of paternal chloroplasts).   
 
Gymnosperms (e.g. pines and firs) pass chloroplasts paternally. 
Some angiosperms are now know to do this as well. 
 
Chloroplast inheritance is  often disrupted in hybrids (showing genetic 
control of inheritance). 

Chloroplast Inheritance 

Consequences of Chloroplast Uniparental Inheritance 

Smaller Effective Population Sizes -> Drift  
Hitch-hiking in non-recombining genomes  -> fixing mildly harmful mutations 



How Natural Variation 
Can Be Used to Study 

Quantum Processes in Biology 



What Are the Advantages of Using Natural Variation? 

Mutagenesis Natural Variants 

Sieve of Natural Selection 



And perhaps for coherence levels and features 

Natural Variation is Expected Within Species  
for Photosystem Efficiency 



Species and Ecotypes are Likely to Differ 
in Photosystem Efficiency due to Adaptation 

To Different Environments 

e.g. Low Light Conditions 
(Shade Tolerant) 

e.g. High Light Conditions 
(Shade Intolerant) 

..and due to different effective population sizes  
and mutation rates 



Wu & Ting 2004 

Related Species with Diverging Co-adapted Gene Complexes 

Dobzhansky-Muller Incompatibilities 

Likely to be a Rich Source for Genetic 
Tools to Study Quantum Processes 



Nuclear-Mitochondrial Incompatibilities Common 

in Nasonia insects  

Oxphos 

Mt Ribosome 

High mitochondrial mutation rate (~35X higher than 
nucleus) 
 
Interacting nuclear genes (e.g. Oxphos and RNP) are the 
fastest evolving genes in related species 
 
Nuclear-Mt incompatibilities are major contributors to 
reduced fitness of hybrids 

Breeuwer & Werren 1995 
Oliveira et al 2007 
Werren et al 2010 



Photosystem II is composed of nearly 30 different protein subunits 
encoded by both the chloroplast and the nuclear genomes.  

Fig 1. Photosystem II: nuclear-encoded proteins in blue, 
chloroplast encoded proteins as light blue. Tikkanen group 

                     Uniparental (Asexual) Inheritance in Chloroplasts   
 
Reduces effective population size and increases fixation of mildly 
deleterious mutations by hitch-hiking when beneficial mutations spread  
 
Accelerates Nuclear-Chloroplast coevolution & DZ Incompatibilities. 



Chlamydomonas and Mesostigma              Chloroplast = Nucleus = Mitochondria 

Most seed plants                                          Mitochondria < Chloroplast (3x) < Nucleus (10X)  
Red algal (Porphyra )                                    Chloroplast = Nucleus < Mt (3x ) 

Relative Mutation Rates of Chl, Mt and Nu  
differ considerably among different groups  

Smith et al 2013   

Phaecystis (Red algal derived plastid)       Nucleus < Chloroplast (3x) < Mitochondria (10x) 

This variation is rather amazing.    
Will Effect Rates of Evolution in the Photosynthesis Machinery 

Effective Population Size of Nucleus and Chloroplast Can 
Differ Remarkably Even Between Closely Related Species  

Arabidopsis thaliana  

Arabidopsis lyrata  

Nc/Nn  

  1.0  

0.5  

Inbred Species 

Outbred Species 



Chloroplast Mutation Rates Vary Widely Between Species 
And Correlate With Diversification of Plant Lineages 

Lineages with higher chloroplast 
mutation rates have higher 
speciation rates!! 
 
Maybe due to more rapid 
accumulation of D-M 
Incompatibilities between 
nuclear and chloroplast 
geneomes 
 
A resource for studying genetics 
of photosystem efficiency 

Duchene & Bromham 2013 

http://www.biomedcentral.com/1471-2148/13/65/figure/F1?highres=y


Schwab & Herbert 2004 

How Selection May Shape Heat Production versus 
Photosynthesis  

In Phototrophic Purple Sulfur Bacteria 
 

“Common Goods” problem. 
 

Black Holes,  Common Goods, & Quorum Sensing 

NOT ENOUGH TIME 



Synechococcus engineered to 
export  sucrose 

Bioengineering Cyanobacteria as  
Photosynthetic “Factories” for Sugars  

Danny Ducat (MSU) 



Frankenberg, Christian, et al. 2013. SPIE 

Used Chlorophyll Fluorescence as a 
proxy of photosynthesis efficiency 

Increased Phi2 is consistent with an 
enhancement in photosynthetic efficiency in 

sucrose-secreting cyanobacteria  

So, Sucrose in Cell Appears to Inhibit  
Photosynthesis. 
 
Use of Engineered Cells Removes 
This Inhibition 

Experiment – Select  Cells for  
Higher Levels of Photosynthesis Efficiency 
 
Question – Will Quantum Coherence Increase? 



Plotkin et al 2010 

Xanthopterin 



Variation 

Quantum 
 Processes 

CytoNuclear 
Interactions 

Adaptation 



Conclusions 

I.  IF quantum processes are important in photosynthesis efficiency,  
Then species will differ in level of quantum efficiency based on 
differences in  
-    effective population size 
- recombination and inbreeding 
- Environment (e.g. low light adapatation) 

 
II. Natural variation can be used to test the role of quantum process in 
photosynthesis 
- Dobzhansky-Muller incompatibilities  
 
IV.  Interesting experiment to see if photosynthesis efficiency can be 
improved by experimental evolution.   Does this result in increased 
coherence?  



EXTRAS 
 



Muller’s Ratchet in Non-Recombining Lineages 
e.g. Chloroplasts 

http://courses.bio.indiana.edu/S318-Lively/ 

http://www.google.ca/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&docid=d5tfqJAGPDGFBM&tbnid=afZoPg7OqQCnBM:&ved=0CAUQjRw&url=http://courses.bio.indiana.edu/S318-Lively/S318/lecturexv-xvi/lecturexv-xvi.html&ei=2BuOU7bmEND3oAT5qIKwAQ&bvm=bv.68235269,d.cGU&psig=AFQjCNF2u6Kn73UORhtdBr07bT3qisES8g&ust=1401908148305796
http://courses.bio.indiana.edu/S318-Lively/S318/lecturexv-xvi/figs/fig6.gif


Fisher’s Two Dimensional 
Landscape of Adaptation 

Adaptive Walk Toward 
The Optimum 

Prob. a Mutation 
 is Favorable 

Relative Contribution 
To Adaptation 

Effect Size 

As the optimum is approached, the fitness 
benefit of each succeeding mutation becomes less 

Orr 1998 



Schwab & herbert 2004 

How did it evolve?   Benefit of heat exclusion of competitors? 
 

“Common Goods” problem. 
 

Black Holes,  Common Goods, & Quorum Sensing 



The Common Goods Problem 

Will the  “population adaptation” increase when rare in the population? 

Is the  “population adaptation” vulnerable to “cheaters” when in the majority? 

Heat is a “common good” that could benefit all members of the population 
 
If producing heat is costly,  won’t individuals that do not produce it benefit 
without incurring the costs? 
 
Therefore,   is heat production really a “population adaptation” or merely a 
byproduct? 

Two Questions Evolutionary Genetics Ask About 
“Population Adaptations” 



Koshwanez et al 2013 

Example from Yeast 



Quorum Sensing 

www.cheme.caltech.edu 

Nyholm &  McFall-Ngai 2004 

http://www.google.ca/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&docid=bYAPx8dPJO6A5M&tbnid=7THGByMIa7hihM:&ved=0CAUQjRw&url=http://www.cheme.caltech.edu/groups/fha/old_website_2010.6.25/quorum.html&ei=gR6OU6LZLtDooATS_oCwAg&bvm=bv.68235269,d.cGU&psig=AFQjCNG5U0iHx4lRNGqrAtr34FBcU_aMuA&ust=1401909215994191
http://www.google.ca/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&docid=8uICXGfB4ZR36M&tbnid=SyO1w50K3qq8QM:&ved=0CAUQjRw&url=http://sp11symbiosis.providence.wikispaces.net/Symbiotic%2BRelationship%2Bbetween%2BE.%2Bscolopes%2Band%2BV.%2Bfischeri&ei=3h6OU5XHNcHeoASH0oHYCg&bvm=bv.68235269,d.cGU&psig=AFQjCNG5U0iHx4lRNGqrAtr34FBcU_aMuA&ust=1401909215994191


Genetic variants for heat production (“cheaters”)  & 
photosynthetic efficiency 
 
Facultative adjustments in photosystem through quorum sensing 
– shift from highphoto efficiency to heat production under 
crowding. 

In the Black Hole 

We may find 



Some “Provacative”  Questions 

• What limits plant growth? Is it photon capture or downstream 
processes?  How does this impact evolution of efficiency? 

• What are the roles of associated proteins in PSI and PSII in 
coherence? 

• Does coherence increase efficiency of photosynthesis and if so 
how?   (Anna 2014)  

• Can we use D-Z incompatibilites and other natural variants to reveal 
the function of quantum processes in photosynthesis? 

• What factors can explain variation in the quantum efficiency of 
photosynthesis in different organisms (e.g. population size, 
adaptation to different light environments, plastid and nuclear 
mutation rates)? 

• Can we engineer photosystems to remove constraints, and if so will 
coherence increase? 
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Charlesworth 2009 

Probability  of fixation of a new mutation  



Genomes of Two Protists 

Bigelowiella natans  
Green algae 

Guillardia theta 
Red algae  

Acquired algal symbionts  
Reduction in Algal Genomes -  Nucleomorph (ca 300-500 genes) 
Transfer of Algal genes to the nucleus 

http://1.bp.blogspot.com/-WyUZZc3xXRU/UNJCC2tj9RI/AAAAAAAAAco/Tqkq0malJdU/s1600/nature11681-f1.2.jpg


Functional Trade-offs 

e.g. Function in low light versus high light conditions 
Photosynthesis versus other functions in the cell 



Lambda is the probability relative to the neutral probability 
 
This is for a diploid species and semidominant mutation 

Charlesworth 2009 

Prob of fixation of a new mutation  



Key Questions for Discussion 

 What limits plant growth?   Is it the efficiency of photon capture and conversion, or is 
it the much slower and temperature sensitive processes of C, N, and S-Metabolism? 



Why do mitochondria and chloroplasts retain their own set of genes 

CoRR Hypothesis:   Regulation of crucial genes by the redox state of the gene 
products within the organelle 
 
Hydrophobicity Hypothesis:  Hydrophobic regions of some proteins make them 
difficult to target back to the mitochondria or chloroplast 
 
Genetic code divergence 
 
                                                                                       Review-  Daley & Whelan 2005 
------------------------------------------------------------------------------------------ 
 
Organelle Competition Hypothesis: Organelles that have retained core gene set 
are better able to replicate and be transmitted, and therefore outcompete those 
loosing the core gene set. 
 
Cyto-nuclear conflict Hypotheis:  Genetic interests of organelle and host are not 
identical.  Organelles are selected to retain genes that enhance their 
transmission.   E.g. CMS in plant mitochondria. 



www.mpg.de 

U – total new deleterious mutations per generation 
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Lanfear et al. 2014. Trends Eco & Evol 



Anna et al. 2014. BioScience 



Sung et al 2012 



Sung et al. 2012. PNAS 



What Limits Plant Growth? 



Dobzhansky-Muller Incompatibilities 





Consequently, photosynthetic organisms are predisposed to maintain a balance between 
the rates of light energy trapping through extremely fast (femtosecond to picosecond 
time scale) but temperature-insensitive photophysical and photochemical processes of 
light absorption, energy transfer, and charge separation that generates electrons within 
the photosynthetic reaction centers versus the much slower but very temperature-
sensitive processes of C, N, and S-metabolism (Figure 1), and ultimately growth and 
development that utilize the photosynthetic reductants. To overcome this disparity in 
reaction rates and temperature sensitivity, non-photochemical quenching mechanisms 
(NPQ) have evolved to dissipate any excess energy not used in photosynthesis as heat 
either through antenna quenching via the xanthophyll cycle (Demmig-Adams and Adams, 
1992; Horton et al., 1996, 2008; Demmig-Adams et al., 1999) and/or reaction center 
quenching through PSII charge recombination (Krause and Weis, 1991; Walters and 
Horton, 1993; Hüner et al., 2006) to protect the PSII reaction center from over-excitation 
and ensure survival in a fluctuating light environment (Figure 1). The balance between 
energy trapping versus energy utilization and/or dissipation is called photostasis. 

An Important Problem:   What limits plant growth?   
Is it the efficiency of photon capture and conversion, or is it the much slower and 
temperature sensitive processes of C, N, and S-Metabolism? 

Question laid out nicely by Hüner et al., 2012    

http://journal.frontiersin.org/Journal/10.3389/fpls.2012.00255/full#F1
http://journal.frontiersin.org/Journal/10.3389/fpls.2012.00255/full#B22
http://journal.frontiersin.org/Journal/10.3389/fpls.2012.00255/full#B22
http://journal.frontiersin.org/Journal/10.3389/fpls.2012.00255/full#B22
http://journal.frontiersin.org/Journal/10.3389/fpls.2012.00255/full#B22
http://journal.frontiersin.org/Journal/10.3389/fpls.2012.00255/full#B53
http://journal.frontiersin.org/Journal/10.3389/fpls.2012.00255/full#B52
http://journal.frontiersin.org/Journal/10.3389/fpls.2012.00255/full#B23
http://journal.frontiersin.org/Journal/10.3389/fpls.2012.00255/full#B23
http://journal.frontiersin.org/Journal/10.3389/fpls.2012.00255/full#B23
http://journal.frontiersin.org/Journal/10.3389/fpls.2012.00255/full#B71
http://journal.frontiersin.org/Journal/10.3389/fpls.2012.00255/full#B135
http://journal.frontiersin.org/Journal/10.3389/fpls.2012.00255/full#B135
http://journal.frontiersin.org/Journal/10.3389/fpls.2012.00255/full#B56
http://journal.frontiersin.org/Journal/10.3389/fpls.2012.00255/full#B56
http://journal.frontiersin.org/Journal/10.3389/fpls.2012.00255/full#B56
http://journal.frontiersin.org/Journal/10.3389/fpls.2012.00255/full#F1


FIGURE 1. General model of the photosynthetic electron transport chain. (A) Low excitation 
pressure conditions are indicated by a single yellow lighting bolt. Under these conditions, the PQ 
pool is largely in the oxidized state because the rate of photosynthetic electron transport plus 
NPQ match the rate of consumption of photosynthetic reductant, NADPH. Thick solid blue arrows 
indicate linear electron transport from photosystem II (PSII) to photosystem I (PSI) to reduce 
NADP+ to NADPH which is consumed by C, N, and S metabolism. Energy dissipated as heat 
through NPQ is minimal. PQ, plastoquinone (yellow); PQH2, plastoquinol (orange). (B) High 
excitation pressure conditions can be generated by either high light (3 lightning bolts) or by 
environmental stresses such as low temperature or nutrient stress which inhibit rates of 
metabolism. Under these conditions, the PQ pool is largely reduced to plastoquinol and energy 
dissipated through NPQ is increased. Consequently, rates of linear electron transport between 
PSII and PSI decrease (thin solid blue arrows) and enhance rates of PSI cyclic electron transport 
(broken blue arrow). 

Hüner et al., 2012    



Anna et al 2014 



http://en.wikipedia.org/wiki/Photosynthesis 



Plotkin et al 2011 

Yellow pigment granule 
(` 500 nm) 



Huner et al 2012 



Of the approximately three-thousand proteins 
found in chloroplasts, some 95% of them are 
encoded by nuclear genes. Many of the 
chloroplast's protein complexes consist of 
subunits from both the chloroplast genome 
and the host's nuclear genome. As a result, 
protein synthesis must be coordinated 
between the chloroplast and the nucleus.  

http://en.wikipedia.org/wiki/Protein_synthesis


The chloroplasts of plant and algal cells can 
orient themselves to best suit the available 
light. In low-light conditions, they will spread 
out in a sheet—maximizing the surface area to 
absorb light. Under intense light, they will seek 
shelter by aligning in vertical columns along 
the plant cell's cell wall or turning sideways so 
that light strikes them edge-on. This reduces 
exposure and protects them from 
photooxidative damage.[107] This ability to 
distribute chloroplasts so that they can take 
shelter behind each other or spread out may 
be the reason why land plants evolved to have 
many small chloroplasts instead of a few big 
ones.[108] Chloroplast movement is considered 
one of the most closely regulated stimulus-
response systems that can be found in 
plants.[109]  

Spatial Movement of Chloroplasts in Response to Light Conditions 

http://en.wikipedia.org/wiki/Chloroplast 

http://en.wikipedia.org/wiki/Cell_wall
http://en.wikipedia.org/w/index.php?title=Photooxidative_damage&action=edit&redlink=1
http://en.wikipedia.org/w/index.php?title=Photooxidative_damage&action=edit&redlink=1
http://en.wikipedia.org/w/index.php?title=Photooxidative_damage&action=edit&redlink=1
http://en.wikipedia.org/wiki/Chloroplast#cite_note-ThePlantCell-ChloroplastMovement-107
http://en.wikipedia.org/wiki/Chloroplast#cite_note-Traffic-ChloroplastDivision-108
http://en.wikipedia.org/wiki/Chloroplast#cite_note-PlantCellPhysiology-MicrofilamentAnchors-109


Chloroplast Inheritance is generally maternal (seed), 
But can be variable. 
Even in photosynthetic organisms without pollen and ova, but with 
separate mating types can show uniparental inheritance. 
 
Active mechanisms to ensure uniparental inheritance of chloroplasts 
(e.g. active elimination of paternal chloroplasts.     Why? 
 
Gymnosperms (e.g. pines and firs) pass chloroplasts paternally. 
 
Some angiosperms are now know to do this as well. 
 
Chloroplast inheritance often disrupted in hybrids (showing genetic 
control of inhertiance). 

Many mechanisms prevent biparental chloroplast DNA inheritance including selective 
destruction of chloroplasts or their genes within the gamete or zygote, and chloroplasts 
from one parent being excluded from the embryo. Parental chloroplasts can be sorted so 
that only one type is present in each offspring.[137] 
Gymnosperms, such as pine trees, mostly pass on chloroplasts paternally,[138] while 
flowering plants often inherit chloroplasts maternally.[139][140] Flowering plants were once 
thought to only inherit chloroplasts maternally. However, there are now many documented 
cases of angiosperms inheriting chloroplasts paternally.[ From wiki 

http://en.wikipedia.org/wiki/Gamete
http://en.wikipedia.org/wiki/Zygote
http://en.wikipedia.org/wiki/Chloroplast#cite_note-PNAS-ChloroplastInheritance-137
http://en.wikipedia.org/wiki/Gymnosperms
http://en.wikipedia.org/wiki/Pine_trees
http://en.wikipedia.org/wiki/Chloroplast#cite_note-138
http://en.wikipedia.org/wiki/Flowering_plants
http://en.wikipedia.org/wiki/Chloroplast#cite_note-139
http://en.wikipedia.org/wiki/Chloroplast#cite_note-ruf2007-140
http://en.wikipedia.org/wiki/Angiosperms
http://en.wikipedia.org/wiki/Chloroplast#cite_note-AJB-ChloroplastInheritance-136
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PSII –  20 protein subunits & ~50 cofactors 

PSI  –  13 protein subunits & ~190 cofactors 

Antennae – chlorophyl-protein matrix 







Grouneva et al 2012     LHC1 = PS1, etc 



Nyogi & Truong 2013 



In addition to the harvesting of sunlight, the chloroplasts also function as "receptors" of 
environmental signals. We aim at system biology view on the chloroplast-derived regulation 
of nuclear gene expression by environmental cues, including redox and metabolite signaling. 
Redox signalling from chloroplasts to the nucleus is likely to be an important component in 
various stress responses and acclimation of plants but also metabolites derived from CO2 
fixation are important regulators of nuclear gene expression (Piippo et al, 2006). 
Information on global redox regulation of nuclear genes by chloroplast signals is obtained by 
transcript profiling and proteomics approaches. 

Fig 2. Redox and metabolite control of nuclear gene expression in photosynthetic cells. Both 
environmental and metabolic cues modulate the function of chloroplasts, which in turn is likely 
to be involved in the relay of information to the nuclear compartment, finally leading to plant 
acclimation to prevailing conditions. 



Plastids are semiautonomous organelles found, in one form or another, in practically all 
plant and algal cells, several taxa of marine mollusks and at least one phylum of parasitic 
protists. The members of the plastid family play pivotal roles in photosynthesis, amino 
acid and lipid synthesis, starch and oil storage, fruit and flower coloration, gravity sensing, 
stomatal functioning, and environmental perception. Plastids arose via an endosym biotic 
event in which a protoeukaryotic cell engulfed and retained a photosynthetic bacterium. 
This polyphyletic event occurred multiple times between roughly 1.5 to 1.6 billion years 
ago. Although most of the algal genes were transferred to the nuclear genome, plastids 
have retained a complete protein synthesizing machinery and enough information to 
code for about 100 of their approximately 2,500 proteins; all other plastid proteins are 
coded for by the nuclear genome and imported from the cytoplasm. Plastids divide via 
fission prior to cytokinesis and are equally apportioned between the two daughter cells, 
along with the rest of the cytoplasmic contents. 

Wise 2006 



Cyanobacteria photosystem II, Monomer, PDB 
2AXT. 



Overview of the Calvin cycle 

C4 Carbon Fixation 



A phenomena known as quantum walk increases the efficiency of the energy 
transport of light significantly. In the photosynthetic cell of an algae, bacteria or 
plant, there are light-sensitive molecules called chromophores arranged in an 
antenna shaped structure named a photocomplex. When a photon is absorbed by a 
chromophore, it is converted into a quasiparticle referred to as an exciton, which 
jumps from chromophore to chromophore towards the reaction center of the 
photocomplex, a collection of molecules who traps its energy in a chemical form 
that makes it accessible for the cell's metabolism. The particle's wave properties 
enables it to cover a wider area and try out several possible paths simultaneously, 
allowing it to instantaneously "choose" the most efficient route where it will have 
the highest probability of arriving its destination at the minimum possible time. 
Because it takes place at temperatures far higher than quantum phenomena usually 
occurs in, quantum walking is only possible over very short distances due to 
obstacles in the form of destructive interference that will come into play, causing 
the particle to lose its wave properties for an instant before they are regained once 
again after it has been freed from its locked position through a classic "hop". The 
distance towards the center is therefore covered in a series of conventional hops 
and quantum walks.[33][34][35] 

http://en.wikipedia.org/wiki/Photosynthesis 

http://en.wikipedia.org/wiki/Quantum_walk
http://en.wikipedia.org/wiki/Chromophore
http://en.wikipedia.org/wiki/Quasiparticle
http://en.wikipedia.org/wiki/Exciton
http://en.wikipedia.org/wiki/Photosynthesis#cite_note-urlBBC_News_-_Plants_seen_doing_quantum_physics-33
http://en.wikipedia.org/wiki/Photosynthesis#cite_note-urlQuantum_Biology:_Better_Living_Through_Quantum_Mechanics_-_The_Nature_of_Reality-34
http://en.wikipedia.org/wiki/Photosynthesis#cite_note-pmid23788794-35
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Two Topics 

What forces constrain  how close to the optimum a 
biological system can evolve? 

How might natural genetic variation be 
exploited to study quantum processes in 

biology? 



Sung et al. 2012. PNAS 
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Microalgae as an efficient alternative to 
terrestrial plant-based carbohydrate 

feedstocks? 

Danny Ducat 

05/27/14 

Michigan State University – Plant Research 
Laboratories & Biochemistry Department 



Expression of Sucrose Transporters Allows Export 
Over a Tunable Range  

Over the first 24 hour period, sucrose exported comes at cost of cell biomass at 
approx. 1 to 1 ratio 



Frankenberg, Christian, et al. 2013. SPIE 

Chlorophyll a Fluorescence Dynamics Can Provide a Real-
Time Measurement of the State of Photochemistry  



Phi2= (Fmax`-Fs)/Fmax` 
Fmax 

Fo 

Analysis of Chlorophyll a Fluorescence Provides a Proxy for 
Photosynthetic Efficiency 
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Phi2 is a measure 
of “realized” 

photochemical 
efficiency – higher 

values correlate 
with higher 

quantum yields of 
photosynthesis. 



Induction of Sucrose Export through CscB Leads to a Striking 
Enhancement of Phi2 Values  

(24 hours post induction) 

Data points (total time = 250sec) 
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Increased Phi2 is consistent with an enhancement in photosynthetic efficiency in sucrose-
secreting cyanobacteria  
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Sucrose-secreting Cyanobacteria Display Phi2 Increases 
Shortly Following the Beginning of Sucrose Export 

Kinetics of Phi2 rise are consistent with a ‘relaxation’ of metabolic sink limited photosynthesis 

Sucrose export rates increase greatly 

+IPTG 



Engineering Heterotroph-Side: Improved Sucrose 
Utilization 

External expression of 
invertase sets up an 
interesting biological 
situation where the yeast 
must navigate an 
evolutionary version of the 
“snowdrift” game theory.  



Engineering Heterotroph-Side: Evolved 
Tolerance of Environment 

Andrew Murray’s Lab: Previously has evolved yeast using multiple rounds of selection on 
low sucrose media.   



Engineering Heterotroph-Side: Evolved Tolerance of 
Environment 

10 Cycles (~100 generations) in 
BG11 with low sucrose  

+Ammonium + NaCl 



Some Relevant Population Genetic Principles 

• Mutation-Selection Balance 

• Genetic Drift & Population Size 

• Pleiotropy 

• Epistatis (within and between proteins) 

• Clonal Interference 

• Functional Trade-offs 

• Genetic Hitchhiking, Linkage & 
Recombination) 
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Yellow pigment granule 
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