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Executive Summary

Measured solar-to-biomass energy conversion efficiencies in mass cultures of green
microalgae and cyanobacteria are, at best, about 3% and 1%, respectively. The theoretical
maximum solar-to-biomass energy conversion efficiency of photosynthesis was measured to be
8-10%. Accordingly, to enhance the productivity of photosynthetic microorganisms in biomass,
hydrogen, biofuels, and chemicals production, there is a need to substantially improve the
achieved solar-to-biomass energy conversion efficiency. The project addressed the following
technical barrier from the Biological Hydrogen Production section of the Fuel Cell Technologies
Program Multi-Year Research, Development and Demonstration Plan: Low Sunlight Utilization
Efficiency in Photobiological Hydrogen Production is due to a Large Photosystem Chlorophyll
Antenna Size in Photosynthetic Microorganisms (Barrier AN: Light Utilization Efficiency). This
was achieved upon development and application of the Truncated Light-harvesting Antenna
(TLA)-concept in green microalgae and cyanobacteria, entailing the generation of strains with a
smaller or truncated light-harvesting antenna size. The work provided first-time evidence of the
applicability of the TLA-concept in these photosynthetic microorganisms, which exhibited
substantially improved photosynthetic efficiency and productivity in mass cultures. Outcome of
was a hew field of science and technology that was created from the execution of this R&D. The
TLA technology promises to enhance the photosynthetic productivity of microalgae, plants, and
cyanobacteria by up to 3-fold over currently achieved vyields. It is beginning to find application
in the commercial sector. In the course of this work, four novel genes were identified in green
microalgae, and shown to be determinants of the light-harvesting antenna size, manipulation of
which resulted in the generation of TLA strains. TLA strains of green microalgae were deposited
in a national library (The Chlamydomonas Center) and are available to the field. Twenty-four
highly cited peer-reviewed papers were published. Three different pieces of intellectual

property and associated patents resulted from this work.
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Introduclion

Measured solar-lo-Blamass enargy comversion afflckencles in mass culcures of green
microalgae and cyanabacteria 15 about 2% and 1%, respeciively. The theoretical maximum
solar-to-biomass erengy conversion efflcency of photosynthesis was messured to be B-10%
{Ley and Mauraral 1982; Bjorkman and Cemmlg 1287 Melis 2009 Pub#E]. It follows Lhat Lhera
13 room Lo subslantialby improve the achieved solar-to-bomass energy conversion efficiency of
Areen microalgal and cyanobactarkal cultures.

Im all phorosynthenc sysiems, over-absorplion of brght sunlight and wasisful
dissipation of most of i via non-pholochemical guenching is the primary @and most important
source of the lower-than-theoratical efficlency and productivity Rectifylng thia pitall could
improve praduciivity by up o 3-fold in green microalgae, and by up o 8-10-fold in
cyanpbacteria. Ower-absorption of sunlight is attribuled 1o the assembly of large amays of light-
abaorbimg plgments in the photosynthetke apparatus, specHically ohlorephyl {Chi) in preen
micradlgae and phycobilins in cyanobacieria. Up to 800 Chl @ and Chl i molecules can be found
in assodiation with the PEIl and P3| reaction centérs in grédm microalgae [Melis 1995; Melis et
al. 1999), Up to A50 mostly phycoblling can ba found In aasoclation with the photasynthetic
appararus of cyanobacrara (Glazer and Maeliz 198 7). At high lighl inlensicies, Lhe rale of pholan
absorplion by the large antenna of Lhe Lop layers of cells in the high-density culiivalion or mass
culrure would far exceed the rate at which phatosynthesls can otilize them, resuking in
dissipation and loss of excess pholons wvia the process of nan-photochemical quenching (Hyog
1999), Up ba BO% of Lthe absorbed pholons could Lhus be wasted [Welis =1 al, 1999), minimizing
anlar-to-product  energy converalon  aflcencias  and phaotosynthetle  productivicy o
uracceptably low levels |Fig. b).

Examplé: _ Thegreenalgae
Fulls Pigmenied Chiompdomonas reinfiardti

H,
Bright
Sunlight

Heat dissipation

Flg. 1. 5chamatlc presentailon of the fals of absorbed sundkght In fully plgmenced (dack green) algae.
Individual cells at Lhe surface of Lhe culbture orer-abaorh incoming sunlight fie., they absorh more than
can be ulllized by pholosynihesls), and hear dissipaie’ mosc of i, Nowe Lhat & high probabllity of
absorplion by the first layer of cells would cause shading of cells deaper in Lhe culure,
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ln additicn o Lthe wasteful dissipation of eacitalion, and also due 1o the Migh rate of
pRotom absorpllen by Lhe phorosynthetle apparalus, cells ar the surface af the mass cultura
widld be subject 1o photginhibition of photosynthesis [Fowles 1984; Melis 1999), 3
phenomenan that funher compounds losses in productivicy [Nakajima e al, 1398], Meanwhile,
cells desper In the [lquid culture are deprived of much nesded sunlghe, as Lhis = sirengly
altenuated due to the filering {Maus and Melis 1991) [see also Fig. 1). Alleviating Lhis oplical
pitfall and validating the notuon af improved phatesynthetic prductivicty and solar-te-product
anergy conversian eMiciency of mass culcures was Lthe goal of Lhis EERE-funded ARD [Mehs and
Mitrg 2010 Pub®G& 7).

Specific oblectives of the DE-FGISH-0SGCOIS04] work were the gemeration al green
micraalgal and cyanebactenal smains with enhanced phooosynithenc productivity and H,-
production under mass cullure conditions {Melis 2005 Pub#2]. Ta achieve this, il was necessany
o minlmize the [[ght absarption capability of individual cells [Mitra and Malls 2008 Fubgd) or
chioraplasts [Crt et al. 2011 Pub#l; Blankenship et al. 2011 Pubf?), withou! adversely affecling
their ability ta utilize Lhe absorbed sunlighl. A cost-efleclive way to achieve this goal was (o
genetically minimie tha number of chiorophyll (Chl] molecules jgreen micmalgae) or
phycohilins [cyanobacleria) thar Funclion as lighl-harvesiing pigmencs in the apparacus of
photosynthesis (Folle 21 al. 2003 Pub%l).

Example:
TLA concept fl
2

Bright
Sunlight

Fig. 2. Schemalic of winlighl peneoaiion thrasgh cell with a truncaled chikgraphyll anlenna 5126,
Irdnndusl cals hardes & diminlshed probablity of abserbing sunlight. theraby perymitting panscration of
imadiance and H;-produclion by cells deeper in Lhe cullure.

Tha rationale for this work |s thar a Troncated Lghr-harvesring Antenna size (TLA-tril}

In green algas or cyanobacreria would prevent Indirddoal calls ar the surfaces of a high-densily
culiure fram over-absorbing sunhght and wastefully dksipating most of it (e.g. Fig. 1. A TLA-
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trait would permit sunlight to penetrate deeper into the culture, thus enabling many more cells
to contribute to useful photosynthesis and H,-production (e.g. Fig. 2).

Project Objectives

The overarching question was to generate green microalgal and cyanobacterial strains
with enhanced capacity for photosynthetic productivity and hydrogen production under bright
sunlight and mass culture conditions. It is understood that such TLA-strains would also find
application in fields other than hydrogen production, including biomass, bioenergy, and
renewable chemicals generation (Melis 2012 Pub#11). To achieve this important objective, it
was hecessary to improve the light-utilization efficiency of the cells, and this was achieved by
minimizing the number of chlorophyll {Chl) in green microalgae and phycocyanin molecules in
cyanobacteria, that function to absorb sunlight in photosynthesis. The effort aimed, therefore,
to generate microalgal and cyanobacterial strains with a truncated light-harvesting antenna
(TLA-strains). Objectives:

* Minimize, or truncate, the chlorophyll antenna size in green microalgae, and the
phycobilisome antenna size in cyanobacteria to maximize culture photobiological solar
energy conversion efficiency.

* Demonstrate that a TLA-trait minimizes absorption and wasteful dissipation of bright
sunlight by individual cells, resulting in better irradiance distribution, improved utilization
efficiency, and greater photosynthetic productivity in high-density mass cultures.

The goal of this research was to generate green algae and cyanobacterial strains that are
not subject to this optical pitfall and suboptimal utilization of sunlight in mass culture, and
which would operate with improved sunlight utilization efficiency in photosynthetic energy
conversion and overall productivity under bright sunlight. To this end, it was necessary to
minimize the absorption of light by individual cells so as to prevent the over-absorption and
wasteful dissipation of sunlight at the surface of the culture, while permitting greater
transmittance of irradiance through the high-density medium. This requirement was recognized
long ago (Kok 1953; Myers 1957; Radmer and Kok 1977) but could not be satisfied due to the
lack of the necessary technologies by which to approach the problem. The advent of molecular
genetics in combination with sensitive absorbance-difference kinetic spectrophotometry for
the precise measurement of the chlorophyll or phycobilisome antenna size in green algae and
cyanobacteria, respectively, offered a valid approach by which to pursue a reduction in the size
of the light-harvesting antenna molecules.

In laboratory simulations and greenhouse mini scale up experiments, it was shown that
a TLA-trait enables a greater solar energy conversion efficiency and photosynthetic productivity
than could be achieved with fully pigmented cells.

Technical Barriers Addressed

The project addressed the following technical barriers from the Biological Hydrogen
Production section of the Fuel Cell Technologies Program Multi-Year Research, Development
and Demonstration Plan: Low Light Utilization Efficiency in Photobiological Hydrogen
Production due to a Large Photosystem Chlorophyll Antenna Size (Barrier AN: Light Utilization
Efficiency).
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Technical Targets

The Fuel Cell Technologies Program Multi-Year Plan technical target for this project was
to apply the TLA concept in green microalgae and cyanobacteria and to test for and validate the
premise of improved sunlight utilization efficiency and culture productivity.

Milestones and Deliverables Summary

The approach to achieving the Project Objectives entailed application of
deoxyribonucleic acid {DNA) insertional mutagenesis, screening, biochemical and molecular
genetic analyses for the isolation of TLA-strains in the green microalgae Chlamydomonas
reinhardtii and the cyanobacterium Synechocystis sp. Cloning of genes that conferred the TLA
property, followed by molecular and biochemical characterization of the gene and its encoded
protein were part of this work. Application of these genes and of the respective TLA-strains in
mass culture productivity measurements provided a comparison of performance versus the
wild type and validation of the TLA concept. Table 1 below offers a summary and a temporal
view of the microalgal technical targets, milestones and progress.

Table 1. Microalgal technical targets, milestones and progress.

Sunlight utilization efficiency is shown as % of incident solar energy that is translated into chemical
energy at the photosystem level (not biomass). Per the MYPP, Utilization Efficiency of Incident Solar
Light Energy was measured as EqxE;, %. According to these units, maximum possible energy conversion
efficiency based on photosynthetically active radiation (PAR) is 30%.

2000 | 2003 | 2005 | 2007 (2008 | 2010 | 2011 | 2012 | 2015
Targets (Light
utilization efficiency, 3% 10% 15% 20%
EoXE]_, %)
Efficiency EoxE; (%) of 3% 10% | 15% 25%
TLA strain and when (wild | TLA1 | TLA2 TLA3
isolated type)
Gene cloning, TLAl TLA2 | TLA3
functional analysis of Mov34 FTSY | SRP43
corresponding protein, MPN
and when achieved.

Highlights of the Work

TLA1 project: TLA1, a DNA insertional transformant of the green alga Chlamydomonas
reinhardtii with a truncated light-harvesting chlorophyll antenna size.

DNA insertional mutagenesis and screening of the green microalga Chlamydomonas
reinhardtii was employed to isolate tlal, a stable transformant having a truncated light-
harvesting chlorophyll antenna size. Molecular analysis showed down-regulation of a novel
gene (TLA1) that encodes a protein of 213 amino acids (Tetali et al. 2007 Pub#3; Mitra and
Melis 2010 Pub#6; Mitra et al. 2012 Pub#13) caused the antenna phenotype (Mitra et al. 2012
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Pubd15). Biochemical analyses showed the TLAL mutant to be chharophyll deficient, with &
funcikonal chlorophyl anienna size being abour 50% of that in the wild bype (Polle =t al Pubd1;
Mitra &1 al 2012 Pub#13). K comaned a correspondingly lower amount of light-harvesting
proteins than the wild rype, The TLAL strain required & higher [ight [nrens|ty for the ssturation
of phorosynthasls and showed greater solar energy convershon &flclencles and a highar by 1.5-
fold photosynlhetic produclivity Lhan Lhe wild type under mass culure condilions [Polle el al
2003 Pubsi1).

Pioneearing contributions from Lhis wark ineluded the firse-lime idencoficanon of a gene
{Lthe TLAl gene} Lthal conlemed & Truncabed Lighl-harvesling Antenna size in gresn microglgze.
Also novel was the devalopmant and appllcatian of methads by which (o asseas tha masa
culiure producinity of micrealgae {and later cyancbacieria) und#r ambient sunhight conditons.
This s depicted in the results of Fig, 3 below.

Cultures in the Greenhouse

Peramsicr WT rlaf

Call!ml 6.3 LD
(xli™)

[Chil 56 154
[uki)

The Hel strain showed
greater praductivity than the
wild type cells under bright
sunlighl conditions.
|Mote relative amaunts of O,
gas bubbles produced by Lhe

™wa samples. |

NS o
Fig. 3. A mant-culturd detup of Chiomysormones reahondoi for measune ments of phetosynthetic
productenmy under ambien, conditions. The wikd bppe (WT: CE125, a OWr and Arg+ siran} and Lthe dal
CWH mutant were grown in L.5-L botdes having an nternal diametar of about 15 cmi, Thia geometry
simulaies the pholobioreactor configuratien for the production of hydrogen uvnder oulside, cammercizal
production conditkens, Pholesynthetc gases were dralned Lhrough & ayvinge [nsered In Lhe middla of
the silicone stopper] and, through Teflon ubing, collecled in upside-down gpredualed cdmders, whare
Lhe volume of omygen gas {In chis casa] was measured by vhe melhod of waser displacement. Culwore
characoeristhes: wild type reached @ Blomass of 6.4x18" cells/mi and 25.5 pM Chl, whereas Lhe culture of
Lhe flal mraln reached 10el0* cels/ml and 15.9 pM CHI.
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TLA2 project: Assembly of the light-harvesting chlorophyll antenna in the green alga

Chlamydomonas reinhardtii requires expression of the TLA2-CpFTSY gene

The tla2 mutant of Chlamydomonas reinhardtii showed a lighter green phenotype, had a
lower Chl per cell content and higher Chl a / Chl b ratio than corresponding wild type strains.
Physiological analyses revealed a higher intensity for the saturation of photosynthesis and
greater photosynthetic productivity on per chlorophyll basis in the t/a2 mutant than in the wild
type. Biochemical analyses showed that the tla2 strain was deficient in the Chl a and Chl b light
harvesting complex (LHC), and had a Chl antenna size of the photosystems that was only about
65% of that in the wild type. The TLA2 gene, causing the t/la2 phenotype, was cloned by
mapping the insertion site and upon complementation with each of the genes that were
deleted. We identified the Chlamydomonas reinhardtii TLA2-CpFTSY gene, whose occurrence
and function in green microalgae has not hitherto been investigated (Kirst et al. 2012 Pub#12).
Functional analysis showed that the nuclear-encoded and chloroplast-localized CrCpFTSY
protein specifically operates in the assembly of the peripheral components of the Chl a and Chl
b light-harvesting antenna (Kirst et al. 2012 Pub#12). In higher plants, a cpftsy null mutation
inhibits assembly of both the LHC and PS complexes, thus resulting in a seedling lethal
phenotype (Asakura et al. 2008). The work showed that cpftsy deletion in green algae, but not
in higher plants, can be employed to generate viable tla mutants. Accordingly, green algae with
a cpftsy deletion exhibited improved solar energy conversion efficiency and photosynthetic
productivity under mass culture and bright sunlight conditions.

TLA3 project: Truncated photosystem chlorophyll antenna size in the green microalga

Chlamydomonas reinhardtii upon deletion of the TLA3-CpSRP43 gene

The tla3 DNA insertional transformant of Chlamydomonas reinhardtii is a chlorophyll
deficient mutant with a lighter green phenotype, a lower Chl per cell content and higher Chl a /
Chl b ratio than corresponding wild type strains (Kirst et al 2012 Pub#14). Functional analyses
revealed a higher intensity for the saturation of photosynthesis, greater per chlorophyll
productivity in the t/a3 mutant than in wild type, and a Chl antenna size of the photosystems
that was only about 40% of that in the wild type. SDS-PAGE and Western blot analyses showed
that the t/a3 strain was deficient in the Chl g and Chl b light-harvesting complex (LHC).
Molecular and genetic analyses revealed a C. reinhardtii homolog of the chloroplast-localized
SRP43 signal recognition particle was interrupted, and this was responsible for the tla3
mutation. Occurrence and function of the CrCpSRP43 gene and protein in green microalgae has
not hitherto been investigated. Biochemical analysis showed that the nuclear-encoded and
chloroplast-localized CrCpSRP43 protein specifically operates in the assembly of the peripheral
components of the Chl a and Chl b light-harvesting antenna (Kirst et al 2012 Pub#14). The work
demonstrates that cpsrp43 deletion in green microalgae can be employed to generate tla
mutants with a substantially diminished Chl antenna size. The latter exhibit improved solar
energy conversion efficiency and photosynthetic productivity under mass culture and bright
sunlight conditions.

A review article on the chloroplast sighal recognition particle (CpSRP) pathway as a tool
to minimize chlorophyll antenna size and maximize photosynthetic productivity was published
(Kirst and Melis 2014 Pub#16).
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Cyanobacteria Acpc-TLA project: Maximizing photosynthetic efficiency and culture
productivity in cyanobacteria upon minimizing the phycobilisome light-harvesting
antenna size.

A phycocyanin-deletion mutant of Synechocystis (cyanobacteria) was generated upon
replacement of the CPC-operon with a kanamycin resistance cassette (Kirst et al. Pub#17). The
Acpce transformant strain (Acpc) exhibited a green phenotype, compared to the blue-green of
the wild type (WT), lacked the distinct phycocyanin absorbance at 625 nm, signifying absence of
phycocyanin, had a lower Chl per cell content and a lower photosystem-| to photosystem-lI
reaction center ratio compared to the WT. Biochemical analyses showed absence of the
phycocyanin a- and B-subunits from the Acpc. Physiological analyses revealed a higher, by a
factor of about 2, intensity for the saturation of photosynthesis in the Acpc compared to the
WT. Culture productivity analyses under simulated bright sunlight and high cell-density
conditions showed that biomass accumulation by the Acpc was 1.57-times greater than that
achieved by the WT (Kirst et al. Pub#17). Thus, the work provides first-time direct evidence of
the applicability of the Truncated Light-harvesting Antenna (TLA)-concept in cyanobacteria,
entailing substantial improvements in the photosynthetic efficiency and productivity of mass
cultures upon minimizing the phycobilisome light-harvesting antenna size.

Highlights of the Work

A summary of the green microalgal strains generated, their genotype characterization,
Chl antenna size measured, and productivity measured under mass culture and bright sunlight
conditions is given in Table 2. A summary of the properties in the cyanobacterial strain
generated is given in Table 3.

Table 2.
Summary of TLA results in green microalgae. Genes and mutations that confer TLA genotype in
green microalgae and the effect of the TLA phenotype on the biomass productivity of the

cultures.
Antenna size, Measured
Strain Genotype Chl (a+b) productivity
(rel. units)
Wild type Normal Up to 600 1-fold
tlal TLA1 gene down- 300 1.7-fold
regulation
tla2 TLA2-ACpFTSY 220 N/A
deletion
tla3 TLA3-ACpSRP43 145 2-fold
deletion
Minimal Core Chl antenna 130 N/A
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Table 3.
Summary of TLA results in cyanobacteria. Genes and mutations that confer TLA genotype in
cyanobacteria and the effect of the TLA phenotype on the productivity of the cultures.

Antenna size, Measured
Strain Genotype Phycocyanin and productivity
Chlorophyll (rel. units)
Wild type Normal 850 1-fold
Acpc-TLA Phycocyanin deletion 520 1.6-fold
Minimal Core Chl antenna 130 N/A

Green Microalgal TLA Project Deliverables
The following green microalgal t/a strains have been generated during the course of the

supported work. They have been deposited and are available to the public from the library of
strains at the Chlamydomonas Resource Center (<chlamycollection.org>).

CC-4169 tlal cw15 sr-u-2-60 mt+ Chromosome: 05Locus: TLA1

CC-4170 tlal nr-u-2-1 mt- Chromosome: 05Locus: TLA1

CC-4473 tla3 mt+

CC-4474 tlad mt+

CC-4475 tla5 mt+

CC-4472 tla2-AFtsY (cwl5) mt+

CC-4476 tla2-AFtsY (CW15+) mt+

CC-4561 tla3-Acpsrp43 (cw+) mt+

CC-4562 tla3-Acpsrp43 (cw+) mt-

Maximizing sunlight utilization in cyanobacteria by minimizing the size of the native
phycobilisome light-harvesting antenna

The work provided first-time direct evidence of substantial improvements in the
biomass productivity of mass cultures upon minimizing the phycobilisome light-harvesting
antenna size in cyanobacteria. The Acpc-TLA strain is now maintained in this lab, and is
available to interested parties. Details of the project are given below.

Solar-to-biomass energy conversion efficiency under otherwise optimal physiological
growth conditions in cyanobacteria is about 1-2% (Melis 2009 Pub#5). The primary
consideration for this low performance is the sizable light-harvesting antenna of cyanobacteria,
the phycobilisome (PBS), which has the capacity to absorb sunlight far in excess of what
photosynthesis can utilize. The consequence of this imbalance is that, under bright sunlight,
more than 90% of absorbed irradiance can be wastefully dissipated in the form of heat (Melis et
al. 1999). PBSs are biliprotein super-complexes peripherally associated with thylakoid
membranes and anchored onto the chlorophyll-proteins CP43 and CP47 of photosystem-II (Fig.
5). Biliproteins form hexamer discs with their associated linker polypeptides, with the discs
stacked against one another in the form of either allophycocyanin-containing core-cylinders
(Fig. 5, AP), or peripheral phycocyanin-containing rods (Fig. 5, PC) (Watanabe and lkeuchi
2013).
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| g ::im- | | -ﬁur- |
FIg. 5. Phowosysiem sloichiomelry and phycobilisgame-chigraphy| anlenna organization n the 1dakond
membrane of cyanobacterin, CyanobecTena many porasss up by B50 pinycscyanin [PC), Akophyoocyanin
(AP}, and chlarophyl {Chi] modacules par uni, phatosyn theic apparaius Fhycabilaome (MRS] schemalic

adapred From Glarer nnd Mallz (1287,

Tha research aimed ta improve the solar-ro-blomass, and solar-to product enevgy
conversion affidency of pholosynchesis in high-density cyanobacreral cullures, under ambisnc
sunlight conditions, from Lhe cument 1-2%. This was achieved by minimizing the size of the
auklliary PBS light-harvesting antenna, & g by genatlcally ramoving the phycaoyanin peripheral
rods [Fig- 5, PC), in an effort o prevenl over-absorpdoen and wasieful dissipation of axcicatian
energy. Spnechocystis with a Uruncaled light-barvesling anlenna {TLA-strains} was tesled in
mass culture onder bright sunlight conditdona to evaluate tre aflckency of surlight wtnliizaton.

Cyanobacieral sirans with a TLA property were generabted upon deleticn of Lhe genes
entoding far Lhe phycocyanin-encoding genes from Lhe phycobilisame (PBS} lighl-hanvesling
ancenma In Symechocyses [Kirse sl al, 2014 Pub#17]. This was implamentled upon deletlon and
replacement of Lthe cpc DNA op=ron Lhal encodes most of the phycocyanin peripheral anlenna
rods In these cyanobacreria (Fig. 5). A blusprint for the generation of cyanohacterfal TLA-stralns
i offersd below (Flg. 6). Deletion af Lhe ¢pe operon, encoding the phycocyanin genes in
Synechonysts, resulted in the removal of the peripheral rods from the PBS and in a Lruncaled
phycablisome possessing anly the cora cylinders (Fiz 7).

Wild typa 5Symechocyaliia ganomic DRNA

F3 S e Lo R3
‘-'q -r""i'
— EHE—
F3 epc replacemeant R3
wlith synthatlc cparons

Fig. & The coc operan In Spmechocyw s, cpol (6l 1377, gene for phycacyanin f-rubunic; cged (sl 157TE),
gene for phyracyanin ee-subuni; opel [6| 1579: (IL58Q]), gene far phycobiisome rod hinker polypeplioe
C; e [5313093), gane hor phycobilRones small rod (enker palypepclde O, The replaceme nt conatruct
could be & simphe anldiodc ressiance cassahe ar 3 ull ;anygens operon. Locatinns of lorward (F) and
revarss [A) primers for naert map anakysis are Indlcated.

Pega 11 of 20



DE-FOHHFSGO 1AM Close-opl Repaort

Acpc
transformants
cytosaol
Thylakold
mambrana
97 Chi lumen
for anch PSlI
Fig. 7. Deletiom of the phycocyanin peripheral rods from tha phycobilitame strocturs, resuiling in a TLA-
cyanohactera

Comparalive light-penelmlion experimends Lhrough high-density wild type and Acpc
rranaformants, and the light-saturation curves of phatesyntheshE {Kirst & al. 2014 Fub#l17}
ndicaced thar &cpc ransformants are promising in Lthe applcadan of the TLA cechnology
concepl, This was Lested upon wild bype and 8cpc growth wunder Simulal=d brigght sunlight
condldens {eg. 2000 pmol pholons m: 5'1:| in the Bbaralery, with cullures having optlcal
densiey sufficient Lo absarb —98% of che incidem irradiance. These condilions =nsured thac
light-en=rgy input for the wild type and Acpc trensfermant culiures was aboul Lhe same.
Blamass agcumulation reaults of reprewsntative wild type and Arpd Tranaformant cultured are
showm in Fig 8.

=k
-
.
1

Biomass [mg dcw mL"]

10 20 30 40 50 80 70 80
Time [h]
Flg. B. Swmmanry of himass apcumulalon measursmen s frem Lhres halch culures
under slmulsted bright sunlipht conditlons (J000 pmel photons m-4 3-1]. The linear
regression of the points represents die average rate of biomass acoumulagion of wild

rypa [WT} nnd Acpc cranesformants, A 57 greaver productiedty of Lhe Ao craneformants,
relative Lo Lhal of the wild type, was measured {Eirsl &1 al. 2014 Pub#17).
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In this epperiment, cultures were diluted wilh [resh growth media once Lhey
approached the and of the prowth phase, Le., at abool 0910 g dew L2, 1o ensurs chat
nutrient availability will nol adverseby affect growth, and 1o also permit for a conlinuous
production pracess over @ kong growih pencd, during which (o assess the effect of the TLA
pRenotypa on che producilidby of Lhe cultura, We complled resulls from several such
conlinuous growth experiments for wild bype and Acpc transformant cullures [Fig. B]. In Lhis
presantation, inirlal call density of the cultures was about 0.5 g dew L. The avarags rate of
emass accumulatien in Lhis presanlacon [Fig. ) was defined by che slopes of Lhe [inear
regression of Lhe points and was measured Lo be about 4.9 mg dow L™ h™ for Lthe wild type and
7imgdowlt h! tor the fcpc transformants. Thit anakgshs, therefore, showad that aultura
praductivity of the Acps transformancs exceeded chat of the wild Lype by absoul 57% (Kirsc et al.
2014 Pubal7y|.

Unaxparted observatlons that ooudd fnd spplication in transgene sxpreasion

Tolal protein extracts from wild type and fcpe trans(ommants provided further insght
Inea the phencatype af the [atter (Fig. 93 In the wild type, the phycocyanin alpha and beta
subunivs were visible as abundant low molscular weight proleins (Fig. 9, CPC-a and CPC-B).
These prodein bands were absenl from Lhe #cpc transformants. The latler showed an
umeapacted proncuncad band at argund 27 KD, which was identifled by Westem blot anabysia
o be the MPT1 protein, conferring che kanamycin resscance o the Acpe oransformants. OF
interast in Lhis respecl & Lhe high expression kevel of the kamamycin resistance protsin,
supgeating that the stratewy of the codon wse optimization of the nptl gane for exprassion In
Svnechooysts was highly successful,

RBCL —

Fig. 5. 505-PAGE analysis of talal protein extracls from Synechooyslis wild bype and &cpe ransformants.
Pirycocyanin a-subunly [CPC-a} and phyogcyanin B-subunit (CPC-P) are migrating ar around 17 and 13
kD&, raspectvely, ard are clearly absene fromm the Bcpe Uransfarmants, The NPT proksn with
malecular weeighs of 37 kDa s ghly abundant im e dcpe Iransfarmanm
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The absence of Lthe phycocyanin alpha and bela subunits from the &cpc ransformams
camoboraled Lhe model shown in Fg. 7, and is (urther consistentl with the notion of a sewverely
truncated phycablllwme antamna ure In the Arpe transfarmants, one that contains only the
core allaphycooyanin component, as the aunliary anterna of Lhe PS| reaclion cencer.

sPAR: ndl hetically active radistion to the nesr-infraed

A most significanl improvement in the exisling nalural pholosynihelic syslem capabolily
entalls increasing the range af the salar spectrum that can be abwrbed and unllized by
microorganisms. This aspect of the work explored the design, development, and uolizadon of
nowe| hybrid composite bivenergetic membranes basad on cyanobacteria, which are driven by
abzorptionfudiizatian of sunlight in the visibls parden of the solar spectrum, augmenied with
the bacteriochlerophyll-containing photosystem of purpl= photosymhelic bacrena, which i
driven by the near infrared porlon of the spactrum (Melis and Malnicki 2006). The nowvel hybnid
photosysiem composition would permit axpanding calar imadiamce absorplon and wtilizatian
from the visible to the near infrared of Llhe solar specirum, effectively permitling
phototyniherie absorprion and utill patkon of B0-65% of Inckdant wilar energy (Fig. 10)

g E 5 .
= 1
32w 4 .
3° 5
=  NEAR |
£ § 2t //|VISIBLE | INFRARED'
E T Cyanobacteria || Photo Bacteria |

I —
= = 45% of sunlight | | | 20% of sunlight | |]
- :

H o a b o s o o 0 2 s 3 i o b a s o a B o s & i

L
=

500 T il
Wavelength, nm

Fig. 10. Solar quanbum irredlznce distibauclon a5 2 Funcbian ol wayslsngeh in the UY-A, visible, and near
infrared regians of Lhe specoum The visible porlion of Lhe solar spec rom (di)=-700 nm) Londams aboor
45% of the tousl 10lar energy, wherass the near nfraced reglon [O0-1000 nm) contalns an addivkonal
20% of 1he tal adar energy incident on the surface of the earth [Melis and Melnicki 20056).
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Fig. 11. Philpchemical apparatlus canfrguration s a hybnd thylakod mem brane including Lthe purple
bacterial pheophytin-guinene phatosystem, operaled by the Infrared-ulilixing PR mapclion canlar, che
HzO-oadizing photosystem-ll [PSI, operated by PEBO}, and Lhe [mredonn/NADP reducing phalosystem-
1|51, operaied by PTRO), LIty of Lhe same oytochrnome be-f complea [nihe eleciron Lransport process

of the hybrid sysbem i nated. Schevnatic modifed from Blanke nship (2002].

Thylakedd membranes with hybrid photoaystems, when amployed with a minimallzed
photosynihetic microorganism, may be suitable for all applications where sunlight provides the
anginal input of energy (Melis and Happe 2001; Melnicki et al. 2009; Abed =1 al. 2008). Such
campasite bloenergetic membranes could b=lp ko Improve solar-lo-blomass anergy commarsion
efficiency substantially above Lhe B8-10% theoratical maxmum of opanobacieria. The puiative
bhranergetic and slectron wanspart prapertes of such hybrd system are shown in Fig. 11,
comprising tolh the purple bacrerial pheopindin-guinone photosysterm and the two
photosystems [FEIl and P5I) of Lhe curmenl oxygenic pholosynthesis.

The purple baclerial pholosySUETT SU P Fopee ro

Meihods thal could be appled for Lthe genelic engineering of such novel hybrid
photoiynthetlc membranes: In microcrganiams Include transfarmaton of Spaechocystls
[Lindberg el al. 2010, Bentley et al. 2013) with synthelic operons dernved from Aerobie
Anomygenic Fhotaltrophic [AANP) purple bacieria [Yurkov and Beathy 1998; Bausr =l al. 1531;
1999; Baja a1 al. 2002; Fuchs st al, 2007; Spring et al, 2009), including genes char encode the
protein constiluenes of the bacterial photosysiem, as well a5 genss for Lhe synihess of
accessory pigments. The advantage afforded by Lhe selecled AAnP purple bacleria ©&
expresalon and funcrion of the bacterial photochemical reaction canter undar ambisnt Qeygen
condidans (Spring ec al. 2009}, The complete superoperon arganizaton from the aerobic purple
bacterium KT71 is shown in FAg. 12.
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Figura 1F. Schamatic of the phobosynthesls lupsropeyah covtaining 40 genas praxent o the aerobke
purple bacienium KT7] [Fuchs &t al 2007} and presumably required for the assambly and fundwen of 1he
Oy-todarant purple bactarlal photoaystem, B, hem genes needed for hemea synthesls; ¢ oo panes of
unknown funciman; red' bof penes needed Yor BChl o synthesis; orange: crl genes encoding for proleins
of carotenokd blosnlbesdy; o0 o Beh penes needed for chlarephyllide o synthesls; purphe: puc genes
encoding for the assembly of the pheophylin-guinone-type reaction cenler and the Ighl harvesung
complen 1 needed for rewcton center funclian; blach: jpd gene encading {or sopentenyl diphosphaie
=Ty TFLER

Dewgn of miromired parial operons for Lhe sssembly sd funcion of the purple bacterial
photosystem

This putative task wiuld aswemble two partlal opemne The Firse ks designed 1o ancode
structural and Punclional proteins of the purple photesyntheds bacoenal reacdon center,
including proteins of Lhe auniliary light-harvesting comples | (FHy. 13, purple). This consiruct
werdld alsa include those proteins encodad by unknown ganes, which are consarved in tha
photosynihesis supereperan of purple bacteria |Fig. 12 and Fig. 13, pray) {Fuchs e al. 2007).
Inclusian of the latiter was deemed to be imporianl, as ey likely play essential roles in the
carmmecr assembly of the reaactdoen ceEnler amd LH-l complexes. Double-homologous
recombination will b used to replace the wild type cpc operon in Synechocystss (Fig. 6) with the
purple phaoosynihedc bacoerna reaclion center operon, thus generaling Acpc transformants
thal encode Lhe pheoaphytinquinene reaclion cenler of purple photosynthelic bacleria inslead.

—+&EDDHHEAeAaHF—

Fig. 1. Schematic af the reaciion center aparon for dee assembly of che pheophytlin-quinone reacon

cemiar of purphe photesynthetke bactenis In Spnechocysrs, purple: poc ganes encoding for tha assambly
of the pheophylin-quinane-type reacson cenler and Lha light karvasling complan | needed for reaction
cenlar [uncllom; g genes of unknown functon found b ohe superopencn of Fig, 13.

The second parual operon 15 designed Lo encode proteins required for the synthesis of
bactermchioraphyll ¢ (BChl o) molecules, i.€., the light-barvesting pigmems that have Lhe abilily
ro absorb Lhe near infrared portion af Lhe solar spectrum and ransfer the axcilalion snergy to
the PBYO reaction center [Fig. 14), Double-hamologous recombination could be used Lo insert

this opanom (oo the 5168 neutral sive or in the pshad site (Lindberg et al. 2010, Bantley and
Melis 2012} of Lthe Synechocyslis genomic DNA,
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—r6F 2 vix e

Fig. 14. Schemalic of the purpl= bacteria | pigment operan for the symihesis of BChl e in Symechooysts
{BCH @ opsron]. rad: beh penes original 1o the kohl o synthesls palhw ey (Chew and Brgank 2007).

Successful implememanon of this project would have enhanced and expanded che solar
energy comersion efficiency of photasynthesis w mew levels. Such engineered camposite
bicenerpelic membranes, and Lheir carrier microorganiems, can be licensed and would serve in
all fuure applications, where the efficient and cost-eective production of biomass or fuel is at
issue (Malls 2012 Pubdlll). in addition, they will find a varlety of other applications [Abed =t al,
2001] In fuel and chamical producl generacion as achocated by Lae BLL

I Fifsco work was conducied Lo advance exploralion of Lhe “extended Photosyntheically
Acrive Rodiotlan” [e-PAR) concept. Froprietary preliminary Informatlon on the molecular
genaric design was arrived al but not implamented or disclosed, Successful implememanon of
the e-FAR concept i5 a long-lerm project, one that could nol be further pursued under the
ausplees of this conTract.

Dwer sl Accompllshrmmts, Covments g Concyoiiong

1. Work on the demlopment amd applicatlon of the Truncated Light-harvesting Antenns
ITLA)-concept in green microdlgae and cyanobacieria was successfullk completed. The
work privvided firsl-lime evidence of Lhe applicbilty of Lhe TLAconcepl in these
pholcsynlhelle microorganisms, =nlalling Improvems-=nls in Lhe photosynchacle sfficl=ncy
and produclivity of mass cullures upon minimizing the light-harvesting anmenna size.

2. & new field of science and vechrology was created from the execution of this project. The
TLA rechnofagy promises 1o enhance che phoosynthetc praduclivity of mioroalgae, plants,
and cyanobacleria by up lo 300% over cumrently achieved yiskds. U 5 beginning to find
application in The commerdal sector

1. Four novel genes were idenofed for the {Irsl ome in green microalgae, actng as
deberminants af the light-harvesting anl=nna size in Lhese microorganisms, manipulation
of which résulted in the generalion of TLA slains.

d. TLA sirains of gresn microalgas were depaciced in 3 nallanal lierary (The Chiomydomonas
Cender] and are available Lo the leld,

5. Twenty faur highlycited peer-neviewad papers were published,

6. Threa different pieces of incelleciual propercy and associaled palents resulled from Lhis
work,

PFublications smansting from this work {listad chronclogically)

1. Polle JEW, Kanakagin 5 and Mehs & {2003) {fgi, a ONA nseruonal ransformant of Lhe green
alga Chlampdomenad relnharotl! with a vruncated light-harvesting chiorapmdl antenns slrs.
Planca 217; 49-59

2, Melis & (2005] Bio=ngineering of green algae 1o enhance pholosynthesis and hydrogen
preduction. Chaprer 12 in Artificial Pholesynthesis; From Boslc Aralogy to Industiial
Application, AF Callins, C Critchley [eds. |, Wiley-Yerlag & Co., pp. 229-240
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