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ABSTRACT OF THE DISSERTATION 

Developing Chlamydomonas reinhardtii for 
recombinant therapeutic protein production 

by 

Daniel Joseph Barrera 

Doctor of Philosophy in Biology 

University of California, San Diego, 2014 

Professor Stephen P. Mayfield, Chair 

Advances in genetic engineering have enabled scientists to manipulate all three domains 

of life, and as a community we have utilized this knowledge to improve important platforms of 

biotechnology like agricultural crops. Now, photosynthetic microalgae present an opportunity to 

address several global problems including those concerning renewable energy, climate change, 

xiv 



food and medicine. Presented here are several contributions to our understanding of the molecular 

genetics and biology of C. reinhardtii, and applications of these toward developing the species for 

recombinant therapeutic protein production. A review of the current methods of producing high-

value recombinant proteins in microalgae is presented, along with a rapid screening method for 

revealing strains of C. reinhardtii capable of producing these proteins. The unique biochemical 

environment of the chloroplast is challenged to produce novel targeted anti-cancer immunotoxins 

that cannot be produced in existing expression systems. Additionally, the potential for edible 

microalgae to serve as vehicles for oral delivery of therapeutic proteins in enteric diseases is 

addressed. Finally, efforts toward improving C. reinhardtii as a platform for producing 

therapeutic proteins are presented in the form of several genetic toolsets. Fluorescent proteins 

were used to explore protein targeting within the cell, quantitate changes in gene regulation, and 

as a biomarker for generating improved strains with production platform qualities. 

xv 



INTRODUCTION 

1 
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Availability of recombinant therapeutic proteins has changed the way we approach 

diseases in modern medicine. It is now possible to produce life-saving and disease-preventing 

therapeutic proteins without purification from the original source organism or via chemical 

synthesis.  Proteins can be modified at the primary amino acid sequence to improve or alter 

function, or reduced to the minimal functional peptide required for therapeutic value. 

Furthermore, it is now also possible to imagine and realize novel therapies by inventing multi-

functional protein chimeras that don’t exist in nature. This creativity challenges us to find host 

organisms capable of folding and assembling increasingly complex therapeutic proteins cost-

efficiently at industrial scale.  

Human insulin was the first recombinant therapeutic protein to be commercialized in 

1982, and was produced from the bacterium E. coli. Since then yeast, mammalian cell culture, 

insect cell culture, and plants have all been explored for their potential as platform organisms. 

Bacteria were originally developed due to their simple genetics, short generation time, and 

minimal input requirements. However, lack of post-translational modifications and the inability to 

correctly fold and assemble complex eukaryotic proteins preclude its use for many applications.  

Mammalian cell culture addresses these shortcomings in some cases, but growth requirements 

and capacity to harbor human pathogens complicates its use. Despite these challenges, bacteria 

and mammalian cell culture currently dominate the commercial space.  

Higher plants have been promoted as an alternative platform because they are solar 

powered and can properly fold and assemble complex animal proteins. Their ability to reproduce 

sexually enables breeding strategies unavailable to the ex vivo systems mentioned above, and can 

be used to select for valuable traits. Unfortunately, that is a double edged sword as potential for 

gene flow into non-genetically modified plants is a concern and regulatory hurdle for developing 

recombinant therapeutics. Additionally, tissue and organ development in higher plants divert 

resources that could otherwise be used for recombinant protein production, and results in an 
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inefficient use of space. However, some species are edible, which presents new opportunities for 

administration and delivery of therapeutic proteins, drastically reducing post-production 

processing and purification costs. 

Eukaryotic single celled microalgae address several problems presented by the above 

mentioned systems while retaining many of the advantages.  Their lack of cell differentiation or 

tissue development inspires a space efficient uniformity that cell culture systems utilize.  They 

can also reproduce sexually, which affords the same opportunity for breeding that exists in higher 

plants, but can be grown in containment inside photobioreactors. Furthermore, microalgae have 

unprecedented genetic diversity when compared to the terrestrial crops that we have domesticated 

over thousands of years. Their diverse and extreme ecological niches that they occupy 

undoubtedly promote untapped environmental tolerance and disease resistance traits useful for 

large-scale production of microalgae. Besides classical breeding and selection techniques, 

advances in genetic engineering and synthetic biology allow scientists to transfer these traits 

between microalgae species.  

This dissertation explores the potential for unicellular green microalgae to produce novel 

therapeutic recombinant proteins using Chlamydomonas reinhardtii as a model. C. reinhardtii is 

by far the most well studied of the microalgae and has long served as a model for studying 

biological processes not limited to plant-specific subjects. Because of the number of genetic tools 

available for manipulating the genome, the availability of genetic studies afforded by sexual 

reproduction, and the demonstrated potential for high levels of recombinant protein accumulation, 

all of the original work presented in this thesis was performed in C. reinhardtii. The limits of 

endogenous protein folding and assembly machinery in the chloroplast are tested with a novel 

recombinant therapeutic protein that cannot be made in any other system to date, and the potential 

for oral delivery of therapeutics to treat enteric diseases is explored. Finally, protein targeting for 

post-translational modification is explored by developing new genetic tools for C. reinhardtii, and 
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problems with transgene expression in the chloroplast are addressed using a high-throughput 

genetic screen for nuclear regulators of chloroplast genes. 

Chapter 1 is an overview of high-value recombinant protein production in microalgae. It 

discusses microalgae as an up and coming platform technology and compares it with established 

systems. A wide range of primarily therapeutic recombinant proteins which have been produced 

from many microalgae species and compartments are presented, all of which have been 

bioassayed to verify functionality.  Several more have been reported since the date of publication, 

two of which are presented in chapters 3 and 4. An exhaustive list of transformation, gene 

expression optimization, and selection techniques are provied.  Finally, quantitative reporter 

proteins and methods for improving platform strains are discussed.  

Chapter 2 presents a rapid screening method for transgene integration and protein 

accumulation in C. reinhardtii plastids. It discusses the most commonly used regulatory elements 

used to govern transgene expression through transcription, mRNA translation, and stability. It 

also presents common reporter genes used to measure gene expression. As an example, the psbA 

and psbD promoters and UTRs are used drive to expression of GFP to moderate levels in a 

photosynthetic background, or high levels in a non-photosynthetic background, respectively. The 

particle bombardment method, which is the most common way to deliver recombinant DNA to 

the plastid genome, is detailed in a step-by-step protocol specific for C. reinhardtii. There are also 

two PCR-based protocols included for confirming transgene integration and homoplasmicity, 

which is complete transformation of all 50-80 copies of the plastid genome. These protocols 

explain how to generate algae lysates containing template DNA suitable for PCR and includes 

useful primer sets for the psbA and psbD regulatory elements used in these particular examples. 

Finally, a simple protocol for obtaining soluble protein from homoplasmic cell lines is offered, 

and examples of GFP accumulation are demonstrated by Western blot. 
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Chapter 3 is an exciting report of immunotoxins produced from C. reinhardtii 

chloroplasts which are capable of targeting and killing cancerous B cells in vitro and prolonging 

the lifespan of mice implanted with human B-cell tumors. This paper describes the entire process 

of designing the antibody-drug conjugate molecules (ADCs), transforming the recombinant DNA 

into C. reinhardtii chloroplasts, purifying the recombinant immunotoxins, and assessing the 

efficacy in cancer cell lines as well as a mouse tumor model. The ADC molecules were designed 

using single chain fragment variable (ScFv) regions of a human monoclonal antibody directed 

against CD22, which is a receptor protein upregulated in certain B cell cancers. These were 

genetically linked to Exotoxin A, a potent eukaryotic translational toxin derived from a 

bacterium. ADCs are an important therapy in many cancers, but the targeting molecule and toxin 

molecules are produced separately and then chemically linked which is costly and inefficient. The 

unique compartmentalization of a eukaryotic toxin in a bacterial-like chloroplast enables both the 

targeting domain and the toxin to be produced and linked at the same time. Furthermore, the 

ability of the chaperones and protein disulfide isomerases within the chloroplast to properly fold 

and form disulfide bridges enables dimeric immunotoxins to be produced. These findings were 

highly impactful as no other platform has been able to produce such a complex immunotoxin. 

Some species of microalgae are GRAS (generally regarded as safe) and thus are not only 

an edible food product but also a vehicle for oral delivery of therapeutic proteins. The Botulinum 

neurotoxin (BoNT) is the most potent biological toxin known to man, and we are particularly 

susceptible to it through our gastrointestinal tract. Protein-based anti-toxin molecules produced in 

edible microalgae and delivered orally may have the ability to treat victims exposed to toxins 

absorbed through our gut. Chapter 4 presents these exciting bioactive therapeutic proteins 

produced from C. reinhardtii chloroplasts which are potentially orally available to neutralize 

BoNT. Similar to the ADCs mentioned above, these antitoxins are antibody based. However, 

instead of being derived from human monoclonal antibodies, they were engineered from camelid 
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heavy chain only antibodies. They consist solely of the variable antigen-binding domain (VHH), 

or two of them in the case of the heterodimer. These domains are particularly attractive for oral 

delivery through C. reinhardtii because they accumulate to much higher levels than more 

complicated antibodies and are known to be highly stable in the harsh environment presented by 

the gastrointestinal tract. In this study, C. reinhardtii chloroplast-produced anti-toxins were able 

to neutralize BoNT in vitro and were delivered intact to a mouse GI tract through ingested whole 

cell algae. These findings are significant because oral administration of therapeutic proteins can 

greatly reduce costs associated with purifying and processing. 

Having demonstrated the potential for C. reinhardtii to produce high-value therapeutic 

proteins that fold and assemble correctly, it was important to realize the full potential of the 

platform by exploring the regulation of nuclear and chloroplast gene expression. Fluorescent 

proteins (FPs) are now essential tools in a number of fields of biology, and they are especially 

useful as reporters of gene expression. However, such tools had not been widely adopted for use 

in microalgae. Chapter 5 compares six FPs (blue mTagBFP, cyan mCerulean, green CrGFP, 

yellow Venus, orange tdTomato and red mCherry) in our model microalga C. reinhardtii. To 

avoid transgene silencing that often occurs in C. reinhardtii nuclear gene expression, the FPs 

were expressed as transcriptional fusions with the sh-ble antibiotic resistance gene and a viral 2A 

self-cleaving sequence placed between the coding sequences. Every ble–2A–FP tested was well-

expressed and efficiently processed to yield mature, unfused FPs that localize throughout the 

cytoplasm. The fluorescence signals of each FP were detected in whole cells by fluorescence 

microplate reader analysis, live-cell fluorescence microscopy, and flow cytometry. A comparative 

analysis of fluorescence levels relative to auto-fluorescence demonstrated which FPs were most 

suitable for genetic studies. Finally, we demonstrate that the ble–2A expression vector may be 

used to fluorescently label a structural protein (a-tubulin). We show that the mCerulean–a-tubulin 

fusion protein localizes to the cytoskeleton and flagella, and that cells containing this fusion 
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protein were otherwise unaffected. Our results indicate that, by use of the ble–2A nuclear 

expression construct, a wide array of FP tools and technologies may be applied to microalgal 

research, opening up many possibilities for gene expression, protein targeting, and improving 

recombinant therapeutic protein production. 

Chapter 6 takes fluorescent protein technology one step further by demonstrating several 

possible avenues for studying basic biological problems in C. reinhardtii. Several localization 

signals and transit peptides were fused to different colors of FPs in order to target them to various 

organelles.  We showed that it was possible to target these FPs to four different subcellular 

structures or organelles.  During the last chapter, we demonstrated the possibility of fluorescent 

color separation of the studied FPs via flow cytometry.  In this chapter, through successive 

breeding and selection via fluorescence activated cell sorting (FACS), we showed that it was 

possible to stack these new fluorescent traits into a single cell line of C. reinhardtii.  This brief 

report on protein targeting, genetic markers, and trait stacking revealed the potential for FPs to 

greatly speed up genetic engineering by high-throughput, quantitative methods. 

Having explored biological problems nuclear transgene expression in our model alga C. 

reinhardtii, we returned to the chloroplast in chapter 7 to try to solve pertinent problems in our 

understanding of gene regulation.  Almost every report of relevant levels of high-value, 

recombinant therapeutic protein production in C. reinhardtii comes from chloroplast gene 

expression.  The chloroplast genetic regulatory elements, including promoters and UTRs, are 

largely governed by factors which are imported from the nuclear genome.  In fact, much of the 

metabolic processes that occur in the chloroplast cannot exist without nuclear influence, as the 

chloroplast genome has become heavily reduced over evolutionary time.  It is an unfortunate truth 

that even today, non-photosynthetic C. reinhardtii grown heterotrophically produce the important 

recombinant proteins reported in this work.   
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Chapter 7 attempts to explore a putative autoregulatory mechanism that governs psbA 

translation in order to unlock the potential of this gene’s regulatory elements.  As is characteristic 

of photosystem genes, there appears to be an assembly dependent autoregulatory mechanism that 

safeguards psbA translation when its uncomplexed gene product D1 is present. As stated above, 

most high-value recombinant proteins produced from C. reinhardtii chloroplasts are made with 

the psbA promoter and UTRs in a psbA replacement background. These algae are non-

photosynthetic, but lack the psbA gene product D1 which may be involved in autoregulating its 

own message, which would otherwise reduce transgene expression to undetectable levels.  This 

report uses the GFP as a quantitative reporter of gene expression in a photosynthetic-competent 

background with a fully functional psbA gene present, and thus D1 as well.   

We attempted to probe the nuclear genome for genes that may act in accordance with D1 

to regulate its own message.  Using an insertional mutagenesis approach which can tag nuclear 

loci, we performed a saturating mutagenesis and used high-throughput FACS-based selection 

techniques to identify and retrieve nuclear mutants which have an alleviated autoregulatory 

mechanism.  This alleviation manifested itself as drastically increased GFP expression, which 

could be quantitated by fluorescence.  Through forward genetic studies we were able to identify a 

potential genetic basis for psbA autoregulation.  Future studies in this work will include much 

larger scale genome saturation, and next-generation sequencing strategies coupled with 

bioinformatics approaches toward identifying all nuclear factors involved in psbA gene 

regulation. 

All together, the work presented here implies that microalgae in general and C. 

reinhardtii specifically can serve as a valuable recombinant protein expression platform to 

complement existing systems, and that the genetic toolsets developed will help address problems 

pertinent to its widespread adoption. 



CHAPTER 1:  
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High-value Recombinant Protein

Production in Microalgae

Daniel J. Barrera and Stephen P. Mayfield
Department of Biology, University of California–San Diego, San Diego, CA, USA

Abstract
Increasing interest in recombinant protein technologies for human and animal health applications has spot-
lighted microalgae as a platform with the potential to meet a large impending demand. Here we describe an
algae protein expression system and compare the advantages and disadvantages to other platforms currently
operating on a commercial level. High-value recombinant proteins that have been produced in microalgae are
presented, and strategies for developing production strains with improved commercial properties are discussed.

Keywords algae; therapeutics; recombinant protein; biotechnology; genetic engineering; transformation

27.1 INTRODUCTION
Microalgae are an ideal platform for large-scale produc-
tion of high-value products because they are fast-growing
solar-powered biofactories with minimal nutrient require-
ments. In addition, many species are generally regarded
as safe (GRAS) for human consumption, and several are
already commercially farmed for various bioproducts rel-
evant to human or animal health (Pulz & Gross, 2004).
Recombinant proteins such as protein vaccines, therapeutic
antibodies, and industrial enzymes can also be produced in
microalgae where low-cost production can greatly impact
applicability. Furthermore, pending bioavailability, certain
parenterally administered therapeutic proteins could be
delivered in an edible format, greatly reducing the cost
of these therapeutics.

Currently, mammalian cell cultures such as Chinese ham-
ster ovary (CHO) cells dominate commercial production for
complex eukaryotic therapeutic proteins (e.g., monoclonal
antibodies), while bacterial systems are widely used for

producing more simple proteins, such as proinsulin.
Together, these two platforms represent 55% and 29% of
a $100 billion/year recombinant protein market (Walsh,
2010). These platforms dominate the market because mam-
malian cells have the appropriate cellular machinery to
properly fold, assemble, and posttranslationally modify
complex human proteins, while bacteria boast high growth
rates, cell densities, and product yields through more inex-
pensive cultivation techniques. Both systems are capable of
producing recombinant proteins on a gram-per-liter scale,
but both systems lack easy cost-effective scalability, or are
limited by the classes of proteins they can produce.

Microalgae, on the other hand, offer scale and cost of
production that can potentially rival that of agricultural pro-
duction, once the platform is developed to produce recom-
binant proteins at the efficiencies of these other systems.
Mammalian cell culture dominates the current therapeutic
protein market, but the end products of this system are typ-
ically only available to those patients who can afford the

Handbook of Microalgal Culture: Applied Phycology and Biotechnology, Second Edition. Edited by Amos Richmond and Qiang Hu.
C⃝ 2013 John Wiley & Sons, Ltd. Published 2013 by Blackwell Publishing Ltd.
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extremely high price of these products. To make a compari-
son, costs of monoclonal antibody production are estimated
to be approximately $150 per gram in mammalian cells, but
only $0.05 per gram in plants (Dove, 2002). Furthermore,
mammalian cell culture production facilities can cost sev-
eral hundred million dollars in upfront construction and
equipment costs (Dove, 2002). Microalgae are a promising
system due to inexpensive cultivation costs where media
costs are only $0.002 per liter, and the cost of algae produc-
tion facilities can be a fraction of the cost of a mammalian
cell culture facility. This is particularly significant for those
recombinant proteins needed in massive, affordable quan-
tities, such as animal feed, industrial enzymes, or vaccines
for developing countries.

Besides being highly scalable and cheap, microalgae
have several other advantageous attributes. The nuclear,
chloroplast, and mitochondrial genomes are transformable,
and the timeline from generating initial transformants to
having characterized, scaled-up production cultures is rel-
atively fast for eukaryotic cells at only a few weeks. In
addition, algae cytosol and plastids both have the chap-
erones and protein disulfide isomerases that are required
for assembling complex therapeutic proteins derived from
higher organisms (Kim & Mayfield, 1997; Schroda, 2004).
The chloroplast is a particularly attractive compartment
for the production of certain proteins, because it is unique
in its ability to accumulate proteins lacking glycosylation,
which in the case of antibodies may avoid activating the
complement system or antibody dependent cell cytotoxic-
ity (Sawada-Hirai et al., 2004).

27.2 HIGH-VALUE RECOMBINANT PROTEINS
PRODUCED IN MICROALGAE
Several highly valuable recombinant proteins have been
produced in microalgae from heterologous genes trans-
formed into either the nuclear or chloroplast genomes.
Most of these have been produced in the chloroplast of
Chlamydomonas reinhardtii, but there have been several
recombinant proteins produced in other microalgae species.
The first significant therapeutic protein produced in algae
was a human single-chain antibody (Mayfield et al., 2003).
More recently a full-length human monoclonal antibody
was expressed in C. reinhardtii chloroplast and was shown
to have antigen binding activity similar to the same anti-
body expressed in the traditional CHO system (Tran et al.,
2009). A monoclonal antibody and its antigen were also
expressed from the nucleus of Phaeodactylum tricornu-
tum, and the antibody was reported to accumulate to 8%
of total soluble protein (TSP) within the endoplasmic retic-
ulum, levels sufficient to reach gram-per-liter amounts in

some microalgae (Hempel et al., 2011). Although this anti-
body was glycosylated and thus potentially immunogenic,
genetic engineering in the methylotrophic yeast Pichia
pastoris demonstrated that human-like glycosylation path-
ways can be implemented in transgenic organisms (Choi
et al., 2003; Hamilton et al., 2003), and presumably these
same genetic modifications could be made in microalgae.
Also from the nucleus, transgenic Nannochloropsis oculata
expressing bovine lactoferricin (LFB) were able to prevent
pathogen infection of the digestive tract when fed to medaka
fish (Li & Tsai, 2009). Table 27.1 lists the recombinant pro-
teins that have been produced from microalgae and assayed
for bioactivity, to date.

Currently, the highest levels of recombinant protein
accumulation have consistently been achieved in the
chloroplast. For example, in C. reinhardtii the mammalian-
gut mucin stimulant, mammary-associated serum amyloid
protein (M-SAA) accumulated to 10% of TSP when grown
heterotrophically (Manuell et al., 2007). Although there
have been significantly more microalgae species with
transformed nuclear genomes, relatively few regulatory ele-
ments, transformation vectors, and methods have been iden-
tified for this compartment which afford the levels of recom-
binant protein accumulation observed in chloroplasts.

27.3 GENETIC TRANSFORMATION
OF MICROALGAE
Genetic transformation of photosynthetic microalgae was
first achieved in the chlorophytes (green algae), but has
since been demonstrated in rhodophytes (red algae), phaeo-
phytes (brown algae), euglenoids, diatoms, and dinoflagel-
lates as detailed below. Several barriers challenge exoge-
nous DNA before integration into an algal genome. These
can include a cell wall and several additional membranes
depending on the target organelle and species being trans-
formed. Once integrated, the transgene has to pass the
scrutiny of the host cell expression machinery as well as
potential repair mechanisms and regulatory checkpoints
(Choquet et al., 1998). The following describes several
methods of transgenesis along with strategies for achieving
and maintaining the accumulation of recombinant proteins.

Many microalgae transformation techniques were first
developed and refined in the green algae C. reinhardtii
and then applied to other algae groups. Currently, particle
bombardment and electroporation are the most frequently
employed methods for introducing foreign DNA. Other
methods include agitation in the presence of glass beads
or silicon carbide whiskers, which require minimal equip-
ment, but generally have lower transformation rates. How-
ever, a recently optimized glass bead-based technique in



12 

Ta
bl

e
27

.1
.

B
io

as
sa

ye
d

m
ic

ro
al

ga
e-

de
ri

ve
d

re
co

m
bi

na
nt

pr
ot

ei
ns

Pr
ot

ei
n

B
io

te
ch

no
lo

gi
ca

l
ap

pl
ic

at
io

n
B

io
as

sa
y

G
en

et
ic

so
ur

ce
Pl

at
fo

rm
or

ga
ni

sm
C

om
pa

rt
m

en
t

R
ef

er
en

ce

α
-H

B
sA

g
fu

ll-
le

ng
th

Ig
G

1
m

A
b

(C
L

4m
A

b)
B

in
ds

he
pa

tit
is

B
su

rf
ac

e
an

tig
en

H
B

sA
g

bi
nd

in
g

E
L

IS
A

H
om

o
sa

pi
en

s
P

ha
eo

da
ct

yl
um

tr
ic

or
nu

tu
m

C
yt

os
ol

H
em

pe
le

ta
l.,

20
11

H
ep

at
iti

s
B

vi
ru

s
su

rf
ac

e
an

tig
en

(H
B

sA
g)

Im
m

un
og

en
α

-H
B

sA
g

bi
nd

in
g

in
hi

bi
tio

n
E

L
IS

A
H

ep
at

iti
s

B
vi

ru
s

P
ha

eo
da

ct
yl

um
tr

ic
or

nu
tu

m
C

yt
os

ol
H

em
pe

le
ta

l.,
20

11
C

-t
er

m
in

al
do

m
ai

n
fr

om
th

e
ap

ic
al

m
aj

or
an

tig
en

A
M

A
1

fu
se

d
to

a
tr

un
ca

te
d

gr
an

ul
e-

bo
un

d
st

ar
ch

sy
nt

ha
se

(G
B

SS
)

Im
m

un
og

en
R

ed
bl

oo
d

ce
ll

en
tr

y
in

hi
bi

tio
n

as
sa

y
an

d
le

th
al

do
se

m
ou

se
su

rv
iv

ab
ili

ty

P
la

sm
od

iu
m

be
rg

he
i

C
hl

am
yd

om
on

as
re

in
ha

rd
tii

N
uc

le
ar

en
co

de
d,

ch
lo

ro
pl

as
t

di
re

ct
ed

D
au

vi
llé
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e
et

al
.,

20
10

D
2

fib
ro

ne
ct

in
-b

in
di

ng
do

m
ai

n
of

St
ap

hy
lo

co
cc

us
au

re
us

fu
se

d
w

ith
th

e
ch

ol
er

a
to

xi
n

B
su

bu
ni

t
(C

T
B

-D
2)

Im
m

un
og

en
Ig

A
an

d
Ig

G
E

L
IS

A
,

pa
th

og
en

lo
ad

qt
PC

R
,l

et
ha

ld
os

e
su

rv
iv

ab
ili

ty
in

m
ic

e

St
ap

hy
lo

co
cc

us
au

re
us

,V
ib

ri
o

ch
ol

er
ae

C
hl

am
yd

om
on

as
re

in
ha

rd
tii

C
hl

or
op

la
st

D
re

es
en

et
al

.,
20

10

H
ig

h
m

ob
ili

ty
gr

ou
p

pr
ot

ei
n

B
1

(H
M

G
B

1)
In

fla
m

m
at

or
y

cy
to

ki
ne

Fi
br

ob
la

st
ch

em
ot

ax
is

H
om

o
sa

pi
en

s
C

hl
am

yd
om

on
as

re
in

ha
rd

tii
C

hl
or

op
la

st
R

as
al

a
et

al
.,

20
10

V
as

cu
la

re
nd

ot
he

lia
lg

ro
w

th
fa

ct
or

(V
E

G
F)

T
he

ra
pe

ut
ic

an
gi

og
en

es
is

V
E

G
F

re
ce

pt
or

bi
nd

in
g

E
L

IS
A

H
om

o
sa

pi
en

s
C

hl
am

yd
om

on
as

re
in

ha
rd

tii
C

hl
or

op
la

st
R

as
al

a
et

al
.,

20
10

α
-P

A
83

fu
ll-

le
ng

th
Ig

G
1

m
A

b
(8

3K
7C

)
B

in
ds

an
th

ra
x

pr
ot

ec
tiv

e
an

tig
en

83
(P

A
83

);
an

th
ra

x
ne

ut
ra

liz
at

io
n

PA
83

bi
nd

in
g

E
L

IS
A

H
om

o
sa

pi
en

s
C

hl
am

yd
om

on
as

re
in

ha
rd

tii
C

hl
or

op
la

st
Tr

an
et

al
.,

20
09



13 

B
ov

in
e

la
ct

of
er

ric
in

(L
FB

)
D

ig
es

tiv
e

tra
ct

ba
ct

er
io

ci
da

l
Fi

sh
-f

ee
di

ng
su

rv
iv

al
as

sa
y

Bo
s

ta
ur

us
N

an
no

ch
lo

ro
ps

is
oc

ul
at

a
C

yt
os

ol
Li

&
Ts

ai
,2

00
9

G
lu

ta
m

ic
ac

id
de

ca
rb

ox
yl

as
e

65
(h

G
A

D
65

)
A

ut
oa

nt
ig

en
Se

ra
im

m
un

or
ea

ct
iv

ity
an

d
sp

le
en

ce
ll

pr
ol

ife
ra

tio
n

in
N

O
D

m
ic

e

H
om

o
sa

pi
en

s
C

hl
am

yd
om

on
as

re
in

ha
rd

tii
C

hl
or

op
la

st
W

an
g

et
al

.,
20

08

B
ov

in
e

m
am

m
ar

y-
as

so
ci

at
ed

se
ru

m
am

yl
oi

d
(M

-S
A

A
)

In
te

st
in

al
in

fe
ct

io
n

pr
ot

ec
ta

nt
fo

r
liv

es
to

ck

M
uc

in
in

du
ct

io
n

as
sa

y
Bo

s
ta

ur
us

C
hl

am
yd

om
on

as
re

in
ha

rd
tii

C
hl

or
op

la
st

M
an

ue
ll

et
al

.,
20

07

Sw
in

e
fe

ve
rv

iru
s

E2
vi

ra
l

pr
ot

ei
n

(C
SV

F-
E2

)
Im

m
un

og
en

Su
bc

ut
an

eo
us

im
m

un
iz

at
io

n
in

m
ic

e
C

la
ss

ic
al

sw
in

e
fe

ve
rv

iru
s

C
hl

am
yd

om
on

as
re

in
ha

rd
tii

C
hl

or
op

la
st

H
e

et
al

.,
20

07

M
et

al
ot

hi
on

ei
n-

2
(h

M
T-

2)
U

V
pr

ot
ec

ta
nt

C
el

ls
ur

vi
va

la
fte

rU
V

ex
po

su
re

H
om

o
sa

pi
en

s
C

hl
am

yd
om

on
as

re
in

ha
rd

tii
C

hl
or

op
la

st
Zh

an
g

et
al

.,
20

06

A
-g

ly
co

pr
ot

ei
n

D
la

rg
e

si
ng

le
ch

ai
n

m
A

b
(H

SV
8-

ls
c)

B
in

ds
he

rp
es

si
m

pl
ex

vi
ru

s
gl

yc
op

ro
te

in
D

H
SV

8
bi

nd
in

g
EL

IS
A

H
om

o
sa

pi
en

s
C

hl
am

yd
om

on
as

re
in

ha
rd

tii
C

hl
or

op
la

st
M

ay
fie

ld
et

al
.,

20
03

C
ho

le
ra

to
xi

n
B

su
bu

ni
tf

us
ed

to
FM

D
vi

ru
s

V
P1

(C
TB

V
P1

)

M
uc

os
al

ad
ju

va
nt

fu
se

d
to

a
liv

es
to

ck
vi

ra
li

m
m

un
og

en

G
M

1-
ga

ng
lio

si
de

re
ce

pt
or

bi
nd

in
g

EL
IS

A

Vi
br

io
ch

ol
er

ae
,

Fo
ot

-a
nd

-m
ou

th
di

se
as

e
vi

ru
s

C
hl

am
yd

om
on

as
re

in
ha

rd
tii

C
hl

or
op

la
st

Su
n

et
al

.,
20

03

Fl
ou

nd
er

gr
ow

th
ho

rm
on

e
(f

G
H

)
A

gr
ic

ul
tu

ra
lg

ro
w

th
ho

rm
on

e
D

ie
ta

ry
su

pp
le

m
en

ta
tio

n
an

d
gr

ow
th

pr
om

ot
io

n
Pa

na
eo

lu
s

ol
iv

ac
eu

s
C

hl
or

el
la

el
lip

so
id

ea
,

N
an

no
ch

lo
ro

ps
is

oc
ul

at
a

C
yt

os
ol

K
im

et
al

.,
20

02
;

C
he

n
et

al
.,

20
08



14 

536 Daniel J. Barrera and Stephen P. Mayfield

Dunaliella salina was shown to be more efficient than elec-
troporation or particle bombardment (Feng et al., 2009).
Agrobacterium tumefaciens-mediated transformation has
also been demonstrated but has not been applied as exten-
sively as the previously mentioned techniques, and thus less
is known about the potential of this system to generate use-
ful transgenic lines (Kumar et al., 2004; Kathiresan et al.,
2009; Anila et al., 2011).

Particle bombardment is performed by introducing small
metal particles, typically gold or tungsten that has been
coated with recombinant DNA, into cells. The particles
are delivered into cells by accelerating them with pres-
surized gas, allowing passage through the membranes
surrounding the cell and target organelle. The micropro-
jectiles can be accelerated using a helium-pressurized
apparatus, commonly manufactured as a gun or vacuum
chamber. This technique can be particularly useful in
walled species of algae, as well as for transforming chloro-
plasts or mitochondria. Photosynthetic microalgae that have
been transformed using this basic protocol include C.
reinhardtii (Boynton et al., 1988), Chlorella ellipsoidea
(Jarvis & Brown, 1991), Volvox carteri (Schiedlmeier et al.,
1994), Cyclotella cryptica (Dunahay et al., 1995), Navic-
ula saprophila (Dunahay et al., 1995), P. tricornutum (Apt
et al., 1996), Chlorella sorokiniana (Dawson et al., 1997),
Chlorella kessleri (El-Sheekh, 1999), Thalassiosira weiss-
flogii (Falciatore et al., 1999), Cylindrotheca fusiformis
(Fischer et al., 1999), Euglena gracilis (Doetsch et al.,
2001), Porphyridium UTEX637 (Lapidot et al., 2002),
Haematococcus pluvialis (Teng et al., 2002), V. carteri
(Jakobiak et al., 2004), D. salina (Tan et al., 2005), Gonium
pectorale (Lerche & Hallmann, 2009), and Chaetoceros sp.
CCK09 (Miyagawa-Yamaguchi et al., 2011).

Electroporation uses an electric current to temporarily
perforate the cell membrane in many strains of microal-
gae (Mayfield, 1991). Although it requires more equip-
ment than glass beads, it can be more efficient when opti-
mized, and transformation rates as high as 2 × 105 trans-
formants per microgram of DNA have been reported in
C. reinhardtii (Shimogawara et al., 1998). Several factors
contribute to optimal transformation efficiency including
osmolarity, temperature, concentration of the exogenous
DNA, voltage, and capacitance. Optimal conditions vary
among the transformed species, which include Chlorella
saccharophila (Maruyama et al., 1994), Chlorella vulgaris
(Chow & Tung, 1999), C. ellipsoidea (Chen et al., 2001),
Cyanidioschyzon merolae 10D (Minoda et al., 2004), D.
salina (Sun et al., 2005), Dunaliella tertiolecta (Walker
et al., 2005), Dunaliella viridis (Sun et al., 2006), and N.
oculata (Chen et al., 2008).

27.4 STRATEGIES FOR MAINTAINING
ACCUMULATION OF RECOMBINANT
PROTEINS
A significant contributor of a transgene’s ability to be
expressed and accumulate product seems to involve shar-
ing a codon bias with the host microalgae. This is evident
through a comparison of the genes successfully used to pro-
duce recombinant proteins with those that have not been
successful. A useful resource for analyzing codon usage
was published in 2000, and now contains over 3 000 000
complete protein coding sequences from almost 36 000
organisms (Nakamura et al., 2000). This database, the
codon usage tabulated from Genbank (CUTG), is available
at http://www.kazusa.or.jp/codon/

It is important to consider codon bias not only of the
nuclear genome but for the organelles as well, which can
be quite different from nuclear codon bias. For example,
coding sequences from C. reinhardtii have a GC con-
tent of 62% in the nuclear genome, 48% in the mito-
chondrial genome, and 34% in the chloroplast genome.
Many other chlorophytes also have a high GC content
in nuclear DNA. Furthermore, in a majority of character-
ized microalgae, the wobble position for both the nucleus
and the chloroplast tends to be the most restrictive. In
diatoms such as P. tricornutum and Thalassiosira pseudo-
nana, nuclear GC contents are more modest (53%, 50%)
and less influential at the wobble position. Figure 27.1
illustrates the nucleoside preferences of codons by posi-
tion of several microalgae species for both the nuclear
and chloroplast genomes. The CUTG can be referenced
to find actual codon frequencies for a given species and
compartment, and should be considered when synthesizing
transgenes.

Besides codon optimization, promoters and regulatory
elements governing transgenes also significantly impact
expression and accumulation of recombinant proteins. An
optimization of chloroplast promoters and untranslated
regions (UTRs) for expressing heterologous proteins in
C. reinhardtii was recently accomplished (Rasala et al.,
2011). In a photosynthetic-deficient genetic background,
psbA elements were the most robust for the production of
several recombinant proteins. A fusion of the 16s ribosomal
promoter with the atpA 5′ UTR showed improved recom-
binant protein expression over atpA itself, and produced
more protein than psbA elements when used in photosyn-
thetic competent cells. In the nuclear genome fusing the
hsp70 promoter to the rbcs2 promoter also increased trans-
gene expression, suggesting that this strategy might work
on other relevant genes (Schroda et al., 2000). Several
other simple and chimeric elements have been described
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Figure 27.1. Nucleoside preference of codons by position. GC content of each position is presented based on
all available coding sequences (CDSs) at the CUTG. The following photosynthetic microalgae (green algae,
diatoms) are analyzed and include the average GC content in parenthesis for the (a) nucleus and (b)
chloroplast: Chlamydomonas reinhardtii, Scenedesmus obliquus, Thalassiosira pseudonana, Phaeodactylum
tricornutum, and Dunaliella tertiolecta.

for nuclear and chloroplast organelles and a list of these are
presented in Table 27.2.

Table 27.3 describes several selectable markers available
for transforming both the nuclear and chloroplast genomes
of microalgae species. Historically, endogenous genes were
the first selectable markers used to complement nutritional

auxotrophic and photosynthetic-deficient mutants of hap-
loid microalgae (Boynton et al., 1988). These prototrophic,
recessive markers are valuable tools for generating strains
without the use of heterologous DNA, something that may
be essential for any strain that is to be used for out-
door growth. Antibiotic and herbicide resistance-conferring
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genes are dominant markers commonly employed across
many microalgae species, and are particularly useful for
transforming diploid species. However, heterologous drug
resistance genes are undesirable in commercial production
systems, and will likely need to be eliminated before the
strains can be used to produce any commercial product. One
strategy for marker removal or recycling has been devel-
oped for the chloroplast and utilizes homologous recombi-
nation to move the heterologous gene after integration and
selection of a stable transgenic line (Fischer et al., 1996).

Reporter proteins are indispensible when developing a
protein production line, and several are available with a
range of applications. Luciferase genes from several differ-
ent species have been codon optimized for C. reinhardtii for
both chloroplast and nuclear expression, and have also been
developed for the nucleus of P. tricornutum and G. pec-
torale (Falciatore et al., 1999; Minko et al., 1999; Fuhrmann
et al., 2004; Mayfield & Schultz, 2004; Shao & Bock, 2008;
Lerche & Hallmann, 2009). Besides luminescence, there
are also colorimetric assays made possible through enzy-
matic reporters. Beta-glucuronidase (GUS) is a bacteria-
derived reporter available in many microalgae species, and
arylsulfatase (ARS) has been used as a reporter in C. rein-
hardtii (Davies et al., 1992; Klein et al., 1992).

Many variants of green fluorescent protein (GFP) have
been optimized for the chloroplast and the nucleus of C.
reinhardtii, and in P. tricornutum a humanized enhanced
GFP (eGFP) with similar codon bias accumulated well
(Fuhrmann et al., 1999; Zaslavskaia et al., 2000; Franklin
et al., 2002). Fluorescent proteins provide excellent means
of quickly quantitating transgene expression in populations
and their individuals. For example, a 1 mL culture of C. rein-
hardtii can have 107 individuals, all of which can be ana-
lyzed for GFP expression (fluorescence) in minutes using
flow cytometry, which can produce robust statistical data
on transgene expression. Furthermore, interesting individ-
uals can be selected from a population using fluorescence-
activated cell sorting (FACS) (Montero et al., 2011).

27.5 CONCLUSIONS
Photosynthetic microalgae are a promising platform for
meeting the increasing demand for high-value recombinant
proteins. More importantly, because they can be grown
inexpensively on a large scale, those high-demand recom-
binant proteins can potentially be produced at a cost low
enough to positively impact significant global problems
such as disease eradication or livestock nutrition, where
cost is an important factor. Furthermore, the potential for
oral delivery offers an ability to eliminate many processing
steps, which could reduce production costs even further.

It is clear from examining the history of transgenic
microalgae that a variety of fully functional recombinant
proteins can be produced with a wide range of applications.
In order to successfully express a given transgene, the cod-
ing sequence should be optimized and governing regulatory
elements should be appropriately selected based on the tar-
get species and compartment. Several methods of genetic
transformation have been developed for both the nucleus
and the chloroplast in combination with selectable markers
and reporter genes for developing production strains. These
strategies seem likely to work in a variety of algal species,
including those now being developed for large-scale indus-
trial processes.
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    Chapter 26   

 Rapid Screening for the Robust Expression 
of Recombinant Proteins in Algal Plastids 

           Daniel     Barrera    ,     Javier     Gimpel    , and     Stephen     Mayfi eld    

    Abstract 

    Chlamydomonas reinhardtii  has many advantages as a photosynthetic model organism. One of these is 
facile, targeted chloroplast transformation by particle bombardment. Functional recombinant proteins can 
be expressed to signifi cant levels in this system, potentially outperforming higher plants in speed of scaling, 
cost, and space requirements. Several strategies and regulatory regions can be used for achieving transgene 
expression. Here we present two of those strategies: one makes use of the  psbD  promoter for expressing 
moderate levels of the recombinant protein in a photosynthetic background. The other strategy is based 
on the strong  psbA  promoter for obtaining high yields of the recombinant product in a non- photosynthetic 
strain. We herein describe the vectors, transformation procedures, and screening methods associated with 
these two strategies.  

  Key words      Chlamydomonas reinhardtii   ,   Chloroplast expression  ,   Expression screening  ,   Plastid trans-
formation  ,    psbA  promoter  ,    psbD  promoter  ,   Recombinant protein  

1      Introduction 

  Chlamydomonas reinhardtii  ( Chlorophyceae ) has long served as a 
model organism for photosynthesis, chloroplast biogenesis, and 
fl agellar research [ 1 ]. Its chloroplast genome was fi rst transformed 
over 20 years ago [ 2 ], and since then plastid transformation in 
algae has become a standard technique in many laboratories. The 
effi ciency of homologous recombination in the chloroplast and the 
ability of cells to grow heterotrophically on acetate have allowed 
researchers to produce many targeted photosynthetic mutants [ 3 – 6 ]. 
 C. reinhardtii  chloroplasts are also an excellent platform for the 
expression of valuable recombinant proteins [ 7 ]. Algal plastid 
expression has many of the benefi ts of higher plant chloroplast 
expression, but is inherently faster and potentially less expensive 
and requires far less space when large numbers of transformants are 
required. Another advantage is that algae grow rapidly and easily in 
containment, thus making the scaling-up process faster and 
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environmentally friendly. The time frame between transformation 
and scale-up can be as short as 2 months [ 8 ], considerably shorter 
than with higher plants because large amounts of seeds may require 
up to 5 months to produce in tobacco and 3 years in corn [ 9 ]. 
Additionally, algae can achieve up to 30–50 % protein by dry 
weight [ 10 ], and since they are unicellular, they don’t have to 
maintain protein-poor differentiated structures like plants do. 

 Currently, particle bombardment is the best method for 
 C. reinhardtii  plastid transformation. Plastid expression vectors 
follow the same overall scheme as in plants, consisting of two fl ank-
ing regions for homologous recombination, a promoter for mRNA 
transcription, and 5′ and 3′ untranslated regions used for transla-
tional regulation and mRNA stability. All of these control elements 
are required for driving the expression of selection markers as well 
as any recombinant genes of interest. The sites for transgene inser-
tion differ among laboratories, but the  psbA  and  psbH  loci are com-
monly used. The  aadA  and     aphaVI  genes are two of the preferred 
selection markers conferring resistance to spectinomycin and kana-
mycin, respectively [ 11 ,  12 ]. There are also reporter genes avail-
able such as β-glucuronidase, GFP, and several luciferases ( see  ref.  8  
for a review). The most widely used promoters/UTRs are from 
 psbA ,  psbD ,  psaA ,  atpA , and  rbcL  [ 13 – 15 ]. In our laboratory we 
have demonstrated robust expression with the  psbA  promoter/
UTR in a  psbA  knockout background [ 16 ]. It is also worth noting 
that  Chlamydomonas  plastid genome has a very AT-rich codon 
bias; thus, most of the genes have to be codon optimized and syn-
thesized for optimal results. For example, GFP expression has been 
shown to increase 80-fold after codon optimization [ 17 ]. 

 In this protocol we will show how to transform, screen, and 
monitor expression of transgenes by using the  psbA  promoter/
UTR in a  psbA  knockout background (non-photosynthetic, high-
est expression) and a  psbD  promoter/UTR in a photosynthetic 
background (moderate expression in photosynthetic background).  

2    Materials 

 1.    C. reinhardtii  strain W1.1 or  psbH (−) ( see   Note 1 ).
 2.   Tris–acetate–phosphate (TAP) media.

 1.   Seashell Technology S04e gold formulation kit.
 2.    psbA  or  psbH  transformation vector (Fig.  1 ).
 3.   Ice-cold 100 % ethanol.
 4.   Macrocarrier holders (Bio-Rad).
 5.   Macrocarriers (Bio-Rad).

2.1  Cell Growth 
and Preparation

2.2  DNA and Gold 
Particle Preparation

Daniel Barrera et al.
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 1.   PDS-1000He particle delivery system (Bio-Rad).
 2.   Helium tank.
 3.   Vacuum pump.
 4.   Stopping screens (Bio-Rad).
 5.   1,350 psi rupture discs (Bio-Rad).
 6.   Prepared macrocarrier assembly.
 7.   TAP + 100 μg/ml kanamycin 1.5 % w/v agar plates.
 8.   High-salt media (HSM) 1.5 % w/v agar plates.

 1.   10× Tris–EDTA (TE) pH 7.4 buffer.
 2.   Toothpicks.
 3.   PCR mix ( see  Tables  1  and  2 ).
 4.   Agarose gel electrophoresis and visualization equipment.

 1.   Lysis buffer: 750 mM Tris–HCl, pH8.0, 15 % sucrose (w/v),
Roche Complete protease inhibitor cocktail. Store in aliquots
at −20 ° Celsius after adding protease inhibitor.

 2.   Tip sonicator (Sonic Dismembrator 500, Fisher Scientifi c).
 3.   4× Laemmli protein sample buffer: 8 % SDS, 40 % glycerol,

20 % 2-mercaptoethanol, 0.02 % bromophenol blue, 0.25 M
Tris–HCl, pH 6.8.

 4.   Standard SDS-PAGE electrophoresis equipment and buffers.
 5.   Standard Western blot equipment and buffers.

2.3  Particle 
Bombardment

2.4  PCR Screening

2.5  Expression Test

  Fig. 1     psbA  and  psbH  transformation vector schematics. ( a ) The  psbA  vector 
contains the gene of interest (GOI) inserted directionally with  Nde I to  Xba I restric-
tion sites. The GOI has a  psbA  promoter and 5′-UTR and a  psbA  3′-UTR.
This cassette is fl anked by regions of homology to the outside of the  psbA  locus. 
( b ) The  psbH  vector also has  Nde I and  Xba I directional restriction sites. The GOI 
has a  psbD  promoter and 5′-UTR and a  psbA  3′-UTR. The regions of homology
fl anking the cassette correspond to the  psbH  locus       

Expression Screening in Algal Plastids



28 

394

3    Methods 

 1.   Inoculate a 50 ml starter culture of W1.1 or psbH(−) cells into
liquid TAP media from an agar plate and grow under low light
to a density of 1.0 × 10 6  to 3.0 × 10 6  cells/ml.

 2.   Transfer an aliquot of starter culture into a 250 ml fl ask at
2.0 × 10 4  cells/ml and grow in TAP to a concentration of
between 8.0 × 10 5  and 2.0 × 10 6  cells/ml ( see   Note 2 ).

 3.   Harvest cells in 50 ml conical tubes and centrifuge at 3,000    rpm
for 5 min at room temperature to pellet.

 4.   Decant supernatant and resuspend cells to 3.0 × 10 7  cells/ml.

3.1  Cell Growth 
and Preparation

     Table 1  
  PCR reaction mixes for gene-positive and homoplasmic screens   

 Gene positive (μl)  Homoplasmic (μl)

 10x Taq ThermoPol buffer NEB  2.5  2.5 

 MgSO 4  25 mM  1  1 

 dNTPs 25 μM  0.5  0.5 

 Primer 87 for  1.25  1.25 

 Primer  psbA ,  psbH,  or GOI rev  1.25  1.25 

 Primer 79 for  0  1.25 

 Primer 80 rev  0  1.25 

 Taq polymerase (e.g., NEB)  0.2  0.4 

 Water  16.3  13.6 

 Algae lysate  2  2 

 Total  25  25 

   Table 2  
  Primers for gene-positive and homoplasmic PCR reaction mixes   

 Primer  Sequence (5′–3′)  Working stock (μM)

 79 for  CCGAACTGAGGTTGGGTTTA   3 

 80 rev  GGGGGAGCGAATAGGATTAG   3 

 87 for  GTGCTAGGTAACTAACGTTTGATTTTT  10 

  psbA  rev  CTTGAATAGTTTCTCTAGCGTTAC  10 

  psbH  rev  CTCCGATGCATCCTCTCTTAGG  10 

 GOI rev  Gene of interest specifi c  10 
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 5.   Plate 1.5 × 10 7  cells on selective agar medium ( see   Note 3 ).
 6.   Allow excess liquid to absorb into the plate and perform DNA

and gold preparation.

 1.   Place ethanol sterilized macrocarrier membranes in ethanol
sterilized membrane holders.

 2.   Add 50 μl binding buffer to a sterile Eppendorf tube.
 3.   Add 10–14 μg of concentrated (midiprep) transformation

plasmid ( see   Note 4 ).
 4.   Add 60 μl (3 mg) Seashell S550d carrier gold to the mixture

and incubate on ice for 1 min.
 5.   Add 100 μl precipitation buffer and incubate on ice for 1 min.
 6.   Mix briefl y by mild vortex and centrifuge for 10 s at 10,000 rpm

to collect gold.
 7.   Remove the supernatant by pipette and wash with 500 μl ice- 

cold ethanol.
 8.   Perform 10 s spin again, remove supernatant, and add 50 μl

ice-cold ethanol.
 9.   Resuspend pellet with a 1–2 s burst from a sonicator probe tip

(minimum amplitude).
   10.   Immediately aliquot 10 μl portions of DNA/gold mixture

onto individual macrocarrier membranes.

 1.   Turn on PDS-1000He particle delivery system and open
helium tank completely. The helium pressure should be at
least 1,750 psi.

 2.   Turn on vacuum pump connected to PDS-1000He particle
delivery system.

 3.   Sterilize all biolistics components including bombardment
chamber with 100 % ethanol and allow to dry.

 4.   Place a 1,350 psi rupture disc into rupture disc holder and
screw tightly into PDS-1000He delivery system.

 5.   Place a stopping screen into the center of the macrocarrier
launch assembly unit.

 6.   Follow with prepared gold-coated macrocarrier membrane
and holder placed gold side down.

 7.   Place assembly unit in the highest chamber slot nearest to the
rupture disc.

 8.   Place plate holder and plate in the second slot from the bot-
tom. Uncover plate.

 9.   Close chamber door and turn on the vacuum switch until
pressure reaches 28 in. Hg.

   10.   Flip switch from vacuum to hold.

3.2  DNA and Gold 
Preparation

3.3  Particle 
Bombardment
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   11.   Press and hold fi re button until rupture disc breaks.
   12.   Flip switch from vacuum to vent. When pressure reaches 0 in.

Hg, open the door and immediately cover the plate.
   13.   Recover transformations in low light (<1,500 lux) until

background dies off and transformed colonies appear.

 1.   Patch 24 colonies from the transformation plates onto selec-
tion plates by touching a colony with a toothpick and streak-
ing it into a small patch.

 2.   Grow patches for 1 week.
 3.   Prepare cell lysates for PCR by touching a patch with a pipette

tip and immersing it into 25 μl of 10× TE buffer ( see   Note 5 ).
Make sure to include untransformed controls.

 4.   Use a thermocycler to heat cell suspensions to 95 ° C for
10 min. Cool to 4 °C.

 5.   Prepare the “gene-positive” PCR master mix (Table  1 ).
 6.   Distribute 23 μl of PCR master mix and use 2 μl of prepared

lysates as templates. Run PCR.
 7.   Run an agarose gel to check for gene-positive strains.

 1.   Streak at least eight different gene-positive strains retrieved
from the initial patches onto selective plates.

 2.   Wait for single colonies to come up (~1 week). Patch at least
three colonies from each parental strain.

 3.   Wait for patches to grow. Repeat  steps 1 – 3  from at least three
colonies. Always add at least two non-transformed parental
strains as controls.

 4.   Set up a “homoplasmic PCR mix” (Table  1 ). Recommended
extension time of 30 s and annealing temperature of 54 °C.

 5.   Run a 1.5 % agarose gel. A ~500 bp control band is given by
primers 79 and 80. A ~300 bp (87 and  psbA  rev) band should
disappear in  psbA  transgene homoplasmic strains. A ~800 bp band
should disappear in  psbH  transgene homoplasmic strains (Fig.  2 ).
Be sure that all non-transformed parental strains have both bands.

 6.   If no strains are homoplasmic, repeat  steps 1 – 5  using algae
from  step 3 .

 7.   Pick at least four homoplasmic patches and streak them for protein
extraction in selective plates (¼ of a plate each) ( see   Note 6 ).

 1.   Collect ¼ of a plate of algae with an inoculation loop.
 2.   Resuspend in 200 μl of lysis buffer.
 3.   Sonicate on ice for 20 s at 10 % power using the probe tip soni-

cator. Check in a microscope for evidence of lysis if necessary.
 4.   Optional: separate membrane and soluble protein by spinning

at 14,000 rpm in a tabletop microcentrifuge for 10 min at

3.4  PCR Screening 
of Transformed 
Colonies for Transgene 
Integration

3.5  PCR Screening 
for Homoplasmic Lines

3.6  Protein 
Extraction
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4 °C (partial separation) or with an ultracentrifuge (complete 
separation).   

 5.   Quantitate total, soluble, or resuspended membrane protein
using the Bio-Rad DC protein assay ( see   Note 7 ).   

 6.   Run 30 μg of protein per well on a SDS-PAGE gel ( see   Note 8 ).
 7.   Proceed with a standard Western blot protocol (Fig.  3 ).

  Fig. 2    Homoplasmic screen.  Lane 1 : 1 Kb Plus Ladder (Fermentas).  Lane 2 : non-homoplasmic strain transformed 
with the  psbA  vector.  Lane 3 : homoplasmic strain transformed with the  psbA  vector.  Lane 4 : non-homoplasmic 
strain transformed with the  psbH  vector.  Lane 5 : homoplasmic strain transformed with the  psbH  vector       

  Fig. 3    Western blot of GFP expressing  C. reinhardtii  using  psbH  and  psbA  transformation vectors.  Lane 1  shows 
Fermentas PageRuler Plus Protein Ladder.  Lane 2  shows GFP expression under the  psbD  promoter trans-
formed into the  psbH  locus.  Lane 3  shows GFP expression under the  psbA  promoter transformed into the  psbA  
locus.  Lane 4  shows wild type with no GFP expression       
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4            Notes 

 1.   W1.1 is a  psbA  knockout strain resistant to spectinomycin (16s
rRNA mutation) ( see  ref.  16  for further details).  psbH (−) is a
non-photosynthetic strain with an early stop codon in the
 psbH  gene. It has a kanamycin-resistance cassette driven by the
 psbA  promoter.

 2.   Cells must be at mid-log phase in order to achieve high transfor-
mation effi ciency. Never use cultures above 2.0 × 10 6  cells/ml.

 3.    psbA  transformants are resistant to kanamycin thanks to the
 apha-VI  cassette.  psbH  transformants recover photosynthesis
by restoration of the wt  psbH  gene and thus can grow in media
without acetate (HSM).

 4.   Plasmid concentration should be at least 1 μg/μl.
 5.   Use 10× TE not 1× TE.
 6.   Some proteins driven by the  psbA  promoter only express in

liquid media upon light induction ( see  ref.  16  for further
details). Do not use antibiotics in liquid media.

 7.   Lowry assays with absorbance at 750 nm are less prone to be
affected by chlorophyll absorption.

 8.   30 μg is a good initial loading amount for moderately expressed
proteins. If no expression is observed proceed to load as much
as possible. Heterologous proteins usually can’t be observed
in stained gels.
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The idea of targeted therapy, whereby drug or protein molecules
are delivered to specific cells, is a compelling approach to treating
disease. Immunotoxins are one such targeted therapeutic, consist-
ing of an antibody domain for binding target cells and molecules
of a toxin that inhibits the proliferation of the targeted cell. One
major hurdle preventing these therapies from reaching the market
has been the lack of a suitable production platform that allows the
cost-effective production of these highly complex molecules. The
chloroplast of the green alga Chlamydomonas reinhardtii has been
shown to contain the machinery necessary to fold and assemble
complex eukaryotic proteins. However, the translational apparatus
of chloroplasts resembles that of a prokaryote, allowing them to
accumulate eukaryotic toxins that otherwise would kill a eukaryotic
host. Herewe show expression and accumulation of monomeric and
dimeric immunotoxin proteins in algal chloroplasts. These fusionpro-
teins contain an antibody domain targeting CD22, a B-cell surface
epitope, and theenzymatic domainofexotoxinA fromPseudomonas
aeruginosa.We demonstrated that algal-produced immunotoxins
accumulate as soluble and enzymatically active proteins that
bind target B cells and efficiently kill them in vitro. We also show
that treatment with either the mono- or dimeric immunotoxins
significantly prolongs the survival of mice with implanted human
B-cell tumors.

Microscopic eukaryotic green algae play an essential role in
converting solar energy into chemical energy through the

process of photosynthesis (1), and recently these microorganisms
have gained attention as a potential source of renewable fuel (2). In
addition to energy production, microalgae can produce a variety of
other bioproducts including nutraceuticals and recombinant pro-
teins such as industrial enzymes or therapeutics (3, 4). Using the
green algaeChlamydomonas reinhardtii, we have demonstrated that
algae are capable of expressing, folding, and accumulating a range of
human therapeutic proteins in the chloroplast (5–7). More recently
we have shown that recombinant proteins also can be secreted from
algae (8). Algae require only trace minerals, fertilizer, and sun-
light to be grown at scale, giving them the potential to produce
recombinant proteins, including therapeutics, very inexpensively
(9). Although cost can be a significant factor in the production of
protein-based therapies, producing unique classes of therapeu-
tically relevant proteins is desirable, and algae offer the potential
to produce a number of novel proteins because of the unique
biochemical environment of the chloroplast (5).
Immunotoxins are antibodies that are either chemically (10)

or genetically (11) coupled to eukaryotic toxins. These chimeric
proteins are used to deliver the toxin to a specific cancer cell to
initiate apoptosis (12). Thesemolecules currently are produced by
expressing an antibody in CHO cells and then chemically coupling
the purified protein to a toxin (10) or by expressing a chimeric
antibody-toxin protein as an insoluble aggregate in bacteria and
then denaturing and refolding the protein to produce the func-
tional immunotoxin (11). Eukaryotic expression platforms such as
yeast, CHO cells, and insect cells are incapable of producing and
accumulating genetically coupled immunotoxins because of the
inhibition of host-cell proliferation by the toxin. Therefore the

production of genetically coupled immunotoxins is limited to
bacterial expression platforms, where the eukaryotic toxin does
not inhibit the host’s ability to grow. This restriction limits the
complexity of immunotoxins that currently are produced, because
bacterial expression platforms lack the ability to fold proteins with
multiple domains efficiently or to form disulfide bonds within
proteins (13). These limitations reduce immunotoxin production
in Escherichia coli to single-chain antibody fragments (scFv) and
eukaryotic toxins (14) or disulfide-stabilized variable domains
formed ex vivo that are genetically linked to a eukaryotic toxin
(15). For chemically linked immunotoxins, antibodies can be
expressed in CHO cells and the toxin coupled in vitro, leading to
functional complex proteins, but this process results in additional
chemical processing steps that lead to more expensive drug con-
jugates (16). Each of these immunotoxin types has been demon-
strated to be a potent and potentially useful tool for the treatment
of solid tumor (17).
C. reinhardtii is a eukaryotic alga that contains a single chloroplast

that constitutes up to 70% of the cell (18). Chloroplasts contain
ribosomes and translation factors that resemble those of photosyn-
thetic prokaryotes (19, 20). However, unlike bacteria, chloroplasts
contain awide range of chaperones (21), protein disulfide isomerases
(22), and peptidylprolyl isomerases (PPIases) (23) that allow them
to fold the complex proteins of the photosynthetic apparatus. This
machinery also allows them to fold complex recombinant proteins,
such as full-length human antibodies, which accumulate as soluble
and functional molecules within the chloroplast (5).
To examine if algae are capable of producing fully functional

immunotoxins, we created a recombinant gene encoding a single-
chain antibody (scFv) that recognizes CD22, a B-cell surface
molecule (Fig. 1A) (24), genetically fused to domains II and III of
Exotoxin A (PE40) from Pseudomonas aeruginosa (Fig. 1B). The
chimeric gene produced is very similar to one expressed in E. coli
called “αCD22PE40” (25). PE40 inhibits the translation of
eukaryotic cells by ribosylating eukaryotic elongation factor 2
(eEF2), preventing the elongation of polypeptide chains leading to
apoptosis of the targeted cell (26). A significant problem with
immunotoxins similar to αCD22PE40 is their short serum half-life
resulting from their small size (27). To overcome this potential
problem, we also engineered a more complex chimeric immuno-
toxin gene that contained the hinge and CH2 and CH3 domains of
a human IgG1placed between theαCD22 scFv antibody andPE40,
encoding a protein that we have termed “αCD22CH23PE40” (Fig.
1C). This molecule should be capable of forming a dimer through
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two disulfide bonds in the hinge region,making it significantly larger
than αCD22PE40 and doubling the number of CD22-binding
domains and PE40 molecules to two.
Recently, antibody drug conjugates (ADCs) have garnered a sig-

nificant amount of attention for their ability to inhibit cancer-cell
proliferation (28). ADCs are produced by first purifying an antibody
made in a mammalian expression platform, followed by chemical
coupling of a toxin molecule to the antibody. This complex pro-
duction systemmakesADCs expensive therapies costing upwards of
$100,000 per course of treatment (16). Most ADCs are engineered
with special linkers that are cleaved upon acidification in the
endosome following antibody binding and endocytosis (29). PE40
provides a biological way to produce the toxin, eliminating the re-
quirement of chemical coupling. PE40 is generated byfirst removing
domain Ia from the full-length exotoxin A, thus making PE40 more
than 100-fold less toxic than the native exotoxin A because of its
inability to bind to cells (30). Domain II of this protein is cleaved in
acidified endosomes by a furin protease, liberating the cytotoxic
domain III from the antibody, which is targeted for degradation
(31). Additionally, the ability to produce genetically coupled
immunotoxins eliminates the possibility of unstable linkers (32) and
reduces off-target toxicity. Thus, immunotoxins provide a protein
alternative to chemically synthesized drug molecules that currently
are being linked to cancer-targeting antibodies.
Here we demonstrate that a eukaryotic cell is capable of accu-

mulating both small monomeric and larger dimeric immunotoxins.
These immunotoxins are enzymatically active, bind specifically to
cells displaying the CD22 molecule, and are capable of causing
those cells to undergo apoptosis. Furthermore, in s.c. tumor cell
xenograft mice models, both algal-produced immunotoxins are
capable of significantly inhibiting tumor growth.

Results
Protein Engineering and Expression Vector Construction. All DNA
manipulations were performed by standard methods as previously

described (33). The immunotoxin genes and subfragments were
synthesized de novo using C. reinhardtii chloroplasts codon bias
from www.kazusa.or.jp/codon/cgi-bin/showcodon.cgi?species=
3055.chloroplast. The variable domains of a human antibody
against the B-cell surface antigen CD22 were separated by a linker
consisting of four glycines and a serine repeated four times
(4×G4S) to create an scFv that was ligated downstream of a se-
quence coding for a 1× Flag peptide (DYKDDDDKS) and sepa-
rated by a sequence that encodes a Tobacco etch virus (TEV)
protease cleavage site (ENLYFQG). This gene was termed
“αCD22” (Fig. 1A) (Codon adaptation index = 0.722, Nc = 30.5)
(34, 35). This scFv was ligated upstream of a 2× G4S linker, the
coding sequence for domains II and III ofPseudomonas exotoxinA
(PE40), and the sequence coding for a KDEL endoplasmic re-
ticulum localization peptide, which has been shown to increase
the activity of exotoxin A-based immunotoxins (36). This mol-
ecule was termed “αCD22PE40” (Fig. 1B) (Codon adaptation
index = 0.750, Nc = 34.7.) To create the larger dimeric immu-
notoxin, a sequence encoding the hinge and constant domains 2
and 3 (CH23) of a human IgG1 was ligated between the scFv and
PE40, separated on both its amine and carboxyl end by a 2×G4S
linker (αCD22HCH23PE40) (Fig. 1C) (Codon adaptation index =
0.759, Nc =35.0). These constructs were placed in a C. reinhardtii
chloroplast transformation cassette that contains the psbA pro-
moter and 5′UTR upstream and the psbA 3′ UTR downstream of
the recombinant immunotoxin genes (Fig. 2A). A kanamycin re-
sistance gene, aphA6, was used to select algae that were trans-
formedwith the recombinant immunotoxin genes. The aphA6 gene
was placed downstream of the atpA promoter and 5′ UTR, which
are used to drive its expression, and upstream of the rbcL 3′ UTR
(Fig. 2A). Additional chloroplast genome homology is present
downstream of the kanamycin gene to facilitate the integration
of the immunotoxin gene into the chloroplast genome (6).

Analysis of Gene Integration into the Chloroplast Genome. Trans-
formation vectors were precipitated onto gold particles, trans-
formed into WT C. reinhardtii cells by particle bombardment,
and selected on Tris-acetate-phosphate (TAP) plates containing
100 μg/mL of kanamycin (Fig. 2B). Colonies that grew were
screened for the presence of heterologous genes. Chloroplasts
contain up to 80 copies of their plastid genome, and finding
strains in which all 80 copies contain the heterologous gene is
essential for identifying strains that stably express the desired
gene (37). PCR analysis was used to identify several transgenic
lines for each construct in which the αCD22, αCD22PE40, or
αCD22HCH23PE40 gene was integrated correctly into the
chloroplast genome at the psbA locus (Fig. 2C) (5).
To identify strains homoplasmic for each of these recombinant

genes, additional rounds of algae cell cloning and PCRanalysis were
performed. Primers corresponding to the psbA 5′ UTR and the
coding regionof the recombinant genes or the native psbA genewere
used to amplify DNA from strains homoplasmic for recombinant
gene integration, as previously described (5). Control primers for the
16S rRNA region of the chloroplast genome were used for valida-
tion that the PCR was successful (5). As shown in Fig. 2D, homo-
plasmic strains were identified for all three gene constructs.

Analysis of Recombinant Protein Accumulation in Transgenic Algal
Strains. To determine if algal chloroplasts accumulate immuno-
toxin proteins, Western blot analysis with an anti-Flag antibody
conjugated with alkaline phosphatase was used to assay for the
presence of αCD22, αCD22PE40, and αCD22HCH23PE40 in each
of the respective transgenic strains (Fig. 3A). αCD22, αCD22PE40,
and αCD22HCH23PE40 each accumulate as soluble proteins
within the respective transgenic alga, and allmigrate at the expected
size when separated by reducing PAGE. When proteins were sep-
arated on a nonreducing PAGE and assayed by Western blot
analysis, αCD22HCH23PE40 accumulated as a 190-kDa species,

Fig. 1. Depiction of algal-expressed immunotoxin proteins. (A) Single-chain
antibody (scFv) directed against the CD22 cell-surface antigen made by
linking the variable domains of the heavy- and light-chain antibodies with
a glycine-serine linker. (B) The CD22-scFv is genetically linked to P. aerugi-
nosa exotoxin A domains 2 and 3. Removal and replacement of domain Ia
from exotoxin A with an antibody allows cancer cells to be targeted spe-
cifically. (C) The CD22-scFv genetically fused to the hinge and constant
domains of an IgG1 and to exotoxin A domains 2 and 3 to create a construct
that forms a homodimer through disulfide bonds formed between hinge
regions. This fusion allows the molecule to have two binding domains as well
as two toxin molecules.

2 of 8 | www.pnas.org/cgi/doi/10.1073/pnas.1214638110 Tran et al.



38 

suggesting that chloroplasts assemble this protein into a dimer
(Fig. 3B). αCD22 and αCD22PE40 both migrated at the expected
mass of the monomer on both the reducing and nonreducing gels.
These data suggest that disulfide bonds are formed between the
cysteine residues found in the hinge region of a human IgG1,
resulting in dimerization of αCD22HCH23PE40 within algal
chloroplasts. ELISAs demonstrate that algal chloroplasts express
αCD22PE40 at∼0.3–0.4% and αCD22HCH23PE40 at∼0.2–0.3%.

ADP Ribosyltransferase Assays of Algal-Expressed Immunotoxins.
The enzymatic activity of the exotoxin A protein associated with
the immunotoxin is ADP ribosylation of translation elongation
factor EF2. An ADP ribosylation assay was used to determine
whether algal-expressed αCD22PE40 and αCD22HCH23PE40
molecules were enzymatically active. Biotinylated nicotinamide-
adenine dinucleotide (NAD+) (Sigma) the substrate for ribo-
syltransferases, was incubated with eEF2 and purified, algal-
produced immunotoxins. Active PE40 molecules are capable
of transferring biotinylated-ADP molecules from biotinylated-
NAD+ onto EF2. Successful transfer can be visualized by sep-
arating the EF2 protein on a polyacrylamide gel and detecting
the biotin on EF2 by Western blot analysis with an anti-biotin
alkaline phosphatase-conjugated antibody (Rockland). The de-
tection of a 92-kDa ribosylated eEF2 demonstrates the presence

of an enzymatically active PE40molecule. As shown in Fig. 4, both
αCD22PE40 (lane 2) and αCD22HCH23PE40 (lane 3) are capable
of ADP ribosylating eEF2, but the control protein αCD22 does not
ADP ribosylate eEF2 (lane 1). These data show that algal-expressed
immunotoxins containing PE40 are enzymatically active, demon-
strating that eukaryotic algal chloroplasts are capable of expressing
and accumulating active eukaryotic toxins. This result is somewhat
surprising, because even a single molecule of PE40 leaking from the
chloroplast into the cytosol would be sufficient to kill the eukaryotic
expression host. These data demonstrate that protein translocation
in chloroplast is strictly unidirectional and that chloroplast-pro-
duced proteins do not appear to transit into the cytoplasm.

Algal-Produced Immunotoxins Bind Specifically to Target Tumor Cells.
Flow cytometry was used to determine if algal-produced immu-
notoxins are capable of binding to their target cells. CA-46 B cells,
RamosB cells, and Jurkat T cells were incubated with αCD22PE40
and αCD22HCH23PE40 and subsequently fixed with sodium
azide. Following the initial immunotoxin binding, cells were in-
cubated with anti-endothelin receptor A antibody (produced in
rabbits) and then with an anti-rabbit DyLight 488-conjugated an-
tibody (Thermo Scientific). The cells then were subjected to FACS
analysis on a BD influx (Becton Dickinson). CA-46 B cells treated
with either αCD22PE40 or αCD22HCH23PE40 showed a fluo-

Fig. 2. Integration of genes into the chloroplast genome by homologous recombination. (A) Immunotoxin genes are ligated downstream of the psbA
promoter and 5′ UTR and upstream of the psbA 3′ UTR. This construct is placed upstream of an aphA6 gene that confers kanamycin resistance to transformed
cells of algae. Regions of chloroplast genome are placed at either end of the transformation vector to allow homologous integration of the entire trans-
formation cassette into the chloroplast genome. (B) Transformation plasmids are precipitated onto gold particles and delivered by particle bombardment into
algal chloroplasts, where they recombine into the plastid genome. (C) PCR analysis using primers specific to the αCD22 scFv gene and the psbA 5′ UTR
demonstrate that coding sequences for immunotoxins have been integrated into the psbA locus. Lane 1 contains PCR from WT algal cells. Lane 2 contains
strains transformed with αCD22. Lane 3 contains strains transformed with αCD22-PE40. Lane 4 contains strains transformed with αCD22-CH23-PE40. (D) PCR
analysis is used to confirm homoplasmicity of transformed strains of algae. Primers are used to amplify a control region of the algal chloroplast genome as
well the endogenous psbA gene. Loss of the psbA gene (upper band in lane 1) demonstrates homoplasmicity of the transgenic lines.
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rescent shift demonstrating that they were bound by the immu-
notoxin proteins (Fig. 5A). This shift also was present in Ramos B
cells thatwere incubatedwith algal-produced immunotoxin proteins
(Fig. 5B). Both the algal-produced immunotoxins fail to bind to
human Jurkat T cells which do not express the CD22 antigen (Fig.
5C). These data show that algal-produced immunotoxins bind spe-
cifically to their target cells that express the antigen and not to other
cell types that lack the target antigen, thereby demonstrating the
specificity of the antibody component of the immunotoxin proteins.

Algal-Expressed Immunotoxins Are Cytotoxic to B-Cell Lymphoma Cell
Lines. To test the specificity of the cell-killing activity of the
immunotoxins, live CA-46, Ramos, and Jurkat cells were trea-
ted in triplicate with varying doses of αCD22, αCD22PE40, or
αCD22HCH23PE40, and cell survival was measured. Cells treated
with PBS plus 0.2% human serum albumin (HSA) were used as
a negative control to determine the baseline for 100% survival.
Cells also were treated with 10 μg/mL of cycloheximide, which
completely inhibits protein synthesis, resulting in 100% cell death,
as the positive control. A water-soluble tetrazolium salt (WST-8)
assay was used tomeasure cell viability as previously described (38).
The αCD22 scFv lacking the PE40 toxin did not inhibit B cells or
T cells from proliferating, but αCD22PE40 and αCD22CH32PE40
inhibited CA-46 B-cell (Fig. 6A) and Ramos B-cell (Fig. 6B)
proliferation in a dose-dependent manner. The αCD22 scFv,
αCD22PE40, and αCD22CH23PE40 did not inhibit Jurkat T-cell
proliferation (Fig. 6C). In cell-based assays the monomeric
αCD22PE40 killed CA-46 cells with an IC50 of 0.246 nM and
Ramos cells with an IC50 of 1.39 nM (Fig. 6D). The divalent
αCD22CH23PE40 killed CA-46 cells with an IC50 of 0.011 nM and
Ramos cells with an IC50 of 0.042 nM (Fig. 6D). αCD22CH23PE40
was 22-fold more effective than αCD22PE40 at killing CA-46 cells
and was 33-fold more effective at killing Ramos cells.

These data demonstrate that alga-produced immunotoxins are
capable of binding to and inhibiting cell proliferation in vitro. Fur-
thermore, in vitro, the divalent immunotoxin αCD22HCH23PE40 is
able to cause cell death of target cells at a significantly lower con-
centration than the monovalent immunotoxin.

Antitumor Efficacy of Monomeric and Dimeric Algal-Produced
Immunotoxins Against Established B-Lymphoma Xenografts. To
test the in vivo efficacy of the algal-produced immunotoxins,
αCD22PE40 or αCD22HCH23PE40 and the control scFv αCD22
were evaluated for their antitumor activity against established s.c.
xenografts in Rag × gc−/−mice. Rag × gc−/−mice were injected with
3 × 107 Ramos cells on day 0. The tumors were grown to an average
diameter of 4 mm, which occurred 5 d after transplantation. The
mice were treated with three doses (administered every other day
by i.p. injection) of αCD22PE40, αCD22HCH23PE40, or αCD22.
Mice were treated with 240 μg/kg of each molecule in triplicate.
The mice treated with either algal-produced immunotoxin showed
a significant inhibition of tumor propagation (Fig. 6E) compared
with mice treated with the scFv lacking the PE40 toxin. This result
suggests that algal-expressed and purified immunotoxins have
a significant effect on tumor progression in animal models.

Discussion
We have shown that chloroplasts of the green algae, C. reinhardtii,
are capable of accumulating fully functional immunotoxin proteins
that consist of an antibody-binding domain targeting the B-cell
surface antigen CD22 and the PE40 toxin domain of exotoxin A.
Weproduced two different types of immunotoxins, single chain and
dimeric, and both accumulated as soluble functional proteins within
algal chloroplasts. Producing a eukaryotic toxin in a eukaryotic cell
was possible because chloroplasts have a prokaryotic-like trans-
lational apparatus that is resistant to the toxin and because proteins
produced in the chloroplast stay in the chloroplast. A single PE40
molecule escaping the chloroplast should be able to inhibit protein
translation in the algal cytosol, resulting in cell death. The survival
of algae producing the immunotoxins demonstrates that chlor-
oplasts sequester chloroplast-produced proteins completely within

Fig. 3. Western blots demonstrating the accumulation of immunotoxin
proteins. (A) Samples (each 20 μg o.d) were separated on a SDS/PAGE gel
under reducing conditions, transferred to a nitrocellulose membrane, and
probed with an anti-Flag antibody that was conjugated with alkaline phos-
phatase. The lanes contain the following samples: lane 1, WT total protein;
lane 2, αCD22; lane 3, αCD22PE40; lane 4, αCD22CH23PE40. (B) The identical
samples were separated on a SDS/PAGE gel under nonreducing conditions to
keep disulfide bonds intact. Once separated and transferred to a nitrocellu-
lose membrane, samples were probed with an anti-Flag antibody conjugated
with alkaline phosphatase and visualized on the nitrocellulose membrane.
Theblack arrow indicatesmonomeric αCD22CH23PE40; the red arrow indicates
αCD22CH23PE40 that has formed a homodimer which is indicative of an as-
sembled antibody; the blue arrow indicates the formation of an assembled
product between αCD22CH23PE40 and a degradation product lacking an scFv
binding domain. This result demonstrates that algae produce αCD22CH23PE40
as a dimer, making it a divalent protein containing two exotoxin A molecules.

Fig. 4. The ADP ribosyltransferase assay demonstrates that algal chloroplasts
accumulate enzymatically active immunotoxin proteins. Biotinylated NAD+

was mixed with eEF2 and purified αCD22, αCD22PE40, or αCD22CH23PE40.
Biotinylated ADP was transferred to eEF2 by enzymatically active exotoxin A.
After reaction completion, samples were separated on SDS/PAGE and blotted
onto nitrocellulose membranes. An anti-biotin antibody conjugated with al-
kaline phosphatase was used to detect eEF2 that was ribosylated with ADP-
biotin. Western blot demonstrates that αCD22 does not ribosylate eEF2 (lane
1) but that αCD22PE40 (lane 2) and αCD22CH23PE40 (lane 3) have enzymat-
ically active PE40 and do ribosylate eEF2.
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the chloroplast. In addition to sequestering the toxin, allowing the
production of immunotoxins in a eukaryotic host, chloroplasts also
have the machinery necessary to assemble complex immunotoxins
that containmultiple domains, such asαCD22CH23PE40, into larger
assembled proteins consisting of two antibody-binding domains and
two PE40 molecules. No other expression platform presently is ca-
pable of producing such a complex immunotoxin.
Previous studies haveproduced immunotoxins by expression inE.

coli. These proteins generally need to be purified, denatured, and
then refolded, because a majority of the protein product accumu-
lates as an insoluble aggregate in E. coli (15). Analysis of immu-
notoxin proteins produced in algae show that both αCD22PE40 and
αCD22CH23PE40 accumulate in algal chloroplasts as soluble,
correctly folded molecules that do not require additional chemistry
to be functional. This accumulation as a soluble functionalmolecule
should reduce the cost of production significantly, because fewer
steps are required to produce the functional therapeutic. Several
groups have engineeredE. coli to contain complex chaperones (39),
protein disulfide isomerases (40), and PPIases (41), but algae al-
ready contain this complex protein-folding machinery (21, 42). The
ability of chloroplast to assemble complex mammalian proteins was
demonstrated previously by using chloroplasts to fold and assemble
full-length human antibodies into soluble molecules that bind their
target antigen (5). Here we show thatC. reinhardtii chloroplasts also
can assemble efficiently divalent immunotoxins that contain the
hinge and CH2 and CH3 domains of a human IgG1. Two interchain
disulfide bonds are formed in the hinge region ofαCD22CH23PE40,
allowing the protein to form a homodimer (43).
Immunotoxins are multifunctional and require that each in-

dividual part of the protein be operational. FACS analysis
demonstrates that the antibody portions of αCD22PE40 and

αCD22CH23PE40 bind specifically to target cells that express
the CD22 antigen. The antibody domain of an immunotoxin is
used to direct the toxin molecule to a specific cell type so that
cancer cells expressing high levels of CD22 are targeted. An ADP
ribosyltransferase assay was used to demonstrate that the PE40
component of both αCD22PE40 and αCD22HCH23PE40 was
functional also.
Although enzymatically active immunotoxins that bind to their

target cell are crucial for functional therapies, they also must be
capable of delivering the catalytic domain of PE40 into the cytosol
of the target cell to inhibit its proliferation. Both CD22PE40 and
αCD22CH23PE40were tested in a cell-viability assay to determine
how effective they were at inhibiting target cell proliferation. Both
algal-produced immunotoxins showed significant cytotoxicity to-
ward two Burkitt lymphoma cell lines (Ramos and CA46). The
190-kDa αCD22HCH23PE40 immunotoxin is 22-fold more ef-
fective at killing CA-46 cells and 33-fold more effective at killing
Ramos cells than the monomeric αCD22PE40. The increase in
cytotoxicity can be attributed to two factors. First, divalent anti-
bodies with multiple binding domains have been shown previously
to have a greater binding avidity than monovalent scFv antibodies.
The second reason for this increased potency can be attributed to
the delivery of two PE40 molecules from αCD22HCH23PE40 as
opposed to one from the monomeric αCD22PE40. These two
factors appear to be responsible for the increased cytotoxicity of
αCD22HCH23PE40 in cell-based in vitro assays.
Importantly, both immunotoxin molecules impact tumor

growth in animal models, resulting in significant inhibition of tumor
growth and significantly prolonging mouse survival in a tumor-
challenge assay. Although αCD22HCH23PE40 may be slightly
better at inhibiting tumor growth, the increased effectiveness of

Fig. 5. Flow cytometry demonstrates specific binding of algal-produced immunotoxins. αCD22PE40 and αCD22CH23PE40 were incubated with CA-46 B cells,
Ramos B cells, or Jurkat T cells. After primary incubation, cells were incubated with anti-exotoxin A produced in rabbit and finally with anti-rabbit DyLight
488. After incubation cells were analyzed by flow cytometry (blue curves). Cells that were not incubated with immunotoxins were used as a baseline of
fluorescent intensity (red curves). (A) A shift in the fluorescence spectra demonstrates that αCD22PE40 and αCD22CH23PE40 bind to CA-46 B cells. (B)
Fluorescence analysis also demonstrates that αCD22PE40 and αCD22CH23PE40 bind to Ramos B cells. (C) A lack of fluorescence shift demonstrates that algal-
produced immunotoxins do not bind nonspecifically to Jurkat T cells.
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αCD22HCH23PE40 appears to be far less in vivo than in vitro.
Previously, it was demonstrated that increasing the valence and
half-life of an immunotoxin does not always lead to an increased in
vivo effectiveness for certain types of cancers (44), but in some
instances increased valence and prolonged half-life appear to have
a dramatic effect (45). The effectiveness of larger immunotoxins
with increased valence in vivo appears to be cancer-type specific.
Recently algae have garnered much attention for their potential

use as a source of biofuels, but algae also appear have a value in the
production of next-generation protein therapeutics. The ability to
fold, assemble, and accumulate multiple domain proteins as sol-
uble molecules is a significant advantage. However, the attributes
that truly distinguish algae from other recombinant expression
platforms are the presence of chloroplasts and the ability to pro-
duce and accumulate immunotoxin proteins in these compart-
ments. Chloroplasts of higher plants such as tobacco show a high
degree of conservation of algal chloroplasts and also could be
a viable option for expressing immunotoxins (46). However, algae
such as C. reinhardtii can be grown in closed bioreactors, thus
avoiding problems that might arise through cross-contamination
with native species (7, 47). Additionally, the time required to
generate transgenic strains of algae and the ability to scale quickly

are advantages that algae offer over land plants (7). No other
recombinant protein production system has been shown to be ca-
pable of accumulating these complex eukaryotic toxinmolecules as
soluble and enzymatically active proteins. These traits set algae
apart from other expression platforms. The potential of immuno-
toxins as potent and specific anticancer therapeutics is enormous.
The use of antibody drug conjugates, using small-molecule drugs,
to target and kill cancer cells and minimize the exposure of
healthy cells is already a reality (48), and many of these therapies
are in late-stage clinical trials (49, 50) or already are approved by
the US Food and Drug Administration (51). Protein toxins also
have been shown to be highly effective in inhibiting cancer-cell
proliferation, but their production is limited to bacterial expression
platforms that require the protein to be denatured and sub-
sequently refolded (52), processes that add toboth the time and the
cost of developing these drugs. Algae provide another avenue for
the production of these immunotoxins and add the ability to create
more complex molecules than presently can be produced in bacte-
rial systems. Although additional work needs to be done to de-
termine whether larger or smaller immunotoxins aremore effective
for specific cancers, the αCD22PE40 and αCD22HCH23PE40 we
have produced demonstrate that C. reinhardtii chloroplasts are

Fig. 6. In vitro and in vivo analysis of the effectiveness of algal-expressed immunotoxin against cancer cells. αCD22 (blue traces), αCD22PE40 (red traces),
and αCD22CH23PE40 (green traces) were incubated with CA-46 B cells, Ramos B cells, and Jurkat T cells for 72 h in vitro to determine their cytotoxic activity.
(A) αCD22PE40 and αCD22CH23PE40 were effective at killing CA-46 B cells, but αCD22 alone was incapable of killing CA-46 cells. (B) Additionally, αCD22PE40
and αCD22CH23PE40 were able to kill Ramos cells, but αCD22 was unable to inhibit Ramos cell proliferation. (C) αCD22, αCD22PE40, and αCD22CH23PE40
were unable to kill Jurkat T cells. (D) The IC50 for each immunotoxin against each cell line was calculated to determine how effective each was at inhibiting
cancer-cell proliferation. Both immunotoxins were capable of killing B cells, but dimeric αCD22CH23PE40 was more effective than αCD22PE40 at killing
targeted cells in vitro. (E ) Ramos cells (3 × 107) were transplanted s.c. into Rag−/− × gc−/− mice until they established tumors with a mean diameter of 4 mm.
Mice then were treated each day for 3 d with 240 μg/kg of αCD22, αCD22PE40, or αCD22CH23PE40. Both αCD22PE40 and αCD22CH23PE40 inhibited tumor
proliferation more effectively than αCD22 alone.
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capable of producing complex immunotoxins and provide a po-
tentially significant avenue to produce these next-generation
therapeutics.

Methods
Construct Design. All DNA and RNA manipulations were performed as pre-
viously described (53). DNA encoding the variable regions of the heavy-chain
and light-chain genes of the antibody RFB4 (10) were synthesized in C. rein-
hardtii chloroplast codon bias (www.kazusa.or.jp/codon/cgi-bin/showcodon.
cgi?species=3055.chloroplast) and fused genetically with a linker sequence
coding for 4× (G4S). This sequence was ligated downstream of a sequence
coding for a 1× Flag peptide and a TEV protease cleavage site, yielding a 834-
bp scFv gene, αCD22 (Codon adaptation index = 0.722, Nc = 30.5). The αCD22
gene was ligated upstream of a C. reinhardtii chloroplast codon optimized
sequence coding for a 2× (G4S) linker and domains 2 and 3 of P. aeruginosa
exotoxin A, yielding a 1,947-bp gene, αCD22PE40 (Codon adaptation index =
0.750, Nc = 34.7). To generate a dimeric immunotoxin, a C. reinhardtii
chloroplast codon optimized gene coding for the hinge and constant
domains 2 and 3 of a human IgG1 (HCH23) was ligated between the coding
regions of αCD22 and PE40, again separated by a 2× (G4S) linker on both
sides of the gene, yielding a 2,664-bp gene, αCD22HCH23PE40 (Codon ad-
aptation index = 0.759, Nc =35.0). All three genes were ligated into the psbA
transformation cassette.

Algal Transformations and Selection of Homoplasmic Strains. DNA trans-
formation plasmids were precipitated onto gold particles (Seashell Tech-
nology), and particle bombardment was used to transform chloroplasts of
algal strain CC-125 (Duke University) as previously described (6). Transformed
cells were selected on TAP plates containing 100 μg/mL of kanamycin sulfate.
Subsequently, transformed colonies were patched onto a TAP plate con-
taining 150 μg/mL of kanamycin sulfate to drive the transformants to
homoplasmy. PCR analysis was performed as previously described (5) to
determine strains that contained the gene of interest. In short, a forward
primer was made against the psbA 5′ UTR (5′-gtgctaggtaactaacgtttgattttt-
3′), and a reverse primer was made against the αCD22 gene (5′-tggaggtg-
gaggtagtggtggtgg-3′); that sequence is present in all the transformation
constructs, and the production of amplicons of 500 bp suggests that genes
were integrated into the psbA locus. To identify strains that are homo-
plasmic, forward primers (5′-ggaaggggaggacgtaggtacataaa-3′) and reverse
primers (5′-ttagaacgtgttttgttcccaat-3′) were designed against the psbA
gene. A control primer set with forward (5′-ccgaactgaggttgggttta-3′) and
reverse (5′-gggggagcgaataggattag-3′) primers was designed against the
genomic region coding for the 16S rRNA to be used in the homoplasmic
screen. This control primer set ensures that the apparent loss of the psbA
gene is not merely a failed PCR. Homoplasmic strains were identified for
each recombinant gene.

Accumulation Analysis, Purification, and Characterization of Algal-Produced
Immunotoxins. Accumulation of immunotoxins from transgenic strains of
C. reinhardtii was determined by Western blot analysis using anti-Flag
antibodies as described previously (6). Transgenic C. reinhardtii cultures were
inoculated at 2 × 105 cells/mL and grown to a density of 2 × 106 cells/mL in
dim light (200 lux). The 250 mL of culture was used to inoculate a 20-L carboy
(VWR) at a density of 2 ×104 cells/mL and grown in light (10,000 lux) and
mixed using bubbled air for 96 h before harvesting. Cells were lysed by
sonication in lysis buffer [50 mM Tris·HCL (pH 8.0), 500 mM NaCl, 0.5%
Tween 20 containing complete protease inhibitors (Roche)]. The soluble and
insoluble proteins were separated using high-speed centrifugation at 20,000
× g. The soluble protein was applied to an anti-Flag M2 affinity gel (Sigma-
Aldrich) and eluted with a Flag-elution buffer [100 mM glycine·HCL (pH 3.5)
and 500 mM NaCl]. Proteins were purified further using size-exclusion
chromatography to remove any degradation products. To visualize accu-
mulation of the protein, 20 μg of total soluble proteins was loaded into each
well. Immunotoxin and scFv protein were identified using a mouse anti-Flag
alkaline phosphatase-conjugate antibody (Sigma). All procedures were car-
ried out as described in ref. 54. Western blot analysis also was done in re-
ducing conditions to visualize the assembly of dimeric immunotoxins. Proteins
then were concentrated and buffered exchanged into PBS (PBS, 3.2 mM
Na2HPO4, 0.5 mM KH2PO4, 1.3 mM KCl, 135 mM NaCl, pH7.4) using a con-

centrating column (GE Healthcare). Purified αCD22PE40 or αCD22HCH23PE40
proteins were titrated into crude algal lysate and compared with total soluble
lysates made from strains expressing αCD22PE40 or αCD22HCH23PE40 to de-
termine the percentage of total soluble protein that accumulates in C. rein-
hardtii chloroplasts. Then 20 μg of each lysate was coated on MaxiSorp plates
(Nunc) and incubated overnight to allow proteins to coat wells. Wells then
were blocked with ELISA blocking buffer (Pierce) for 1 h. Following blocking,
samples were washed and probed with an anti-Flag antibody conjugated with
HRP. After subsequent binding and washing steps, samples were developed
with a 3,3′,5,5′-tetramethylbenzidine (TMB) substrate (Pierce) for 30 min. The
reaction was stopped with 2 M sulfuric acid, and absorbance measured at 450
nm. Total soluble lysates of strains expressing αCD22PE40 or αCD22HCH23PE40
were compared with total soluble lysate from a WT strain with purified
αCD22PE40 or αCD22HCH23PE40 titrated into the lysate.

ADP Ribosyltransferase Assay. Determination of the enzymatic functionality
of the algal-produced PE40 proteins was determined by ADP ribosyl-
transferase assay. Then 12.5 μM biotinylated-NAD+ (Sigma) was placed in
a reaction with 50 mM Tris·HCl (pH 7.8), 400 ng of purified eEF2 (gift from
Karen Browning of the University of Texas), 1 mM DTT, 1 mM EDTA, and 500
ng of purified αCD22, αCD22PE40, or αCD22HCH23PE40 protein in a 20-μL
reaction volume. Each reaction was incubated at 25 °C for 30 min. Samples
then were separated by PAGE and blotted onto a nitrocellulose membrane.
Once blotted, an anti-biotin alkaline phosphatase-conjugated antibody
(Rockfield) was used to identify the presence of biotin molecules on the 9-kDa
eEF2 protein, indicating the presence of ribosylated eEF2.

Flow Cytometry Cell-Binding Assay. CA-46 B cells, Ramos B cells, and Jurkat T
cells were incubated in the presence of algal-produced αCD22PE40 or
αCD22HCH23PE40 in PBS plus 0.01% sodium azide for 1 h at 4 °C. After pri-
mary binding, cells were incubated with an anti-exotoxin A antibody pro-
duced in rabbit (Sigma) and diluted 1:20,000 in PBS (Sigma) for 1 h. After
secondary binding, cells were incubated with an anti-rabbit DyLight 488-
conjugated antibody and analyzed by flow cytometry using a BD influx
(Becton Dickinson). Data were analyzed using FlowJo software.

Cytotoxic Cell-Viability Assay.OnehundredmicrolitersofCA-46Bcells, RamosB
cells, and Jurkat T cells (5 ×104 cells/mL)were seeded into eachwell of a 96-well
tissue culture plate (Corning) for 24 h in a humidified incubator at 37 °C and
10%CO2.After incubation, increasing concentrations of αCD22, αCD22PE40, or
αCD22HCH23PE40, diluted in PBS containing 0.2% HSA, were added to each
well. PBS plus 0.2% HSA was used as a negative control for cell death and
represented 100% cell survival. Cycloheximide at a concentration of 10 μMwas
used as a positive control for cell death and represented 0% cell survival. Cells
were incubatedwith algal-produced αCD22, αCD22PE40, αCD22HCH23PE40, or
control reagents for 72 h. After incubationwith immunotoxins and controls, 10
μL of WST-8 reagent (Dojindo) was added to each well. The assay was allowed
to develop for 4 h, and absorbance was read at 450 nm on a plate reader
(Tecan). The IC50 was calculated using Grafit software (Erithacus).

Antitumor Efficacy of Algal-Expressed Immunotoxins Against Established B-
Lymphoma Xenografts. Female RAG2−/− × gc−/− mice (Taconic Farms), which
lack adaptive immunity and natural killer cells, were used for the establishment
of human lymphoma xenografts. Ramos cells (3 × 107) were transplanted s.c. into
mice. When the tumors reached a mean diameter of 5 mm (typically 4 d after
transplantation), mice were injected with 240 μg/kg of αCD22, αCD22PE40, or
αCD22CH23PE40. Tumors were measured every day for up to 25 d to determine
the tumor size and survival of the treated mice. The results shown are repre-
sentative of three independent experiments. Animal experiments and care were
done according to Institutional Animal Care and Use Committee (IACUC)
approved animal protocol #S-06201. Any animal experiencing pain and
discomfort was euthanized by carbon dioxide anesthesia followed by cervical
dislocation by UCSD IACUC- and AVMA approved methods.
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Summary
We have produced three antitoxins consisting of the variable domains of camelid heavy chain-
only antibodies (VHH) by expressing the genes in the chloroplast of green algae. These
antitoxins accumulate as soluble proteins capable of binding and neutralizing botulinum
neurotoxin. Furthermore, they accumulate at up to 5% total soluble protein, sufficient
expression to easily produce these antitoxins at scale from algae. The genes for the three
different antitoxins were transformed into Chlamydomonas reinhardtii chloroplasts and their
products purified from algae lysates and assayed for in vitro biological activity using toxin
protection assays. The produced antibody domains bind to botulinum neurotoxin serotype A
(BoNT/A) with similar affinities as camelid antibodies produced in Escherichia coli, and they are
similarly able to protect primary rat neurons from intoxication by BoNT/A. Furthermore, the
camelid antibodies were produced in algae without the use of solubilization tags commonly
employed in E. coli. These camelid antibody domains are potent antigen-binding proteins and
the heterodimer fusion protein containing two VHH domains was capable of neutralizing BoNT/
A at near equimolar concentrations with the toxin. Intact antibody domains were detected in
the gastrointestinal (GI) tract of mice treated orally with antitoxin-producing microalgae. These
findings support the use of orally delivered antitoxins produced in green algae as a novel
treatment for botulism.

Introduction

Antibody-based antitoxins are a therapeutic option for neutral-
izing toxins in subjects that have been exposed to the toxin
or infected with a toxin-producing microorganism. Historically,
antitoxins have been produced by generating antisera in large
animals immunized with inactive forms of the toxin of interest.
As recombinant DNA technologies and transformation tech-
niques have advanced, toxin-specific recombinant monoclonal
antibodies (mAbs) have been produced which are also capable
of neutralizing toxins by binding to them in sera (Cheng et al.,
2009). Antisera and mAbs are laborious to produce and
difficult to stably maintain and distribute at scale, thus
necessitating either different forms of treatment or more
efficient antitoxins.

Camelid VHH domains are the smallest of the antibody-derived
biomolecules currently employed in medical and industrial bio-
technology applications (Saerens et al., 2008). At 12–15 kDa,
these so-called ‘nanobodies’ are half the size of single chain
variable fragment antibodies, and contain only a single domain
instead of both a light and heavy chain domain. Meanwhile,

full-sized common antibodies are 150–160 kDa and require the
assembly of multiple heavy and light chain fragments and proper
linkage of disulfide bonds. VHH domains are water-soluble,
heat-stable, pepsin-resistant, and have a high binding capacity,
making them an ideal candidate for a preparative medicine
against intoxication from organisms like Clostridium botulinum
(Dolk et al., 2005; Van der Linden et al., 1999).

Botulinum neurotoxin (BoNT) from C. botulinum is the most
potent biological toxin known to vertebrates, and has an
intravenous LD50 of 1.3–2.1 ng/kg in primates (Arnon et al.,
2001). BoNTs and other Clostridial toxins are metallo-proteases
that target the neuroexocytosis apparatus, with variants of BoNT
targeting different individual subunits of the complex. Loss of
neurotransmission capabilities in the intoxicated nerve cells leads
to a potentially lethal flaccid paralysis, which currently can only be
treated by artificial ventilation and feeding. There is no way to
speed recovery once intoxicated, and the condition must be
endured until the toxin is cleared naturally. In the blood, BoNT
that has not yet entered neurons may be neutralized by antisera,
but there is currently no way to remove ingested toxin that has
entered the small intestine. This is especially relevant in infant
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botulism, where the gut is colonized by C. botulinum before
normal flora is present and exposure to toxin is prolonged.

Algae have already been identified as a potential platform for
the large-scale and inexpensive production of medicinal recombi-
nant proteins like anti-cancer immunotoxins and vaccine antigens
(Gregory et al., 2012; Tran et al., 2013). To assess whether the
green alga C. reinhardtii would also be able to produce a
functional single-chain or multivalent BoNT/A antitoxins, we
expressed three previously characterized VHH domains derived
from alpacas immunized with BoNT/A as recombinant proteins in
algal chloroplasts. All three proteins were expressed as soluble,
apparently correctly folded molecules, and were purified by
affinity chromatography. All three proteins bound to the target
BoNT/A toxin in ELISA assays and all three algae produced
antitoxin VHHs were capable of protecting rat primary cerebellar
neurons from BoNT/A inactivation. A multivalent nanobody
containing two genetically linked binding domains had signifi-
cantly greater binding avidity and higher efficacy in the protection
assays than VHH monomers, as observed previously for these
agents produced in E. coli (Mukherjee et al., 2012). Furthermore,
the antitoxin-producing microalgae were able to deliver and
maintain intact neutralizing antibodies inside the stomach and
small intestine of algae-fed mice.

Results

Vector design and genetic transformation

Genes for each recombinant anti-BoNT/A VHH domain were
taken from a previously characterized phage display library
derived from immunized alpacas, and were chosen based on
their potency in neutralizing BoNT/A (Mukherjee et al., 2012).
Two monomer VHH domains (C2 and H7) and a heterodimer of
two VHH domains separated by a flexible spacer (H7-fs-B5) were
cloned by PCR and ligated to a psbA replacement vector. The H7
domain in the heterodimer is the same domain as the H7
monomer. All VHH domains were tagged with a FLAG peptide at
the C-terminal end for detection. Each gene was codon
optimized for expression in the C. reinhardtii chloroplast. The
VHH genes were ligated into a psbA replacement vector as
diagrammed in Figure 1. This vector utilizes 50 and 30 homolo-
gous regions outside of the psbA gene to direct homologous
recombination between the recombinant DNA plasmid and the
chloroplast genome upon transformation. To select for propa-
gation of transformants, a Kanamycin resistance gene cassette
was placed downstream of the chimeric VHH gene. Transformed
algae were obtained using biolistic methods with DNA-coated
gold particles accelerated onto a mat of algae cells (Rasala et al.,
2010).

Identification of transgenic C. reinhardtii

Several C. reinhardtii colonies resistant to Kanamycin were
selected for each construct transformed into recipient strain
W1.1. Transgenic lines were propagated onto tris-acetate-phos-
phate (TAP) plates with 150 lg/mL Kanamycin, and positive
transformants were identified by PCR analysis. Figure 2a shows
PCR amplification products specific to each nanobody transgene.
The primers used are indicated in Figure 1 and described in the
Materials and methods. The forward primer is the same for all
three reactions (psbA untranslated region), but the reverse were
designed as sequences complementary to the 30 end of each VHH
gene, which is why the band for H7-fs-B5 is larger. Figure 2b

C. reinhardtii
chloroplast genome

(unscaled)

psbA locus

psbA locus

C. reinhardtii chloroplast VHH expression cassettes:

pYNC923 NdeI- VHH C2 - 1×Flag -XbaI
pYNC924 NdeI- VHH H7 - 1×Flag -XbaI
pYNC927 NdeI- VHH H7-B5 - 1×Flag -XbaI

E. coli expression cassette:

pET32b XbaI- Trx - 6×His - VHH -E-tag -XhoI

(a)

(c)

500 bp

XhoI XhoI

Chloroplast
homology

psbA
5’ UTR

VHH

psbA
3’ UTR

atpA
5’ UTR

rbcL
3’ UTR

KanR

Chloroplast
homology

1 2 3

(b)

Chloroplast
homology

psbA
5’ UTR

SAA

psbA
3’ UTR

rbcL
5’ UTR

rbcL
3’ UTR

luxCT

Chloroplast
homology

6

NdeI XbaI

4 5

Figure 1 Camelid derived VHH domains and VHH expression vectors. (a)

Chloroplast codon-optimized VHH genes were ligated to the backbone

of a psbA replacement vector. The coding sequences are governed by

psbA elements including the promoter, 50 UTR, and 30 UTR.

Downstream of the VHH cassette is a kanamycin resistance coding

sequence (AphVI) governed by the elements of two other chloroplast

genes, atpA and rbcL. The VHH cassette and the antibiotic resistance

cassette are both flanked by sequence homology to the 50 and 30

regions of the psbA locus, directing the replacement of the psbA gene

by homologous recombination. Primers from PCR analysis of gene

integration in Figure 2 are indicated by 1 (psbA UTR forward) and 2

(VHH reverse). The probe from Figure 2c is indicated by 3. (b) Schematic

of the psbA locus of recipient strain W1.1 used to generate VHH

producing strains. Primers used in PCR homoplasmy screens in Figure 2b

for the loss of mSAA amplicon are indicated by 4 (psbA UTR forward)

and 5 (mSAA reverse). The probe for the Southern blot used in

Figure 2d is indicated by 6. (c) The construction of each VHH chimera

for C. reinhardtii chloroplast and E. coli vectors are shown. In the

chloroplast vectors, both unique domains and the heterodimer contain a

C-terminal FLAG peptide for purification purposes. In the bacterial

vectors, each VHH has an N-terminal Trx domain for solubility and a 69

His tag for purification. On the C-terminal end, there is an E-tag, which

is also for purification.

ª 2014 Society for Experimental Biology, Association of Applied Biologists and John Wiley & Sons Ltd, Plant Biotechnology Journal, 1–8

Daniel J. Barrera et al.2



48 

shows the loss of an amplicon specific to the recipient strain for all
transformed strains, demonstrating that all copies of the chloro-
plast genome have been transformed. Southern blot analyses
were also performed to support data obtained from PCR
screening. Figure 2c shows the presence of the Kanamycin
resistance gene in all transformed strains of C. reinhardtii, but
not in the recipient strain used for transformation. Figure 2d
shows the presence of the luxCT gene in the recipient strain used
for transformation, but no detectable copies of luxCT in the VHH-
producing strains, thus demonstrating homoplasmy of the
chloroplast genomes. Chlamydomonas reinhardtii contains 80
copies of its chloroplast genome, and even a single copy of the
replaced locus would be apparent as an amplification product of
the PCR screen. These screens are required because chloroplasts
which are heteroplasmic for a transgene may not accumulate the
desired protein well, due to competition for translation factors
from the wild type gene. A control amplification product for the
16S rRNA locus is present in all samples demonstrating PCR
efficacy.

Accumulation of recombinant nanobodies in
C. reinhardtii chloroplast

Transgenic cell lines containing the C2, H7, and B5-fs-H7 VHH
genes were tested for their ability to accumulate their respective
recombinant nanobodies in the chloroplast. Immunobloting was
performed on the soluble fraction of cell lysates for each
nanobody-producing strain using an anti-Flag antibody directed
against the C-terminal Flag-tag contained in each protein.
Figure 3a demonstrates accumulation of both 14 kDa anti-BoNT
VHH domains (C2 and H7) as well as the 28 kDa chimeric protein
containing two unique anti-BoNT/A nanobodies genetically fused
with a flexible spacer (H7-fs-B5). All recombinant proteins
migrated according to their predicted sizes. Below each lane is
the percent total soluble protein of each VHH domain that
accumulated in the different transgenic lines, as determined by
direct ELISA.

To support ELISA data, a Coomassie stain gel was performed to
show accumulation of the heterodimer (Figure 3b). The hetero-
dimer band can be seen in the lysate from the algae strain
expressing H7-fs-B5, while this band is absent in the lysate from
the parental strain W1.1, as expected. All three recombinant
nanobodies were then purified from the soluble fraction of algae
lysates using an anti-Flag conjugated agarose resin. A Coomassie
stain of the purified proteins resolved by SDS-PAGE showed that
they had been separated from other C. reinhardtii protein present
in the soluble fraction of the lysates (Figure 3c), and each was
purified sufficiently for comparison with previously described VHH
domains purified from E. coli.

Antigen-binding capacity of chloroplast-produced anti-
BoNT/A nanobodies

To determine whether algae chloroplast produced VHH domains
would be capable of binding their target antigen, an enzyme-
linked immunosorbent assay (ELISAs) was performed using BoNT/
A coated plates (Figure 4). The E. coli expressed and purified
proteins previously described by Mukherjee et al. (2012) exhibited
binding to BoNT/A in the subnanomolar range (Figure 4a). The
same proteins purified from C. reinhardtii chloroplasts also bound
to BoNT/A with comparable affinities (Figure 4b). Protein B11,
another VHH specific to the cell wall of C. reinhardtii, was used as
a negative control as it does not bind to BoNT/A (Jiang et al.,
2013).

BoNT/A neutralization and cell survival assays

To assess the efficacy of algae-derived VHH domains in neutralizing
BoNT/A toxicity, rat cerebellar primary neurons were isolated and
subjected to BoNT/A intoxication. The quantity of toxin required to

(a)
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1

H
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5

970 bp

500 bp

200 bp
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(b)

(c)

3394 bp

2030 bp

(d)

Figure 2 Amplification of PCR products specific to VHH domains from

Chlamydomonas reinhardtii chloroplasts and demonstration of

homoplasmic chloroplast genomes. (a) PCR analysis using primers specific

to the psbA 50 UTR primer and VHH gene demonstrate that the algal strain

was successfully transformed. The image depicts an amplicon in each lane

containing transformed algae, and no amplicon in adjacent lanes

containing lysates from the recipient strain (W1.1, negative control).

Primer locations and indicated in Figure 1. (b) PCR analysis using primers

specific to the psbA 50 UTR and the mSAA gene in the recipient strain

shows that our strains are homoplasmic for the transformed locus. The

PCRs also contain primers specific to the 16S rRNA locus to control for

efficacy (upper band) because we are screening for a loss of the mSAA

amplicon (lower band) in the recipient strain for transformation. (c)

Southern blot analysis demonstrating gene integration into transformed

strains relative to the recipient strain (W1.1). Chloroplast DNA was

digested with XhoI and probed with a DIG-labeled fragment of DNA

complementary to the Kanamycin resistance gene shown in Figure 1. (d)

Southern blot analysis demonstrating homoplasmy of the chloroplast

genomes of the transformed strains. Chloroplast DNA was digested with

NdeI and XbaI and probed with a DIG-labeled fragment of luxCT. There

are no detectable copies of the W1.1 chloroplast genome, indicating that

all copies of the psbA locus have been replaced with VHH and antibiotic

resistance genes.
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induce complete cleavage of its target SNAP-25was determined by
titration to be 50 pM. Primary neurons were pretreated with log
dilutions on the nanomolar to picomolar scale of each unique VHH
protein purified from either C. reinhardtii or E. coli before intox-
ication with 50 pM BoNT/A. After 24 h of incubation, cells were
harvested and their lysates were subjected to SDS-PAGE and
immunoblotted for SNAP-25 (Figure 5). An inhibition of BoNT/A
was demonstrated by a reduction in cleavage of SNAP-25 while in
the presence of each chimeric VHH purified from either E. coli
(Figure 5a) or C. reinhardtii (Figure 5b).

The proteins produced from algae were clearly able to
neutralize their toxin target, and demonstrated similar potency
to those produced from bacteria. VHH C2 was able to neutralize
BoNT/A at 10 nM and partially at 1 nM. H7 fully neutralized BoNT/
A at 1 nM, and partially at 100 pM. The H7/B5 heterodimer
proved to be 10-fold better at neutralizing toxin, as it completely
neutralized BoNT/A at 100 pM, and partially at 10 pM. This large
difference in efficacy is likely due to an increased avidity from
having two target binding domains per molecule, which affords a
neutralization concentration at near equimolar concentration
with the toxin.

Detection of intact antitoxin in mice treated with H7-fs-
B5-producing microalgae

To determine whether microalgae could serve as a vehicle for
delivering recombinant antitoxin, transgenic algae producing the
antitoxin was administered orally to mice and their GI tracts were
examined for the presence of intact H7-fs-B5. Three time points
were taken using two mice for each time point (45, 75, and
120 min), and the contents of the sectioned GI tract was
extracted for western blot. One mouse was given wild type
algae (cc1690) and its GI tract processed in the same manner
after 45 min. The contents of three sections (stomach, jejunum,

(a)

C
2

H
7

H
7-

fs
-B

5

W
1.

1

17

25

35

kDa

%TSP 2.6 1.4 4.6 0

(b)

C
2

H
7

H
7-

fs
-B

5(c)

H
7-

fs
-B

5

W
1.

1

17

25

75

kDa

11

20

35

48

63

245

100

135

180

Figure 3 Accumulation of VHH domains in C. reinhardtii chloroplasts and

purification by the FLAG tag. (a) The soluble fraction of transformed algae

lysates were separated by SDS-PAGE under reducing conditions (10 lg),
transferred to a nitrocellulose membrane, and decorated with an anti-

FLAG antibody conjugated to an alkaline phosphatase for detection. The

image shows accumulation of each VHH domain (C2, H7, H7-fs-B5), and

no accumulation of any FLAG peptides in the recipient strain W1.1. In a

separate experiment, the % total soluble protein of each VHH domain was

determined by direct ELISA. (b) Accumulation of the heterodimer is high

enough to be visualized by Coomassie stain. The arrow points to the

heterodimer band which is not present in W1.1 lysate. (c) Each VHH

domain was purified using the FLAG peptide, and 20 lL of each

concentrated, buffer-exchanged (PBS) protein was separated by reducing

SDS-PAGE and stained with Coomassie to show purity.

(a)

(b)

Figure 4 Chlamydomonas reinhardtii chloroplast produced VHH domains

bind BoNT/A. (a) Recombinant VHH domains purified from E. coli were

subjected to ELISA using anti-E-tag antibodies. All three domains that

were also made in algae demonstrated binding to BoNT/A. A fourth VHH

(B11), produced in E. coli, binds to a surface antigen of C. reinhardtii and

served as a negative control (!) for BoNT/A binding. (b) All three binding

domains produced from algae were capable of binding BoNT/A with

similar affinity to those produced from bacteria. The heterodimer

produced from algae had an EC50 in the picomolar range, while the same

one produced from bacteria had an EC50 in the nanomolar range.
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and ileum) from each mouse were analyzed by western blot
(Figure 6). Although the location and amount of antitoxin in the
GI tract was variable, likely due to inter-mouse differences in
water intake and activity that could influence algae transit speed,
orally administered antitoxin was clearly detected intact in both
the stomach and the small intestine. These results demonstrate
that antitoxin-producing microalgae are able to deliver and
maintain intact neutralizing antibodies inside the GI tract of mice
treated orally with algae.

Discussion

We have generated functional single chain antitoxin VHH domains
in algae, and shown that these proteins are produced as soluble
correctly folded proteins capable of neutralizing BoNT/A and
protecting rat primary neuron cells from intoxication. We also
show that these antitoxins can be orally delivered intact to the
stomach and small intestine of mice. Furthermore, these antitoxin
molecules were produced in algae chloroplasts without extraneous
solubilization tags (thioredoxin) that are commonly employed for
production in bacteria. Finally, because algae are photosynthetic,

they can be highly scalable and economically produced. Green
algae are also edible making them an ideal platform for producing
large, inexpensive quantities of antitoxin for oral delivery. If
antitoxins are to be used to treat bacterial intoxication, it is best
that they can be produced and stored inexpensively at scale.

The most common human form of BoNT intoxication in the
United States is infant botulism, where the intestines are
colonized by C. botulinum in the absence of normal gut flora.
As an orphan disease, it has received little attention from
pharmaceutical companies although it is massively expensive to
treat as it requires weeks of intensive care in a hospital. One
important advancement in treatment was the development of
Botulism Immunoglobulin Intravenous (BIG-IV), a circulating
antitoxin used to treat infant botulism. This development reduced
the mean duration of intensive care by 3.2 weeks, of mechanical
ventilation by 2.6 weeks, of tube or intravenous feeding by
6.4 weeks, and of the mean hospital charges per patient by
$88 000 USD (Arnon et al., 2006). While an enormous achieve-
ment, this human serum-derived antitoxin does nothing to
remove BoNT produced in the gut before it gets into circulation.
This is why our algae-produced and orally delivered antitoxin is
novel and has potential to vastly reduce duration and cost of
hospitalization due to botulism.

Clostridium botulinum, can also be found as a contaminant
of both household food preservation methods such as canning
as well as in industrial food processing. Recently, China issued a
ban on imported dry milk from New Zealand when C. botu-
linum was found in dairy products made from the imported
material (Reuters, 2013). Furthermore, C. botulinum is generally
easy to cultivate and distribute, making this organism a serious
bioterrorism threat. For these reasons, it is very promising to see
an antitoxin candidate that can be delivered orally and
neutralizes BoNT/A at near equimolar quantities.
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Figure 5 Chlamydomonas reinhardtii chloroplast produced VHH domains

neutralize BoNT/A. (a) VHH domains produced from E. coli were capable of

preventing BoNT/A from cleaving its target SNAP-25 when

co-administered with toxin to rat primary neuron cells. A western blot of

SNAP-25 integrity is shown for harvested primary neuron cell cultures

treated with each VHH. Domains C2 and H7 were capable of preventing

cleavage, although not entirely, at 1 nM antitoxin. The heterodimer B5-fs-

H7 was able to completely neutralize BoNT/A at 1 nM, and had some

antitoxin activity at 100 pM. The lane indicating ‘no toxin’ contained cells

incubated without an antitoxin and serves as a negative control. (b) VHH

domains produced from C. reinhardtii chloroplasts also demonstrated

antitoxin activity. Domain C2 was capable of preventing SNAP-25 cleavage

at 10 nM. Domain H7 offered complete neutralization at 1 nM and partial

neutralization at 100 pM. The heterodimer B5-fs-H7 had potent antitoxin

activity, completely neutralizing BoNT/A at 100 pM and mostly neutralizing

BoNT/A at 10 pM.
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Figure 6 Orally administered microalgae producing H7-fs-B5 can deliver

intact antitoxin to mouse stomach and small intestine. Whole cell fresh

algae was administered to mice by oral gavage, and sections of the

gastrointestinal tract were examined 45, 75 or 120 min later. Two mice

(#1 and #2) were examined per time point for antitoxin (H7-fs-B5) by

blotting for Flag-tag of H7-fs-B5, and one mouse given wild type algae

(WT) was examined after 45 min. The last lane on the right is control

lysate derived from the same preparation of antitoxin-producing algae

orally administered to mice. Antitoxin was detected in the stomach at

45 min post-feeding, but moved to jejunum and ileum by 75 min and was

primarily found in the ileum (or passed into colon) by 120 min.
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The platforms for producing many diverse therapeutic proteins
are limited due to the complex nature of their domain structures,
as well as the logistics of mass production, purification, distribu-
tion, and administration. Algae are a promising alternative for
production of these agents because of their demonstrated ability
to fold complex proteins, resulting in the production of soluble
active proteins for many complex recombinant proteins (Barrera
and Mayfield, 2013). Many important therapeutic proteins require
complex folding and formation of disulfide bonds, which often
cannot be done in bacterial platforms like E. coli. Additionally,
there is no glycosylation of proteins in C. reinhardtii chloroplasts,
which can cause problems with immunogenic responses and half-
life when produced from yeasts (Gerngross, 2004). The camelid
antitoxins characterized in this study accumulate at up to 4.6%
total soluble protein, which is more than sufficient to afford
commercial scale production (Manuell et al., 2007). In addition to
forming soluble active proteins, algae are also edible making them
a useful vehicle for the delivery of therapeutic proteins orally. For
example, recently an oral vaccine against malaria was produced in
algae and shown to remain active after several months storage at
room temperature (Gregory et al., 2013).

There are other plant chloroplast-based platforms capable of
orally delivering recombinant therapeutic proteins. In tobacco
chloroplasts, a peptide based therapy for type II diabetes was
developed and delivered orally in mice fed tobacco accumulat-
ing extendin-4 (Kwon et al., 2013). Also, VHH domains against
rotavirus were produced in tobacco chloroplasts at 2–3% total
soluble protein, although they required translational fusions to
stability domains or redirection to the lumen in order to
accumulate to detectable levels (Lentz et al., 2012). In our
study, the transgenic microalgae was non-photosynthetic due
to the higher accumulation levels afforded by psbA knockouts
in C. reinhardtii. Current levels of accumulation in photosyn-
thetic microalgae can be quite low at 0.25% for m-SAA under
the regulation of psbD elements (Manuell et al., 2007), so we
opted to use non-photosynthetic strains better suited for in
vivo studies with mice. However, there are several avenues of
research currently being pursued toward improving recombi-
nant protein accumulation in photosynthetic-competent micro-
algae (Rasala et al., 2011; Specht and Mayfield, 2013).

Microalgae have several advantages over other platforms, like
food crop species, for oral delivery of recombinant therapeutic
proteins. First, C. reinhardtii is not a food crop, so production of
algae would not displace land area suitable for food production.
Second, there is not a risk of transgene transfer from algae into
food crops, which is a primary concern of many people for GMO
organisms (Davison, 2010). Also, as a single-celled plant, more
energy can be utilized toward producing therapeutic proteins
instead of diverting it to higher order structures like roots, leaves,
stalks, and flowers. Finally, algae can be grown in containment
inside bioreactors, further protecting natural populations of algae
from accidental transfer of modified genetic material. Additional
work will be needed to determine the efficacy of algae-derived
antitoxins delivered orally in BoNT-intoxicated mouse models
using whole-cell and lyophilized algae.

Materials and methods

Design and cloning of VHH transgenes for chloroplast
expression

Genes encoding VHH monomers (C2, H7) and the H7-B5
heterodimer generated by Mukherjee et al. (2012) were adapted

to the chloroplast codon usage of C. reinhardtii (KDRI species
number 3055) according to the table in Kazusa DNA Research
Institute’s Database (http://www.kazusa.or.jp/codon). Further
gene optimization and restriction site mapping were performed
in silico using the Gene Designer bioinformatics software suite
prior to synthesis (DNA2.0, Menola Park, CA). An additional
protein domain fused to the VHHs include a single C-terminal Flag
tag. Each cassette was flanked by NdeI and XbaI restriction sites
upstream and downstream, respectively, for ligation in-frame
with the chloroplast transformation vector driven by the psbA
promoter (Manuell et al., 2007). Schematic diagrams of the
C. reinhardtii chloroplast VHH expression cassettes related to the
present study can be found in Figure 1. All bacterial proteins were
expressed from pET32b plasmid described by Mukherjee et al.
(2012) with an N-terminal thioredoxin (Trx), internal 69 His, and
C-terminal E-tag.

Transformation of C. reinhardtii chloroplasts

Transformation of algae chloroplasts was performed using the
biolistic method as described previously (Ramesh et al., 2004).
Gold microprojectiles were coated with undigested plasmid DNA
and accelerated onto a mat of 15 million C. reinhardtii cells
plated onto TAP with 100 lg/mL Kanamycin. These cells were
maintained under low light conditions until un-transformed cells
died and Kanamycin-resistant transformants grew into visible
colonies.

PCR screening of transgenic algae

To ensure transgene integration into the chloroplast genome and
loss of all copies of the transformation locus, PCR screens were
performed on lysates of the transformed algae. To test transgenic
algae for the presence of the recombinant nanobody genes a
primer to the psbA 50 UTR, 50-GTGCTAGGTAACTAA
CGTTTGATTTTT-30 was combined with a reverse nanobody
coding sequence primer specific to the C-terminal FLAG tag of
each construct. The sequence for this primer is, 50-GTCGACT
TATTTATCGTCATCATCTTTGTAATC-30. To test for a
chloroplast homoplasmic for the transgenes, the same psbA
primer was combined with a primer for mSAA, 50-CTTG
AATAGTTTCTCTAGCGTTAC-30 which was the transfor-
mation locus replaced in these strains. Since we were looking for
the loss of an amplicon, control primers for the 16S rRNA locus,
50-CCGAACTGAGGTTGGGTTTA-30 and reverse primer,
50-GGGGGAGCGAATAGGATTAG-30 were used as a control
for PCR efficacy.

Southern blot analysis of transgenic algae

Genomic DNA was extracted from algae biomass by phenol-
chloroform extraction. An inoculating loopwas used to scrape cells
from TAP agar plates into 1.5 mL Eppendorf tubes containing TEN
buffer (10 mM Tris-HCl, 10 mM EDTA, 150 mM NaCl). The cells
were resuspended by vortexing and then centrifuged for 1 min at
20 817 g in a tabletop centrifuge. The supernatant was aspirated
and the cellswere resuspended in 150 lLwater and300 lL SDS-EB
buffer (2% SDS, 400 mMNaCl, 40 mM EDTA, 100 mM Tris-HCl, pH
8.0) by vortexing. The DNA was extracted once with 350 lL of
phenol/chloroform/isoamyl alcohol (25 : 24 : 1 ratio), and then
again with 300 lL chloroform/isoamyl alcohol (24 : 1 ratio).
Aqueous and organic layers were separated by centrifuging at
20 817 g in a tabletop centrifuge. The DNA was precipitated by
adding two volumes of absolute ethanol to the aqueous layer,
allowing 30 min of incubation on ice, and centrifuging for
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10 min at 20 817 g. The resulting pellet was washed with 70%
ethanol, air dried, and resuspended in 40 lL of water.

For Southern blot analysis, 3 lg of genomic DNA was digested
overnight with either XhoI (Figure 2c) or a combination of NdeI
and XbaI (Figure 2d). Digested DNA fragments were separated
by gel electrophoresis and then transferred to nylon membranes
by capillary transfer overnight. DNA was fixed to the membranes
by UV-crosslinking, and then pre-hybridized with DIG Easy Hyb
granules (Roche, Penzberg, Germany) for 30 min. The mem-
branes were probed overnight in the same hybridization solution
with a DIG-labeled PCR product of either a 754 bp fragment of
the Kanamycin resistance gene (Figure 2c), or a 547 bp fragment
of luxCT (Figure 2d), which is present only in the recipient strain
(W1.1). Stringency washes were performed at room temperature
and at 68 degrees Celsius using 2X SSC with SDS (0.3 M NaCl,
30 mM sodium citrate, 0.1% SDS, pH 7.0). The membranes were
blocked for 30 min in blocking solution (Roche) and then
decorated with an anti-DIG antibody conjugated to an alkaline
phosphatase (Roche) for 30 min. The membranes were washed
twice for 15 min each with Washing Buffer (0.1 M Maleic acid,
0.15 M NaCl, 0.3% Tween 20, pH 7.5), and band signal was
developed with nitro-blue tetrazolium (NBT) and 5-bromo-4-
chloro-3-indolyl phosphate (BCIP) in AP buffer. The DIG-labeled
PCR products were made with forward primer 50-GAG-
CCAAATAAAATTGGTCAGTCG-30 and reverse primer 50-
CGCAGTTTCCTCCGATGC-30 (Kanamycin resistance gene),
or forward primer 50-GAGGTTCTTCAGGTGGTGGA-30 and
reverse primer 50-AATTGTGCAGGACCACCTTC-30 (luxCT).

Evaluation of recombinant nanobody accumulation

PCR-confirmed transgenic and homoplasmic algae were grown on
TAP agar plates containing 150 lg/mL Kanamycin under constant
illumination (100 lE/m2/s) for 5 days. When the plates had thick,
healthy, green mats of algae a disposable inoculating loop was
used to collect cells from each strain. Approximately, one loop full
of cells were resuspended in 500 lL TBST and sonicated on ice for
two 10-s intervals at 25% amplitude (Model 500, Sonic Dismem-
brator; Fisher Scientific, Waltham, MA). Soluble protein was
separated from the lysates by centrifugation in a tabletop centri-
fuge at 20 000 g for 30 min at 4 °C. SDS-PAGE was performed
using Bio-Rad mini-protean TGX 10% gels and the gels were
analyzed by immunoblot against the Flag tag. To detect the
recombinant nanobodies the gels were transferred to a nitrocel-
lulosemembrane, decoratedwith a Sigma rabbit anti-Flag antibody
conjugated to an alkaline phosphatase (AP) at 4 °C overnight, and
then developed with NBT and BCIP in AP buffer. To show
accumulation of the heterodimer by stain gel, samples were
processed as described above and the PAGE gel was stained
overnight using Coomassie, and then destained with 25% meth-
anol in water for 8 h. Molecular masses of proteins were indicated
with AccuRuler RGB protein ladder (BioPioneer, San Diego, CA).

To assess % total soluble protein production of each VHH
domain, direct ELISA was employed using Nunc 96 well plates
coated with 1 lg of total soluble protein in triplicate. The quantity
of VHH in each microgram of soluble protein was determined by
titrating purified VHH proteins into soluble protein from the
parental recipient strain (W1.1). Wells were coated with protein
diluted into coating buffer (100 mM bicarbonate/carbonate pH
9.6) overnight, washed five times with TBST, blocked with
SuperBlock blocking buffer (Thermo, Rockford, IL) for 1 h, and
then incubated with an anti-Flag HRP antibody produced in mouse
(Sigma, St. Louis, MO) at 1 : 10 000 in blocking buffer for 1 h.

Each well was rinsed five times with TBST and then incubated with
TMB substrate kit (Thermo) until signal developed. Signal was read
using a Tecanmicroplate readermeasuring absorbance at 450 nm.

Purification on the basis of the Flag-tag

Each strain was grown to a density of 1 9 106 cells/mL in 250 mL
TAP flasks at 100 lE, used to inoculate 20 L carboys also
containing TAP, and then grown for 3–5 days at 300 lE until mid
log-phase growth or about 5 9 106 cells/mL. Cells were collected
in a continuous flow centrifuge, pelleted and resuspended in lysis
buffer [50 mM Tris pH 8.0, 500 mM NaCl, 0.1% Tween-20,
complete protease inhibitor (Roche)], and sonicated for 7.5 min
at 25% amplitude on ice to break open the cells. The lysates were
separated into soluble and insoluble fractions by centrifugation at
20 000 g. The soluble fractions were applied to 1 mL of
equilibrated anti-Flag conjugated agarose resin (Sigma) and
allowed to tumble for 1 h at 4 °C. The resins were washed with
50 column volumes of lysis buffer twice, three times with lysis
buffer without tween-20, and then eluted six times with 1
column volume of elution buffer (100 mM glycine pH 3.5,
500 mM NaCl). Proteins were buffer exchanged into PBS with
Vivaspin 6 concentrator columns (Sartorius Stedim, Bohemia, NY).
SDS-PAGE and immunoblotting were performed as described
above. To assess purity, buffer exchanged protein samples were
subjected to SDS-PAGE and subsequently stained by Coomassie.

Quantification of VHH binding affinity to BoNT/A by
ELISA

Binding assays comparing the affinity of E. coli and C. reinhardtii
expressed anti-BoNT/A VHH proteins were performed in 96-well
plates pre-coatedwith BoNT/A and blocked of non-specific binding
sites (Metabiologics, Inc., Madison, WI). Escherichia coli expressed
VHH B11 is a single-domain camelid VHH that binds to the cell wall
of C. reinhardtii and served as a negative control since it does not
bind to BoNT/A (Jiang et al., 2013, The Plant Journal, In Press). The
ELISA procedure employed a dilution series of each VHH ranging
from 1 lM to 10 pM in phosphate buffered saline (PBS) solution
containing 0.1% tween-20 and 4% non-fat dry milk. Each dilution
was administered in 100 lL volumes to duplicate wells and
incubated at room temperature for 1 h in rotary shaker at 40 rpm.
All wells were then washed three times with 200 lL of phosphate
buffered solution with 0.1% tween (PBST) followed by three
washeswith PBS. The extent of bindingwas determined by probing
with a rabbit anti-E-tag antibody (Bethyl Labs, 1 : 5000 in PBST) for
the bacterially produced VHHs and a mouse anti-Flag-tag antibody
(Sigma-Aldrich, St. Louis, MO, 1 : 5000 in PBST) for the VHHs
derived from algae. For eventual colorimetric detection, both
antibodies are conjugatedwith horseradish peroxidase (HRP). After
incubation with the respective antibodies for 1 h at room
temperature, each well was again washed 39 with 200 lL of
PBST and 39 with 200 lL of PBS. The ELISA was developed with
100 lL of 3,30,5,50-tetramethylbenzidine (TMB) liquid substrate
per well (Sigma-Aldrich) and incubated at room temperature for 2–
5 min until suitable colorimetric change occurred. The reaction
was ceased by adding 100 lL of 1 N HCl and absorbance readings
were measured at 450 nm using automated plate reader (Molec-
ular Devices; MicroStation, Sunnyville, CA).

Cell survival assays

Primary neuron assays to assess BoNT/A neutralization were
performed as previously described (Mukherjee et al., 2012).
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Briefly, rat cerebellar primary neuron cells were isolated from rat
brains and cultured for 24 h in the presence of 50 pM BoNT/A
and a dilution series of each antitoxin. The cell cultures were pre-
treated with separate dilutions of each VHH immediately before
administering BoNT/A. After overnight culture, cells were har-
vested by centrifugation, lysed, and proteins were separated by
SDS-PAGE. Western blots were performed and probed for SNAP-
25. Neutralization of BoNT/A by test agents was assessed by
comparing the extent of SNAP25 cleavage as compared to cells
treated with toxin alone.

Oral administration of antitoxin-producing microalgae
to mice

All animal work was done in accordance with Institutional Animal
Care and Use Guidelines of the University of California, San
Diego. All mice were housed in specific pathogen-free conditions
prior to use. Wild-type C57/BL6J mice were purchased from the
Jackson Laboratory. Mice were gavaged with 150 mg of fresh,
wet algae resuspended in 200 lL sterile PBS and sacrificed 45,
75, or 120 min later. Luminal contents were harvested from
stomach, jejunum, and ileum and processed for immunoblotting
as described below.

Digesta samples were resuspended in 400 lL TBST + protease
inhibitor (Roche) and boiled for 4 min at 95 degrees while shaking
at 1400 rpm. Total protein was analyzed (40 lL) by SDS-PAGE
under reducing conditions using BioRad mini-protean TGX 12%
PAGE gels (Hercules, CA). Gels were transferred to nitrocellulose
membranes for immunoblotting. After blocking membranes for
30 min with 5% dry milk solubilized in TBST, membranes were
decoratedwith an anti-FLAG antibody produced inmouse (Sigma).
After washing the membrane 39 for 10 min with TBST, the
alkaline phosphatase conjugated to the anti-FLAG antibody was
used to detect H7-fs-B5 using NBT and BCIP.
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SUMMARY

Fluorescent proteins (FPs) have become essential tools for a growing number of fields in biology. However,

such tools have not been widely adopted for use in microalgal research. The aim of this study was to

express and compare six FPs (blue mTagBFP, cyan mCerulean, green CrGFP, yellow Venus, orange tdTo-

mato and red mCherry) in the popular model microalga Chlamydomonas reinhardtii. To circumvent the

transgene silencing that often occurs in C. reinhardtii, the FPs were expressed from the nuclear genome as

transcriptional fusions with the sh-ble antibiotic resistance gene, with the foot and mouth disease virus 2A

self-cleaving sequence placed between the coding sequences. All ble–2A–FPs tested are well-expressed and

efficiently processed to yield mature, unfused FPs that localize throughout the cytoplasm. The fluorescence

signals of each FP were detectable in whole cells by fluorescence microplate reader analysis, live-cell

fluorescence microscopy, and flow cytometry. Furthermore, we report a comparative analysis of fluores-

cence levels relative to auto-fluorescence for the chosen FPs. Finally, we demonstrate that the ble–2A
expression vector may be used to fluorescently label an endogenous protein (a-tubulin). We show that the

mCerulean–a-tubulin fusion protein localizes to the cytoskeleton and flagella, as expected, and that cells

containing this fusion protein had normal cellular function. Overall, our results indicate that, by use of the

ble–2A nuclear expression construct, a wide array of FP tools and technologies may be applied to microalgal

research, opening up many possibilities for microalgal biology and biotechnology.

Keywords: microalgae, fluorescent protein, transgene, nuclear genome engineering, GFP, heterologous

gene expression, transformation, Chlamydomonas reinhardtii, technical advance.

INTRODUCTION

Fluorescent protein (FP) technology has revolutionized
many fields in the life sciences, including molecular biol-
ogy, cell biology, biomedicine and biotechnology. Indeed,
the 2008 Nobel Prize in Chemistry was awarded for discov-
ery and development of the Aequorea victoria green fluo-
rescent protein (avGFP, Chalfie et al., 1994; Heim et al.,
1995; Shimomura et al., 1962). Today, FP technology is
being used in an ever-expanding list of applications, includ-
ing investigation of promoter function, protein localization,

intracellular protein dynamics, protein–protein interactions,
cell-cycle progression, organelle and organ labeling, trans-
genic organism tracking, and as biosensors to monitor
small molecules and second messengers, just to name a
few (Stewart, 2006; Shaner et al., 2007; Berg and Beachy,
2008; Day and Davidson, 2009; Frommer et al., 2009; Rizzo
et al., 2009). Thus, FPs have become essential tools for bio-
logical research. However, such tools have not been widely
developed for microalgal research.
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Microalgae are single-celled photosynthetic organisms
that have recently gained attention for their potential in bio-
technology, including the production of biofuels, nutraceuti-
cals such as omega-3 fatty acids, therapeutic proteins, and
fish and animal feed (Pulz and Gross, 2004; Spolaore et al.,
2006; Rosenberg et al., 2008; Radakovits et al., 2010; Specht
et al., 2010; Yu et al., 2011; Georgianna and Mayfield, 2012).
Chlamydomonas reinhardtii is a freshwater, green microalga
that has become a popular model organism for photosynthe-
sis and biotechnological research (Harris et al., 2009).
C. reinhardtii has also shown promise as a production plat-
form for human and animal therapeutic proteins and indus-
trial enzymes (e.g.(Dreesen et al., 2010; Eichler-Stahlberg
et al., 2009; Gregory et al., 2012; He et al., 2007; Jones et al.,
2013; Manuell et al., 2007; Mayfield et al., 2003; Rasala et al.,
2012, 2010; Sun et al., 2003; Surzycki et al., 2009; Tran
et al., 2012, 2009; Wang et al., 2008; Yang et al., 2006; Zhang
et al., 2006).

As both a model alga and a potential industrial strain,
Chlamydomonas research would greatly benefit from devel-
opment of FP tools and technology. Currently, only one FP,
GFP, has been widely used in Chlamydomonas research.
A nuclear codon-optimized gene has been developed for
expression from the nuclear genome (CrGFP, Fuhrmann
et al., 1999), and a chloroplast codon-optimized gene has
been developed for expression from the chloroplast genome
(Franklin et al., 2002). Although expression of GFP itself or
as a chimeric protein in the chloroplast offers several advan-
tages over nuclear expression, including higher levels of pro-
tein accumulation, which facilitates fluorescence detection
and therefore utility, the disadvantage of chloroplast-
expressed GFP is that it remains confined to the chloroplast.
Therefore, many FP applications are not available with this
method, including tagging of proteins not localized to the
chloroplast, organelle labeling, and nuclear promoter stud-
ies, among many others. However, GFP expression from the
nuclear genome has been severely hindered by low levels of
protein expression, which has been attributed to the robust
gene silencing mechanism(s) in Chlamydomonas (Fuhr-
mann et al., 1999; Neupert et al., 2009). The problem of poor
GFP expression is compounded by the fact that Chlamydo-
monas produces a variety of highly fluorescent pigments,
such as chlorophylls and flavonoids. Thus, poor transgene
expression from the nuclear genome together with high
auto-fluorescence has impeded the use of FPs in microalgae.

While engineering the nuclear genome for robust expres-
sion of monomeric GFP has proven challenging, some suc-
cess has been achieved with GFP fusion proteins. GFP has
been fused to the antibiotic resistance gene sh-ble (Stevens
et al., 1996) and shown to localize to the nucleus (Fuhr-
mann et al., 1999; Rasala et al., 2012). sh-ble confers antibi-
otic resistance through drug sequestration rather than
enzymatic inactivation (Dumas et al., 1994), making it a
good fusion partner because high levels of protein expres-

sion are required to allow cell survival during antibiotic
selection (Fuhrmann et al., 1999; Rasala et al., 2012). GFP
has also been fused to endogenous genes, but with mixed
results. For example, GFP has been fused to flagella pro-
teins and successfully imaged by fluorescence microscopy
in live cells (e.g. Schoppmeier et al., 2005; Huang et al.,
2007; Diener, 2009; Engel et al., 2009). However, this often
requires specialized live-cell imaging techniques in order to
detect the GFP signal over the overwhelming auto-fluores-
cence generated by the cell body. Techniques include using
a mosaic digital illumination system (Photonic Instruments,
St. Charles, IL, USA) to control the area of the specimen that
is illuminated, or confocal or total internal reflection fluor-
escence microscopy, which requires adherence of the fla-
gella to a cover slip, with the auto-fluorescent cell bodies
positioned outside the field of illumination (Diener, 2009).
GFP has also been fused to proteins of the cell body. How-
ever, to overcome auto-fluorescence, visualization of the
plasma membrane protein Rh1 fused to GFP, for example,
required expression from a white mutant strain of Chla-
mydomonas, which is blocked at the first step of carotenoid
biosynthesis (Yoshihara et al., 2008).

To our knowledge, the only other FP that has been
expressed in Chlamydomonas to date is YFP (Neupert
et al., 2009). In that study, the authors used UV mutagene-
sis to create strains of Chlamydomonas that express
detectable levels of heterologous proteins from the nuclear
genome, including monomeric YFP and GFP.

The aim of the present study was to express a full com-
plement of FPs that span the visual spectrum in the green
microalga Chlamydomonas, and to evaluate and compare
their performance as reporter genes. To overcome the chal-
lenge of poor transgene expression from the nuclear gen-
ome, we fused the FPs to the sh-ble selection marker (Ble).
To enable accumulation of unfused, untargeted and mono-
meric FPs, we inserted the self-cleaving 2A peptide from
the foot and mouth disease virus (FMDV; Ryan et al., 1991)
between Ble and the FPs. We have previously shown that
the FMDV 2A peptide efficiently self-cleaves in Chlamydo-
monas, and that the ble–2A expression strategy led to high
levels of CrGFP accumulation, approximately 0.25% of total
soluble protein, and detectable fluorescence in live-cell
microscopy (Rasala et al., 2012). In this study, we show suc-
cessful expression of five additional FPs that span the visual
spectrum (blue mTagBFP, cyan mCerulean, yellow Venus,
orange tdTomato and red mCherry), and compare them to
green CrGFP. All FPs were detectable by immunoblotting,
fluorescence microplate reader analysis on whole cells, flu-
orescence microscopy, and flow cytometry. Interestingly,
CrGFP was shown to be the least fluorescent due to its low
signal-to-noise ratio, while the FPs with longer emission
wavelengths (Venus, tdTomato and mCherry) had the high-
est signal-to-noise ratios. Finally, we show that the ble–2A
expression vector may be used to tag an endogenous gene,
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a-tubulin, with a fluorescent protein tag that is readily
detectable using standard live-cell imaging techniques.

RESULTS

Expression of a full spectrum of FPs in Chlamydomonas

The red FP chosen for this study was mCherry, a monomeric
mutant derived from Discosoma striata DsRed (Shaner et al.,
2004). Among the red FPs in the ‘mFruit’ series of DsRed
mutants, mCherry has one of the longest wavelengths, the
highest photostability, the fastest maturation, and excellent
pH resistance (Shaner et al., 2004). The mCherry cDNA from
Discosoma sp. (mCherry Ds) was sub-cloned from the plant
binary vector CD3-960 (Nelson et al., 2007). To express
monomeric untargeted mCherry, we sub-cloned the
cDNA into our ble–2A expression vector, pBR9 to generate a
ble–2A–mCherry fusion. The pBR9 expression vector trans-
criptionally fuses mCherry to the sh-ble zeocin resistance
selection marker via the FMDV 2A self-cleaving sequence
(Ryan et al., 1991), resulting in accumulation of two separate
proteins, Ble–2A and mCherry, from a single mRNA (Fig-
ure 1a). This expression strategy leads to improved protein
accumulation, up to 100-fold, compared to the standard
nuclear expression vector in which the gene of interest is
fused directly to a promoter and 5′ and 3′ regulatory ele-
ments while the selection marker is co-transformed in a sep-
arate expression cassette (Rasala et al., 2012). The pBR9
vector is similar to the ble-2A vector we previously published
except that pBR9 contains the more robust hsp70/rbcs2 pro-
moter (Rasala et al., 2012).

pBR9 mCherry was transformed into the wild-type
C. reinhardtii strain cc1690 by electroporation, and trans-
formants were selected on TAP agar plates containing

15 lg ml!1 zeocin. PCR was used to verify mCherry gene
integration. The percentages of zeocin-resistant clones that
successfully integrated the mCherry gene were 93 and 89%
in two independent transformation experiments (Table 1).
Ten mCherry-positive clones were screened by in-gel fluo-
rescence analysis, and all ten of the cell lysates contained
detectable mCherry fluorescent protein. Fluorescence
microscopy of a representative clone revealed that mCher-
ry localized throughout the cytoplasm and nucleus, as
expected for an untargeted monomeric FP (Figure 1b).
mCherry is translated in the cytoplasm, but is small
enough to diffuse through the nuclear pore complex into
the nucleus. Immunoblot analysis confirmed that the
ble–2A–mCherry polyprotein was efficiently processed to
yield monomeric mCherry (Figure 2c, mCherry Ds, arrow).

Following positive mCherry expression and detection,
we tested the expression of five additional FPs that span
the visual spectrum (Table 1). mTagBFP is a promising
blue FP derived from the sea anemone Entacmaea quadri-
color (Subach et al., 2008). It is superior to the best Aequo-
rea victoria blue fluorescent protein, EBFP2, in terms of
brightness, photostability, maturation kinetics and pH sen-
sitivity, making it one of the most promising blue FPs for
live-cell imaging available to date (Rizzo et al., 2009; Sam-
ple et al., 2009). mTagBFP performs well as a fusion part-
ner, and is an excellent F€orster (fluorescence) resonance
energy transfer (FRET) donor when coupled to green and
yellow FPs (Day and Davidson, 2009; Kremers et al., 2011).
mCerulean is a notable Aequorea GFP variant that is
cyan in color (Rizzo et al., 2004). It is 1.5 times brighter
than ECFP, and acts as an excellent FRET donor for Venus
YFP (Day and Davidson, 2009; Rizzo et al., 2009). The
yellow FP chosen is Cerulean’s popular FRET partner

pBR9 
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ble-2A-

mCherry Ds

mCherry
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merge
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(b)
Figure 1. mCherry expression in Chlamydo-
monas.
(a) pBR9 vector map and schematic of the
Chlamydomonas nuclear expression strategy.
The FMDV 2A amino acid sequence is shown;
the arrowhead indicates the site of cleavage.
After transformation, the ble–2A–FP mRNA is
expressed from the hsp70/rbcs2 promoter (P).
During protein translation, it is believed that the
ribosome skips the formation of a peptide
bond, yielding two protein products from the
single mRNA.
(b) Microscopy images of mCherry Ds signals
(red) from a representative transgenic strain
expressing ble–2A–mCherry. Auto-fluorescence
from the chloroplast (Chl) is also shown
(green). Images of wild-type cc1690 are shown
for comparison; images were acquired and pro-
cessed identically. Differential interference con-
trast (DIC) images are also shown. Scale
bar = 5 lm.
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Venus (Nagai et al., 2002). Venus is an Aequorea GFP
mutant that is brighter, more tolerant to acidic environ-
ments, and faster maturing than EYFP (Rizzo et al., 2009).
Our chosen orange FP, tdTomato, is a mutant of Discoso-
ma sp. DsRed and is a tandem dimer. Thus, tdTomato is
twice as big as the other FPs, but is highly photostable and
is the brightest of all FPs described to date (Shaner et al.,
2004). In addition to the mCherry cDNA described above
(mCherry Ds), we also tested a second mCherry gene that
was specifically codon-optimized for Chlamydomonas
nuclear expression (mCherry Cr). The two mCherry pro-
teins are virtually identical, but have different DNA coding
sequences due to slightly different codon usage. Finally, all
of the above FPs were compared to the Chlamydomonas
codon-optimized GFP (CrGFP) that has been used widely in
the literature (Fuhrmann et al., 1999). Note, this GFP ver-
sion has an unusual combination of point mutations that
may warrant further optimization (see Discussion).

mTagBFP, mCerulean, Venus, tdTomato and mCherry Cr
were codon-optimized for Chlamydomonas nuclear expres-
sion, synthesized, and cloned into the pBR9 ble–2A
expression vector. Transformations were performed as
described above. CrGFP was also cloned into pBR9 and
transformed into Chlamydomonas. A comparison of trans-
formation efficiencies and percentage gene integration for
all seven FPs tested in this study is given in Table 1. Nota-
bly, tdTomato had a reduced transformation efficiency
compared to the other FPs. This may be due to its larger
size and/or somewhat repetitive DNA sequence, as it is a
tandem dimer. Four transgenic clones for each FP were
analyzed for FP expression using a fluorescence microplate
reader. Relative fluorescence at the appropriate excitation/
emission wavelengths for each FP was determined on
whole cells in TAP medium, and normalized to chlorophyll
fluorescence to account for differences in cell number and
size (Figure S1). Fluorescence above auto-fluorescence

Table 1 FPs used in this study

Protein Excitation/emission
Relative
brightness Species Mutant of

Size
(bp)

eCAI
value

Number of
transformants
per lg DNAa % gene-positiveb

mTagBFP 402/457 98 Entacmaea quadricolor tagRFP 708 0.881 434 100
87

mCerulean 433/475 79 Aequorea victoria GFP 726 0.885 316 94
94

CrGFP 484/507 100 Aequorea victoria GFP 723 0.861 334 97
98

Venus 515/528 156 Aequorea victoria GFP 726 0.781 434 100
83

tdTomato 554/581 283 Discosoma sp. DsRed 1437 0.885 82 62
91

mCherry (Ds) 587/610 47 Discosoma sp. DsRed 720 0.822 176 93
89

mCherry (Cr) 587/610 47 Discosoma sp. DsRed 711 0.885 316 92
100

aTransformations were performed on the same day in parallel; 500 ng of linear DNA was used per electroporation.
bNumbers represent the calculated percentage of clones that were gene-positive for two independent transformation experiments per con-
struct.
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Figure 2. The ble–2A–FP constructs are well-
expressed and processed efficiently in
Chlamydomonas to yield monomeric FPs.
Immunoblot analysis of 10 lg total soluble pro-
tein isolated from cc1690 (WT), and the indi-
cated FP-expressing transgenic strains. Lysates
were probed with (a) anti-tagRFP, (b) anti-GFP
or (c) anti-DsRed antibodies. The arrows indi-
cate the monomeric FP; asterisks indicate the
presence of unprocessed ble–2A–FP polypro-
tein. The immunoblot membranes were
stripped and re-probed with anti-atpB antibod-
ies and serve as loading controls (bottom
panels).
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was detectable in all clones tested for each FP. The vari-
ability of fluorescence across clones for the various FPs
ranged from 1.14 to 2.26 (most fluorescent/least fluores-
cent clone for each FP). A representative clone for each FP
was chosen for further analysis.

To verify the fluorescence plate reader results, immuno-
blots were performed on total soluble protein obtained
from each representative FP-expressing strain. All FPs were
easily detectable, and the ble–2A–FP polyproteins were
efficiently processed to yield unfused FPs, as determined
by apparent molecular weight on denaturing polyacryl-
amide gels (Figures 2 and S2).

Next, fluorescence microscopy was used to determine
the utility of each FP in live-cell imaging applications. FP-
expressing cells were grown in liquid cultures in TAP med-
ium under high-light conditions until late log phase, and
plated onto 1% TAP agarose pads prior to image acquisi-
tion. All FPs were easily detectable in live cells, and local-
ized in the cytoplasm and nucleus, as expected (Figure 3,
FP). Importantly, FP fluorescence signals were well above
the auto-fluorescence of the chloroplast, which was
imaged using a different set of excitation/emission filters
(Figure 3, Chl). Furthermore, FP expression did not have an
apparent detrimental effect on growth rate, cell health or
physiology.

Taken together, the data indicate that, when expressed
from the ble–2A expression vector, mTagBFP, mCerulean,
CrGFP, Venus, tdTomato and mCherry accumulate as
unfused proteins, whose fluorescence signals are easily
detectable in live cells.

Comparative analysis of FPs in Chlamydomonas

Although the comparative brightness of purified FPs is well
documented (see Table 1), we were interested in compar-
ing the fluorescence signals of our FPs within C. reinhardtii.
Many factors influence the fluorescence levels or ‘bright-
ness’ of an FP in the context of a cell, including background
auto-fluorescence, protein expression levels, rate of FP mat-
uration, levels of mis-folding, and protein modification or
turnover. Our first comparative analysis involved measur-
ing the fluorescence of each representative clone, together
with the wild-type (WT) parental strain, in a microplate
reader (Figure 4a). The seven FP-expressing strains and the
WT parental strain were inoculated from plates into 50 ml
TAP cultures, and allowed to grow under high-light condi-
tions until they reached late log phase. Then, 100 ll of each
culture were transferred into wells of a black 96-well plate
in triplicate, and the entire plate was read in a microplate
reader using the optimal excitation/emission filters for each
FP. The absorbance of each culture at 750 nm was also

mTagBFP mCerulean CrGFP Venus tdTomato mCherry Cr

FP

Chl

merge

DIC

Figure 3. Live-cell fluorescence microscopy of the FP-expressing strains.
Live cells were plated on agar pads and subjected to deconvolution fluorescence microscopy. Images were collected using the optimal filters for each FP. Chlo-
roplast auto-fluorescence images were collected using the best alternative filter set available (Chl, see Experimental Procedures for details). Differential interfer-
ence contrast (DIC) images are also shown. Images of wild-type cc1690 cells are not shown for each FP to simplify the presentation of data. However, for each
FP image shown, wild-type images were acquired using identical acquisition settings. The FP and respective WT images were processed identically, and the
resulting WT images look similar to that in Figure 1(b). Scale bar = 5 lm.
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determined for normalization of cell density. The data are
presented as FP fluorescence/A750 nm, with the normalized
signal from WT cells subtracted (Figure 4a). The data
indicate that all FP-expressing strains contain significant
fluorescence signals over background. The data also dem-
onstrate the spectral overlap between some of the FPs, as
expected. What is not apparent in this representation of the
data is the dramatic difference in auto-fluorescence of WT
cells between the various excitation/emission readings.
Indeed, when the fluorescence of WT Chlamydomonas cells
was measured using the six excitation/emission filter set-
tings, we saw significant auto-fluorescence using the blue
and cyan excitation/emission filters, moderate auto-fluores-
cence using the yellow filters, low auto-fluorescence with
the red filter set, and almost no auto-fluorescence using the
orange filters. The most auto-fluorescence was observed

with the green excitation/emission filter set (Figure 4c).
Thus, we wished to determine the fold-increase in fluores-
cence of each FP-expressing strain over auto-fluorescence
at the optimal excitation/emission for that protein. The cul-
tures shown in Figure 4(a) were re-read in the plate reader
individually using the appropriate optimal excitation/emis-
sion filters for each FP. A WT cc1690 culture was also
included in each measurement. Again, the fluorescence
signals were normalized to A750 nm. The normalized fluores-
cence of each FP-expressing strain was divided by the cal-
culated auto-fluorescence of WT cc1690 to yield the fold
increase in FP fluorescence over WT auto-fluorescence (Fig-
ure 4b). It thus becomes apparent that tdTomato is by far
the ‘brightest’ FP, with fluorescence 160 times that of WT.
This is not surprising as: (i) purified tdTomato is the bright-
est FP characterized to date, and (ii) WT Chlamydomonas
displays the lowest auto-fluorescence using the optimal
excitation/emission settings for tdTomato. The two mCher-
ry-expressing clones and the Venus-expressing strain also
have large signal-to-noise ratios, with a normalized fluores-
cent signal approximately 50 times that of WT (Figure 4b).
The mTagBFP, mCerulean and CrGFP-expressing strains
have moderate fluorescence signal-to-noise ratios, ranging
from two to five times the auto-fluorescence (Figure 4b).

FP application: four-color FACS sorting

Another powerful tool in the FP toolbox is fluorescence-
activated cell sorting (FACS). To determine whether the
FP-expressing lines could be used in FACS-based experi-
ments or screens, we analyzed the clones by flow cytome-
try. All FP-expressing clones were detectable by flow
cytometry (Figure 5). The peak shifts shown in the histo-
grams are a measure of fluorescence intensity compared

mTag mCerul mCherry mCherry 

(a)

(b)

(c)

mTag
BFP

mCeru
lean

CrGFP Venus Tomato mCherry
Cr

mCherry
Ds

DsCr

Figure 4. Comparison of FPs expressed in Chlamydomonas using a
fluorescence microplate reader.
(a) Fluorescence comparison of representative FP-expressing strains. Each
culture was plated in triplicate into a black 96-well plate together with wild-
type cc1690. The entire plate was read six times using the indicated excita-
tion/emission filters, which are optimal for each FP used in this study. The
relative fluorescence of each culture was normalized to its absorbance at
750 nm (A750 nm). Finally the normalized fluorescence of wild-type cells was
subtracted from each reading. Values are means ! standard deviation of
triplicate measurements.
(b) The same cultures as in (a) were read individually, with WT cc1690,
using optimal excitation/emission filters for each FP. The FP fluorescence
was normalized against absorbance at 750 nm, and then divided by the nor-
malized fluorescence of WT cells, to yield the fold increase in fluorescence
over auto-fluorescence. Values are means ! standard deviation of triplicate
measurements.
(c) Wild-type cc1690 cells were plated in triplicate into a black 96-well plate,
together with TAP medium, which was used as a blank. The plate was read
six times using the optimal excitation/emission filters for each FP:
mTagBFP, 399 nm/450 nm; mCerulean, 450 nm/486 nm; GFP, 488 nm/
522 nm; Venus, 515 nm/550 nm; tdTomato, 554 nm/590 nm; mCherry,
575 nm/608 nm. The gain was set to 200 for all fluorescence readings. The
data indicate the amount of auto-fluorescence seen with each excitation/
emission setting. Values are means ! standard deviation of triplicate mea-
surements.
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to the WT strain (Figure 5). The peak shifts varied across
strains, but are consistent with the fluorescence plate
reader data (compare Figures 4b and 5). tdTomato gave
the largest peak shift, with median fluorescence 139 times
that of WT. The median fluorescence of the two mCherry
clones was almost 100 times greater than WT. mTagBFP-
and Venus-expressing cells were on average 29 and 17
times more fluorescent, respectively, than WT cells (note
that the sub-optimal GFP excitation/emission filters were
used for Venus flow cytometry). Finally, mCerulean- and
GFP-expressing cells yielded the smallest peak shifts, with
seven and four times greater fluorescence compared with
WT cells, respectively.

Based on the flow cytometry results, we reasoned that
we would be able to apply FACS-based sorting methods to
separate a mixture of FP-expressing cells, based on their
fluorescent intensities. To test this, we grew cells express-
ing mCerulean, CrGFP, tdTomato and mCherry Cr to late
log phase. Prior to sorting, we mixed the cultures in a
1:1:1:1 ratio by volume. Figure 6(a) shows a dot blot of the
pre-sort starting culture, as determine by flow cytometry.
Four distinct populations may be seen in the dot blot, with
green fluorescence plotted on the x axis and orange

fluorescence plotted on the y axis (Figure 6a). The mixed
culture was sorted twice; CrGFP and mCherry were sorted
and collected in the first run, and mCerulean and tdTomato
were sorted during the second run. Post-sort analysis of
each sorted population indicated that the FPs were individ-
ually separated to a high degree of purity (Figure 6b). The
tdTomato, mCherry, CrGFP and mCerulean sorting resulted
in separated populations containing 87, 88, 82 and 95% of
single FP-positive cells, respectively (Figure 6b).

Generating an FP fusion protein

One of the most powerful uses of FP technology is to tag
an endogenous protein of interest with a fluorescent pro-
tein for protein localization and/or functional studies. To
determine whether the ble–2A expression vector could be
used to generate FP fusion proteins, we attempted to
express C. reinhardtii a-tubulin (TUA1, GenBank: M11447.1)
fused to the C-terminus of mCerulean. a-tubulin is a
55 kDa protein that dimerizes with b-tubulin to assemble
into microtubules, and is a major component of the cyto-
skeleton and the flagella in C. reinhardtii. The TUA1 gene,
including introns, was PCR-amplified from genomic
DNA and cloned downstream of the ble–2A–mCerulean
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Figure 5. Flow cytometry analysis of the FP-expressing strains.
A representative FP-expressing strain for each construct was analyzed by flow cytometry and compared to wild-type cc1690 (black) using the following excita-
tion/emission filters: (a) mTagBFP, 405 nm/450 nm; (b) mCerulean, 457 nm/480 nm; (c) GFP and Venus, 488 nm/525 nm; (d) tdTomato, 561 nm/590 nm; (e)
mCherry 561 nm/610 nm. The data are presented as histograms, with fluorescence intensity plotted on the x axis and cell count plotted on the y axis. Included
below each histogram is the median fluorescence intensity and standard deviation (SD) of the indicated samples. Numbers in the upper right hand corner of
each histogram represent the calculated median fold increase in fluorescence intensity over wild-type auto-fluorescence.

© 2013 The Authors
The Plant Journal © 2013 John Wiley & Sons Ltd, The Plant Journal, (2013), 74, 545–556

Use of fluorescent proteins in C. reinhardtii 551



63 

expression vector, which was modified to remove the stop
codon from mCerulean, to generate pBR25 (Figure 7a). The
construct was linearized and electroporated into cc1690.
Transformants were selected on TAP/zeocin plates, and
gene-positive clones were identified by PCR. Gene-positive
clones were screened for mCerulean fluorescence using a
fluorescence microplate reader, and three candidate mCe-
rulean–TUA1-expressing clones were assayed for protein
expression by immunoblotting (Figure 7b, top panel). Two
bands were detectable; the major band was at the approxi-
mate predicted molecular weight for the mCerulean–TUA1
fusion protein (77 kDa), while the minor band was at the
approximate predicted molecular weight for unprocessed
ble–2A–mCerulean–TUA1 (93 kDa). A third band was
detected in two of the three clones at 25 kDa (the molecu-
lar weight of monomeric mCerulean).

Next, the mCerulean–TUA1-expressing clones were sub-
jected to standard live-cell fluorescence microscopy. Bright
mCerulean-tagged flagella were easily detectable using a
standard wide-field epifluorescence microscope (Fig-
ure 7c). Microtubule-like fluorescent structures were also
detected along the cell body (Figure 7c,d). A three-
dimensional Z-projection of images acquired by a
DeltaVision deconvolution microscope on a representative
mCerulean–TUA1-expressing cell is shown in Figure 7(d),
illustrating the mCerulean-tagged flagella and cytoskele-
ton. Importantly, the mCerulean-tagged flagella were func-
tional, as the cells had the ability to move their flagella and
were motile in liquid medium. Figure 7(e) shows a time-

lapse series of images of a cell expressing mCerulean–-
TUA1. The cell body and one flagellum are immobilized on
a poly-L-lysine-coated slide, but the second flagellum is
mobile and demonstrates a typical forward asymmetrical
ciliary waveform, or ‘breast stroke’ (Silflow and Lefebvre,
2001). These data indicate that flagella incorporating the
mCerulean–tubulin fusion protein retain their primary func-
tion of motility.

Taken together, these results suggest that the ble–2A
vector may be used to tag endogenous microalgal proteins
with fluorescent proteins to study protein localization and
function.

DISCUSSION

In this study, we successfully expressed and compared six
recombinant fluorescent proteins that span the visual spec-
trum in the single-celled green alga C. reinhardtii. We
show that all FPs (blue mTagBFP, cyan mCerulean, green
CrGFP, yellow Venus, orange tdTomato, and two different
codon-optimized versions of red mCherry) accumulate to
detectable levels as measured by fluorescence microplate
reader analysis on whole cells, immunoblotting, live-cell
fluorescence microscopy, and flow cytometry. Of the fluo-
rescent proteins tested, tdTomato was by far the brightest.
However, tdTomato is a tandem dimer, so it is twice the
size of the other fluorescent proteins. Although it has been
used successfully in protein fusions and organelle tagging,
the larger size of tdTomato may interfere with fusion pro-
tein packing into some biopolymers. tdTomato also had
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the lowest transformation efficiency in C. reinhardtii when
selection was performed using 15 lg ml!1 zeocin (Table 1).
However, based on our experience with the pBR9 ble–2A
transformation vector, we believe that reducing the zeocin
concentration would improve transformation efficiency,
with only a minimal effect on gene expression levels. Due
to the extremely low auto-fluorescence of C. reinhardtii
using the orange excitation/emission filters, we believe that
other monomeric orange FPs are worth testing, such as
mKO2 (Sakaue-Sawano et al., 2008), mTagRFP-T or mOr-
ange2 (Shaner et al., 2008).

Overall, the second brightest FP expressed in C. rein-
hardtii was mCherry. Although the purified protein is only
about half as bright as EGFP, Chlamydomonas-expressed
mCherry was easily detectable above auto-fluorescence,
probably due to the low auto-fluorescence signal with the
red excitation/emission filters. mCherry was transformed
extremely efficiently, is a true monomer (unlike some GFP
mutants, which have been shown to be weak dimers), per-
forms well as a fusion protein, and was the second bright-
est FP by flow cytometry. For these reasons, we consider
mCherry to be the best FP of those tested in terms of over-
all performance in C. reinhardtii. Indeed, we are currently
constructing mCherry targeting vectors to fluorescently
label various Chlamydomonas organelles.

Venus also performed well when expressed in C. rein-
hardtii. This yellow FP yielded high signal-to-noise ratios
when assayed by either a fluorescence microplate reader
or flow cytometry. However, Venus fluorescence overlaps
with that of GFP and crosses over into the orange channels
(excitation 532 nm/emission 585 nm) in flow cytometry.
This makes it difficult to sort transgenic cells expressing
Venus from those expressing GFP and mCherry using
FACS. However, Venus is an excellent FP to use individu-
ally, for example for protein tagging or as a reporter gene
for promoter studies.

mTagBFP and mCerulean were moderate overall per-
formers in C. reinhardtii. High auto-fluorescence was
observed using the optimal excitation/emission filters for
mTagBFP and mCerulean with the plate reader. However,
mTagBFP and mCerulean performed well for cell sorting
using flow cytometry. Cerulean and Venus are one of the
most popular FRET pairs used to date, so their successful
expression opens the door for FRET-based protein–protein
interaction studies in Chlamydomonas.

Ironically, the most widely used FP in the literature,
CrGFP, was the worst FP performer overall in this study.
This is probably due, at least in part, to the fact that Chla-
mydomonas displayed the highest background auto-
fluorescence in the green spectrum (Figure 4c, excitation
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488 nm/emission 522 nm). Another possible explanation
for the poor performance is the unusual combination of
point mutations in this version of GFP. CrGFP differs from
wild-type avGFP by ten amino acids, including S65T and
T203I (Fuhrmann et al., 1999). avGFP displays a bimodal
absorption spectrum, with maximal excitation occurring at
397 nm, and a minor secondary peak at 476 nm. An early
mutagenesis study of avGFP demonstrated that the T203I
mutation led to loss of the 475 nm peak, and thus a single
absorption peak at 399 nm (Tsien, 1998). This mutant is
called Sapphire. The S65T mutation of wild-type avGFP led
to loss of the 399 nm excitation peak, and thus a single
peak at 489 nm (Heim et al., 1995). This mutation is found
in the popular EGFP mutant. CrGFP contains both the S65T
and T203I mutations (GenBank accession number
AAF04100.1). It is unclear to us how this combination of
mutations affects the fluorescence of CrGFP, but it is possi-
ble that it has a detrimental effect. We are in the process of
synthesizing a codon-optimized version of mEmerald GFP,
a promising variant of EGFP with improved brightness,
photostability and maturation kinetics (Cubitt et al., 1999).
Thus, it will be possible to compare CrGFP with mEmerald
GFP in C. reinhardtii in the near future.

Quantification of FMDV 2A peptide cleavage across
constructs suggests that there may be a downstream
gene-dependent effect on the processing efficiency of the
2A element (Figure S2), and this should therefore be
considered when choosing an FP for protein fusion studies.
Over 90% of mCerulean expressed from the pBR9 mCerule-
an construct was determined to be monomeric by immuno-
blotting. Although it was not the brightest FP in the study,
we were able to successfully generate a functional and
properly localized a-tubulin fusion protein using this FP,
and it was easily visualized by standard live-cell microscopy
techniques (Figure 7), suggesting that mCerulean may be a
good choice for fusion protein studies.

In this study, we used our Chlamydomonas ble–2A
nuclear expression strategy (Rasala et al., 2012) to suc-
cessfully engineer robust expression of a rainbow of FPs
in a green microalga, and demonstrated a variety of uses
for these FPs, including live-cell microscopy, cell sorting
and protein localization. These promising results open
the door to the wealth of available FP technologies and
applications for use in microalgal research and
biotechnology.

EXPERIMENTAL PROCEDURES

Plasmid construction

The mCherry Ds gene was obtained from the plant binary vector
CD3-960 (Nelson et al., 2007). The gene encoding the yellow
fluorescent protein, Venus (Nagai et al., 2002), was adapted to
the nuclear codon usage of C. reinhardtii according to the table
in Kazusa DNA Research Institute’s codon usage database
(http://www.kazusa.or.jp/codon/cgi-bin/showcodon.cgi?species=3055).

Codon optimization was performed in silico using the DNA2.0
Gene Designer program, and the resulting synthetic gene was
synthesized by DNA2.0 (Menlo Park, CA, USA). mTagBFP, mCeru-
lean, tdTomato and mCherry Cr were codon-optimized for
C. reinhardtii nuclear expression and synthesized by GeneArt
(Life Technologies, Carlsbad, CA, USA). To generate ble–2A–FP
fusions, all codon-optimized FP genes were cloned into the pBR9
ble–2A vector as XhoI/BamHI fragments. The pBR9 vector is simi-
lar to the ble-2A vector we previously published except that
pBR9 contains the more robust hsp70/rbcs2 promoter (Rasala
et al., 2012). Some materials developed and used in this study
will be commercially available from Life Technologies Corpora-
tion (Carlsbad, CA, USA).

Algal strains, transformations and growth conditions

The C. reinhardtii strain used in this study was cc1690
(Sager 21 gr; Chlamydomonas Stock Center, St. Paul, MN, USA).
cc1690 was transformed by electroporation as described previ-
ously (Rasala et al., 2012). Transformants were selected on TAP
(Tris/acetate/phosphate) agar plates supplemented with
15 lg ml!1 zeocin. Transformants were screened by PCR to iden-
tify gene-positive transformants as described previously (Rasala
et al., 2012).

Fluorescence microscopy

Representative clones were grown in TAP medium to late log
phase on a rotary shaker. Live cells were plated on TAP/1% agarose
pads prior to image acquisition. Images were captured on a
DeltaVision optical sectioning microscope system (Applied Preci-
sion Inc., Issaquah, WA, USA) comprising an Olympus IX71
inverted microscope (Center Valley, PA, USA) equipped with an
Olympus UPlanSApo 100 9/1.40 objective and a CoolSNAP HQ2/
ICX285 camera (Photometrics, Tucson, AZ, USA). The following fil-
ters were used: mTagpBFP, excitation 360/40 nm, emission 457/
50 nm; mCerulean, excitation 436/10 nm, emission 470/30 nm;
CrGFP and Venus, excitation 470/40 nm, emission 515/30 nm; tdT-
omato and mCherry, excitation 558/28 nm, emission 617/73 nm.
The following filters were used to image auto-fluorescence of pho-
tosynthetic pigments for the indicated transgenic strain: excitation
470/40 nm, emission 617/73 nm for mTagBFP-expressing cells;
excitation 500/23 nm, emission 535/30 nm for mCerulean-express-
ing cells; excitation 558/28 nm, emission 617/73 nm for CrGFP- and
Venus-expressing cells; excitation 470/40 nm, emission 515/30 nm
for tdTomato- and mCherry-expressing cells. Image acquisition
and deconvolution were performed using Resolve3D SoftWoRx-
Acquire (version 5.5.1, Applied Precision, Issaquah, WA, USA) and
images were saved as TIFF files. Brightness and contrast were
adjusted using Adobe Photoshop CS3 (San Jose, CA, USA). The
images in Figure 1 and Figure 7(c) were adjusted identically. mCe-
rulean, Venus and tdTomato images were false-colored using
Adobe Photoshop CS3.

Fluorescence microplate reader assay

Cells were grown in TAP medium until late log phase. Then 100 ll
of cells were transferred, in triplicate, into wells of a black 96-well
plate (Corning Costar, Tewksbury, MA, USA), and fluorescence
was read using an Infinite! M200 PRO plate reader (Tecan,
M€annedorf, Switzerland). Fluorescence readings with the indi-
cated excitation/emission filters were acquired using the calcu-
lated optimal gain setting. TAP medium was used as a blank.
Fluorescence signals were normalized on the basis of the A750 nm

of the culture, or by chlorophyll fluorescence (excitation 440/9 nm,
emission 680/20 nm). Normalized cc1690 auto-fluorescence signals
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were either subtracted from the FP signals (Figure 4a) or divided
into the FP signals to determine fold increase in fluorescence over
background (Figure 4b). To calculate wild-type auto-fluorescence,
cc1690 cells were plated in triplicate into a black 96-well plate. The
gain was set to 200 and the plate was read using the optimal fil-
ters for each FP used in this study. TAP medium was used as a
blank.

Immunoblotting

Cultures were grown in 50 ml TAP medium until late log phase,
harvested by centrifugation at 5000 g, and resuspended in PBS,
0.1% Tween-20, 1 mM phenylmethanesulfonyl fluoride. Cells were
lysed by sonication, and centrifuged at 12 000 g for 10 min. Total
soluble protein was retained, and protein concentration was
measured using Bio-Rad (Hercules, CA USA) protein reagent
according to the manufacturer’s instructions. Total soluble protein
was denatured by addition of SDS–PAGE loading buffer (Laemmli)
followed by incubation at 95°C for 3 min. Ten micrograms of pro-
tein per sample was separated on 4–20% SDS–PAGE gels at
120–150 volts and transferred to nitrocellulose membrane at
200 mA for 1.5 h. After blocking with 5% milk, membranes were
probed with the appropriate rabbit primary antibody (1:1000) fol-
lowed by goat anti-rabbit antibody conjugated to alkaline phos-
phatase (1:5000). Anti-tagRFP (Life Technologies) was used for
mTagBFP blotting, anti-GFP (Sigma, St. Louis, MO, USA) was
used for mCerulean, CrGFP and Venus blotting, and anti-RFP
(Rockland, Gilbertsville, PA, USA) was used for tdTomato and
mCherry blotting. Rabbit anti-atpB (Agrisera, Vannas, Sweden)
was used to determine equal sample loading.

Flow cytometry

Cells were grown to mid log phase, diluted 1:10, and allowed to
grow for 12-18 h prior to analysis. Flow cytometry fluorescence sig-
nals for mTagBFP, CrGFP, Venus, tdTomato, mCherry Ds and
mCherry Cr were acquired on a BD LSR II flow cytometer (BD Bio-
sciences, Vannas, Sweden). mCerulean flow cytometry was per-
formed on a BD Influx cell sorter (BD Biosciences). The following
filters were used: mTagBFP, excitation 405 nm, emission 450/
50 nm; mCerulean, excitation 457 nm, emission 480/40 nm; CrGFP
and Venus, excitation 488 nm, emission 525/20 nm; tdTomato, exci-
tation 561 nm, emission 590/40 nm; mCherry, excitation 561 nm,
emission 610/20 nm. Flow cytometry data were analyzed using
FlowJo software (Treestar Inc., Ashland, OR, USA).

Fluorescence-activated cell sorting

Four transgenic strains expressing CrGFP, mCerulean, tdTomato
or mCherry were grown to late log phase and combined in a
1:1:1:1 ratio by volume. This mixture was sorted for each cell type
by its respective fluorescence color on a BD Influx FACS using a
two-tube sorting protocol. First, 500 GFP- or mCherry-expressing
cells were sorted from the mixed population into separate collec-
tion tubes. Next, 500 mCerulean- or tdTomato-expressing cells
were sorted into separate collection tubes. Each tube was re-
analyzed by flow cytometry using the same instrument to assess
the percentage purity of each cell type. GFP-expressing cells were
identified using a 488 nm laser for excitation and a 530/40 nm fil-
ter to detect green fluorescence. mCerulean-expressing cells were
identified using a 457 nm laser and a 480/40 nm filter to detect
cyan fluorescence. Both mCherry- and tdTomato-expressing cells
were identified using a 532 nm laser and a 585/40 nm filter to
detect orange or red fluorescence. Although the same filter is
used for both cell types, the fluorescence intensity of each type is
sufficiently different to collect and identify both types.
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Figure S1. Relative fluorescence of cells expressing the FP con-
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Abstract

Transgenic microalgae have the potential to impact many diverse biotechnological industries including energy, human and
animal nutrition, pharmaceuticals, health and beauty, and specialty chemicals. However, major obstacles to sophisticated
genetic and metabolic engineering in algae have been the lack of well-characterized transformation vectors to direct
engineered gene products to specific subcellular locations, and the inability to robustly express multiple nuclear-encoded
transgenes within a single cell. Here we validate a set of genetic tools that enable protein targeting to distinct subcellular
locations, and present two complementary methods for multigene engineering in the eukaryotic green microalga
Chlamydomonas reinhardtii. The tools described here will enable advanced metabolic and genetic engineering to promote
microalgae biotechnology and product commercialization.
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Introduction

Microalgae have recently attracted attention as potential low-
cost platform for the production of a broad range of commercial
products including biofuels, nutraceuticals, therapeutics, industrial
chemicals and animal feeds [1–11]; and genome engineering will
enable and enhance algae-produced bio-products [1,5,6,12–19].
However, while much has been written about the potential of
transgenic microalgae, little of that potential has yet to be
commercialized. A major obstacle to generating useful transgenic
algae strains has been the lack of molecular tools and overall poor
expression of heterologous genes from the nuclear genome of
many microalgae species, at least partially due to rapid gene
silencing [20–23]. For example, a set of validated vectors for
targeting transgene products to specific subcellular locations do
not exist, nor does the vector to allow the expression of multiple
nuclear-encoded genes within a single cell.

Previously, we described a nuclear expression strategy that
overcomes transgene silencing by using the foot-and-mouth-
disease-virus (FMDV) 2A ‘‘self-cleaving’’ peptide to transcription-
ally fuse transgene expression to the antibiotic resistance gene ble
in the green microalga Chlamydomonas reinhardtii [23,24]. It is
believed that the FMDV 2A sequence ‘‘self-cleaves’’ through
ribosome-skipping during translation rather than a proteolytic
reaction, and has been termed CHYSEL (cis-acting hydrolase
element) [25,26]. This strategy allowed for the selection of
transgenic lines that efficiently express the transgene-of-interest,
and this robust expression remains for many generations. We
demonstrated the utility of our pBle-2A vector with the expression
and secretion of the valuable industrial enzyme, xylanase [23].
Furthermore, this expression strategy enabled, for the first time,
the robust expression of six fluorescent proteins (FPs) in the cytosol

of green microalgae [24]. FPs have become essential research tools
that have revolutionized many fields of biology

Here we report the construction and validation of a set of
transformation vectors that enable protein targeting to distinct
subcellular locations, and present two complementary methods for
multigene engineering in the eukaryotic green microalga C.
reinhardtii.

Results

Here we describe vectors that enable protein targeting to four
important organelles: the nucleus, mitochondria, endoplasmic
reticulum (ER), and chloroplast (Table 1). The nucleus houses the
majority of the cell’s genetic material, and therefore is critical for
the regulation of most gene expression. To generate a nucleus-
targeting vector, a tandem copy of the nuclear localization signal
(NLS) from simian virus 40 (SV40) [27] was fused to the C-
terminus of mCerulean, and transcriptionally linked to ble-2A
(Figure 1A). Cells transformed with mCerulean-2xNLS displayed
fluorescence signals that were concentrated in the nucleus
(Figure 1E-G, Figure S1A), as confirmed by co-staining fixed
mCerulean fluorescent cells with the nuclear DNA-stain Hoechst
(Figure S1B).

Mitochondria function in respiration, producing ATP via
oxidative respiration, and therefore play an essential role in cell
metabolism. Mitochondria also function in the metabolism of
amino acids, lipids, iron, calcium homeostasis, apoptosis and cell
signaling. To generate a mitochondria-targeting vector, the N-
terminal mitochondria transit sequence (MTS) from the nuclear
gene encoding the alpha subunit of the mitochondrial ATP
synthase located in the mitochondrial matrix, was fused between
ble-2A and mCherry (Figure 1B). Live cell microscopy of
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independent clones transformed with MTS-mCherry shows
mCherry signal localized to tubular mitochondrial networks [28–
30] (Figure 1H, Figure S1D), which was confirmed by co-
localization with Mitotracker, a mitochondria-specific dye
(Figure 1I, J, Figure S1D).

The most studied C. reinhardtii organelle is the chloroplast, the
site of photosynthesis. C. reinhardtii has a single cup-shaped
chloroplast that occupies about 75% of the volume of the cell.
The chloroplast is also the site of multiple metabolic reactions,
including the biosynthesis of amino acids, isoprenoids, fatty acids,
and starch [31]. The chloroplast transit sequence (CTS) from the
photosystem I protein psaD was chosen for the chloroplast-
targeting vector (Figure 1C), as it has been used previously to
target heterologous proteins to the chloroplast in C. reinhardtii [32].
Cells transformed with the ble2A-CTS-mCherry vector displayed
red fluorescence signals that properly localized to the chloroplast
(Figure 1K, Figure S1E) and partially overlapped with chloroplast
auto-fluorescence derived from chlorophyll and other pigments
localized in chloroplast photosynthetic membranes (Figure 1L, M)

The endoplasmic reticulum (ER) forms an extensive intercon-
nected network of tubules and flattened stacks located throughout
the cytoplasm and is continuous with the nuclear envelope [33].
The ER has multiple functions, including translocation and
modification of proteins destined for secretion. It also functions in
lipid metabolism, carbohydrate metabolism, and detoxification.
Two ER-targeting vectors were created by fusing the ER signal
sequence of the C. reinhardtii genes ars1 or bip1 between ble-2A and
mCherry; and the ER retention signal His-Asp-Glu-Leu (HDEL)
[34] was fused to the C-terminus of mCherry (Figure 1D). ars1
encodes for a secreted arylsulfatase [35], and its signal peptide has
been shown to target heterologous xylanase 1 for secretion [23].
BiP1 is an ER-localized chaperone of the HSP70 superfamily [36].
Using live cell microscopy, cells transformed with either ER-
targeting vector displayed mCherry localization to reticular, net-
like structures under the plasma membrane, which are reminiscent
of cortical ER that has been characterized in other eukaryotes
(Figure 1N). Z planes focused through the middle of cells
demonstrate that mCherry localizes to a structure that is
continuous with the nuclear envelope (Figure 1O, P, Figure
S1C). While we were unable to identify any ER-specific dyes that
function in Chlamydomonas, we are confident that both ars1-
mCherry-HDEL and BiP1-mCherry-HDEL successfully targets
the FP to the ER, based on the resultant distinct and characteristic
localization pattern.

To verify the fluorescence live cell microscopy data, SDS-PAGE
immunoblotting was performed on lysates from individual
transformants expressing the targeting vectors described above.
Immunoblots demonstrate that the targeted fluorescent proteins
accumulate to detectible levels, are correctly processed from ble-

2A, and display the predicted mobility for the respective mature
protein (Figure S2).

Several successful strategies for the coordinated expression of
multiple genes have been described in other eukaryotes. These
include the use of FMDV-2A and 2A-like peptides to ensure
transcriptional co-expression of multiple proteins encoded in a
single open reading frame (ORF) with co-translational ‘‘cleavage’’
into distinct peptides [26]. However, with the exception of a gene-
of-interest and an antibiotic resistance marker, coordinated multi-
gene expression has yet to be achieved in green microalgae. We
modified our ble2A expression strategy to include a second 2A
peptide from equine rhinitis A virus (E2A) [37] followed by a third
protein coding sequence (Figure 2A). Transgenic algae expressing
the BleNE2A2mCeruleanN2xNLSNF2A2BiPNmCherryNHDEL
ORF were recovered which had properly integrated the multi-
cistron transgene cassette and accumulated mCerulean in the
nucleus and mCherry in the ER (Figure 2B, C), both at high levels
of expression.

A potential disadvantage of the double 2A vector is that the 2A
C-terminal fusion to the middle protein of the poly-cistron may
disrupt its function and/or localization. Thus, we developed a
gene-stacking strategy to generate transgenic algae that express up
to four targeted proteins by harnessing the power of genetic
breeding. C. reinhardtii is a haploid organism that normally divides
vegetatively. However, under certain conditions, a mating-type
plus (mt+) gamete will mate with a mating-type minus (mt-) gamete
to form a diploid zygospore that then undergoes meiosis to yield
four haploid progeny. During this mating, genes integrated into
separate chromosomes can individually assort resulting in progeny
with genes from either parent. To test whether we could cross two
transgenic lines and obtain a single progeny that contained both
transgenes that were still expressed at desirable levels, we mated an
mt+ strain that expressed mCherry targeted to the ER (Figure 3A)
to an mt- strain that expressed mCerulean targeted to the nucleus
(Figure 3B), both as ble2A fusions. The progeny were FACS sorted
for cells that expressed both mCerulean and mCherry. The
presence and expression of both inherited transgenes was verified
by PCR analysis and fluorescence microplate reader analysis
(Figure 3H and data not shown). Live cell microscopy confirmed
that both engineered genes from the transgenic parents, nuclear-
localized mCerulean and ER-localized mCherry, were inherited in
selected progeny (Figure 3C). This process was repeated, mating
the two-colored algae to an additional transgenic line expressing
mitochondria-targeted Venus (Figure 3D) to obtain progeny that
robustly expressed three engineered transgenes within a single cell
(Figure 3E). After a third round of mating between the 3-colored
strain with a strain that stably express alpha-tubulin fused to
mTagBFP (Figure 3F), we obtained progeny that expressed four

Table 1. Summary of transit peptides and targeting sequences used in this study.

Vector Location Transit sequence Size Function Reference

pBR28 Nuclear 2x SV40 NLS 20 aa Tandem copy of a nuclear localization sequence
from SV40

commonly used in mammalian
vectors

pBR29 Mitochondria atpA 45aa Alpha subunit of mitochondrial ATP synthase. this report

pBR30 ER BIP1 31aa Chaperone, Hsp70 superfamily. this report

pBR31 ER ARS1 30aa Periplasmic protein involved in mineralization of
sulfate by hydrolyzing sulfate esters.

Rasala et al., 2012

pBR32 Chloroplast PSAD 35aa Protein of Photosystem I. Fischer and Rochaix, 2001

doi:10.1371/journal.pone.0094028.t001
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different FPs, all properly localized to four distinct subcellular
locations: the nucleus, ER, mitochondria, and flagella (Figure 3G).

To determine whether the two gene stacking approaches
described above could be used in combination, we mated three
independent clones that stably express proteins from the multi-
cistron double-2A vector, to three independent clones of the
opposite mating type that express b-glucuronidase (GUS) marked
with hygromycin-resistance. GUS is an enzyme involved in the
catalysis of carbohydrates and is widely used as a reporter.
Progeny from the cross were selected on TAP agar plates

containing both zeocin and hygromycin B, and screened for the
presence of the BleNE2A2mCeruleanN2xNLSNF2A2BiPNmCher-
ryNHDEL ORF by PCR as described above. Progeny from 8 of the
9 matings retained the multi-cistron ORF in greater than 85% of
the progeny screened (Figure S3A), suggesting that the large
expression cassette does not undergo rearrangement during
meiosis. Importantly, the majority of the progeny express mCherry
and mCerulean to the same or even slightly better levels than the
parents (Figure S3C, D). The progeny were also screened for the
presence and expression of the GUS gene. As expected, the
majority of the hygromycin-resistant progeny also retained the
genetically linked GUS gene (Figure S3B). Interesting, while the
parents displayed poor expression of b-glucuronidase likely due to
transgene silencing, most of the progeny tested displayed
significant GUS enzyme activity (Figure S3E).

Discussion

The use of transgenic microalgae for the production of
bioproducts has enormous economic and biotechnology promise,
because algal production combines the simplicity and speed of
haploid, single-cell genetics in an organism with elaborate
biosynthetic potential, and with the associated economic benefit
of using photosynthesis to drive product formation. Here we
describe key genetic tools that will enable complex genetic and
metabolic engineering in green microalgae: the ability to target
gene products to specific subcellular locations, and vectors and
well-characterized protocols that enable multi-gene stacking within
a single transgenic cell. We have generated a class of nuclear
transformation vectors that efficiently and specifically target
transgene products to the nucleus, mitochondria, ER and
chloroplast (Figure 1). Furthermore, the transit sequences can be
used in combination with multiple 2A self-cleaving sequences to
generate multi-cistron vectors that enable robust and coordinated
expression of multiple recombinant proteins from a single
transcript (Figure 2). Finally, we describe methods to stack up to
four transgenes within a single cell (Figure 3 and Figure S3).
Importantly, transgene expression remains robust throughout the
mating process, suggesting that the microalgal silencing mecha-
nism(s) are not activated during gametogenesis or meiosis.

Sophisticated genetic engineering often requires the coordinated
expression of more than one gene. For example, multi-gene
engineering has been used for therapeutics [38–40], and metabolic
engineering [41–43]. Metabolic networks are complex in all
eukaryotic organisms including algae, and individual biochemical
steps of a single pathway can sometimes take place in multiple
subcellular compartments [44,45]. Thus, in order to achieve
complex genetic and metabolic engineering in microalgae,
transformation vectors that target multiple proteins (enzymes) to
specific cellular locations – such as the ones described above - are
required.

One of the biggest challenges to nuclear genome engineering in
C. reinhardtii is transgene silencing [20–23]. For example, when
mCerulean or GUS are directly linked to the PAR1 promoter and
integrated into the nuclear genome, the reporter proteins are
nearly undetectable (Figure S4). Previously, we developed an
expression strategy to overcome transgene silencing by transcrip-
tionally linking the transgene-of-interest to the selection marker
Ble through a 2A self-cleaving sequence [23]. Here, we
demonstrate that this expression strategy can be used in
combination with organelle targeting sequences to direct protein
localization to desired sub-cellular locations. Furthermore, our
data show that the targeted proteins are well-expressed. Ble is the
most effective selection marker for overcoming silencing tested

Figure 1. Chlamydomonas transformation vectors for protein
targeting to specific subcellular locations. A–D. Schematic
representation of Chlamydomonas targeting vectors. All transformation
vectors contain the hsp70/rbcs2 promoter (P), the ble gene that confers
resistance to zeocin, the 2A self-cleaving sequence from foot-and-
mouth-disease virus, and the rbcs2 terminator (T). The site of cleavage is
indicated with an arrowhead. A. pBR28, mCerulean is targeted to the
nucleus by a C-terminal fusion to 2xSV40 NLS. B. pBR29, mCherry is
targeted to the mitochondria by an N-terminal fusion to the
mitochondrial transit sequence (MTS) of mitochondrial atpA. C.
pBR32, mCherry is targeted to the chloroplast using the chloroplast
transit sequence (CTS) from psaD. D. pBR30/31, mCherry is targeted to
the ER using the ER-transit sequence (ER-TS) from either BiP1 or ars1.
The ER retention sequence H-D-E-L is fused to the C-terminus of
mCherry. E–P. Microscopy images of cells transformed with pBR28 (E–
G), pBR29 (H–J), pBR32 (K–M), and pBR30 (N–P). Top row are live cell
images of the fluorescent proteins targeted to the nucleus (E),
mitochondria (H), chloroplast (K) or ER (N, O). (I) The cell is co-stained
with the mitochondrial dye Mitotracker. (N) Cross section through the
top of a cell expressing mCherry in the ER allows for the visualization of
the cortical ER network. (O) Cross section through the middle of the
same cell as in (N). The chloroplast membranes are visualized in (F), (L)
and (P). Merged images are shown in the bottom row.
doi:10.1371/journal.pone.0094028.g001
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thus far (our unpublished data). This is likely because Ble functions
by sequestration rather than enzymatic inactivation, binding to
zeocin in a 1-to-1 ratio [46]. Thus high levels of Ble expression are
required to survive zeocin selection. However, the ability to use
only one selection marker limits the utility of the ble-2A expression
strategy. The double 2A multi-cistron vector was developed to
overcome this limitation. Indeed, the multi-cistron vector was used
to co-express two reporter proteins that were directed to two
distinct subcellular locations. We further demonstrate that the
double 2A vector is stable; the similar 2A sequences do not
recombine during vegetative cell division or meiosis to loop out the
middle coding sequence.

A second gene-stacking strategy investigated was gene-stacking
though mating. Two strains of opposite mating types engineered to
express ble-2A-ER-mCherry or ble-2A-mCerulean-NLS were
mated, germinated on TAP/zeocin plates and then FACS sorted
for mCherry and mCerulean. Even though progeny were selected
on zeocin, either ble2A construct could provide antibiotic
resistance. Thus, there was only selection pressure for the
expression of one – and not both – of the ble2A constructs.
Notably, however, we were able to recover strains that robustly
expressed both mCherry and mCerulean. This result was repeated
with three and then four transgenes. Indeed, even when we were
unable to distinguish mTagBFP from mCerulean by FACS and
therefore progeny could not be enriched by flow cytometry, we
were still able to easily recover strains in which mCerulean-NLS
and mTagBFP-TUA were well expressed. These data suggest
that the robust silencing mechanisms that are well-described but
poorly understood may not affect transgenes once they have
escaped the initial mechanism of silencing upon transformation
and integration.

Indeed, our data indicate that transgene silencing may even be
lessened following mating and meiosis. Two independent trans-
genic strains expressing a silenced GUS gene were mated and GUS-
positive progeny were assayed for GUS expression (Figure S3).
Most of the progeny from both crosses displayed significantly more
GUS activity than the parent strains. We are currently investigat-
ing the molecular mechanism behind these notable results.

Microalgae are poised to revolutionize many industries includ-
ing energy, nutrition, health, and specialty chemicals. The
molecular genetic tools and methods described here for multi-
gene engineering and protein targeting will significantly advance
the current state of microalgae genetic, metabolic, and pathway
engineering, and therefore impact the development of transgenic
algae as a biotechnology platform.

Material and Methods

Algal strains, transformations and growth conditions
The C. reinhardtii strains used in this study were cc1690 (mt+)

and cc1691 (mt-, Chlamydomonas Resource Center). Cells were
transformed by electroporation as described previously [23].
Transformants were selected on TAP (Tris–acetate–phosphate)
agar plates supplemented with 2.5–10 mg/ml zeocin. Transfor-
mants were screened by PCR to identify gene positive transfor-
mants as described previously [23].

Plasmid construction
mCherry, Venus, mCerulean, and mTagBFP were codon-

optimized for expression from the nuclear genome of C. reinhardtii,
as previously described [24]. The organelle transit sequences from
bip1, psaD, and atpA were PCR-amplified from genomic DNA

Figure 2. Gene stacking using a multi-cistronic transformation vector. A. A schematic representation of the Chlamydomonas multi-cistronic
expression vector. The expression of the cassette is under the control of the hsp70/rbcs2 promoter (P). Ble confers zeocin-resistance. mCerulean is
targeted to the nucleus with the SV40-NLS. mCherry is targeted to the ER using the BiP ER-TS and the HDEL retention sequence. Two 2A self-cleaving
sequences are fused between the three cistrons: F2A, from FMDV1; E2A, from equine rhinitis A virus. Black arrows represent the location of the
oligonucleotides used in (B). Following co-translational processing of the 2A peptides, three distinct proteins are expressed (ovals). B. PCR analysis of
the multi-cistron cassette genome integration. Transformants were screened by PCR to identify individual clones that correctly integrated the multi-
cistronic transformation vector, using the oligonucleotides indicated by the arrows in (A). Three independent clones (cl) are shown. L, ladder; WT,
wildtype cc1690; NTC, no template control; P, plasmid. C. Live cell fluorescence microscopy of a clone expressing the multi-cistronic vector.
mCerulean-NLS (blue) localizes to the nucleus while BiP-mCherry-HDEL (red) is targeted to the ER. Scale bar, 5 mm.
doi:10.1371/journal.pone.0094028.g002

Enabling Complex Genetic Engineering in Microalgae

PLOS ONE | www.plosone.org 4 April 2014 | Volume 9 | Issue 4 | e94028



74 

isolated from cc1690, using the oligonucleotides described in
Table S1, and fused between ble2A and mCherry in the pBR9
vector [24] using the GeneArt Seamless Cloning Kit (Life
Technologies, Carlsbad, CA). The 2x SV40 NLS was codon-
optimized for C. reinhardtii nuclear expression, synthesized as sense
and antisense single stranded oligonucleotides, annealed, and
cloned into pBR25 [24] that had been digested with BamHI and
EcoRI. His-Asp-Glu-Lys (HDEL) was fused to the end of mCherry
by PCR using a reverse oligonucleotide encoding for the ER
retention sequence. mCherry-HDEL was cloned behind Ble-2A-
BiP or Ble-2A-ARS1 [23] by restriction digest and ligation using

the enzymes XhoI and BamHI. To generate pBR26 double-2A
vector, the 2A sequence from equine rhinitis A virus (E2A) [37]
was first codon-optimized, synthesized, and tested for self-cleavage
in C. reinhardtii (our unpublished data). pBR30 was linearized by
PCR and mCerulean-NLS and E2A were fused between Ble2A
and BiP-mCherry-HDEL using the GeneArt Seamless Plus
Cloning Kit (Life Technologies). GUS was codon-optimized for
expression from the nuclear genome, synthesized and cloned into
the pBR2 hygromycin resistance expression cassette [23] by
restriction digest with NdeI and BamHI.

Figure 3. Gene stacking through mating. An mt+ strain transformed with pBR30 (A) was crossed with an mt- strain transformed with pBR28 (B).
Progeny that expressed mCherry in the ER and mCerulean in the nucleus were obtained (C). Cell lines expressing both ER-mCherry and nuclear
mCerulean were crossed with cells transformed with mitochondria-targeted Venus (D), to obtain progeny that stably expressed three distinct FPs in
three sub-cellular locations (E). These cell lines were crossed to transgenic cells that expressed a-tubulin (TUA1) fused to mTagBFP (F), to obtain
progeny that expressed four FPs in four distinct subcellular locations (G). H. Fluorescence plate reader assays of the parents and progeny indicate that
FP expression remains stable following matings. Cell lines were assayed for mCherry expression (ex575/em608), mCerulean expression (ex450/
em486), and Venus expression (ex515/em550). ER-mCherry parents (ER-mCher 10 and 27), nuclear mCerulean parent (Cerulean NLS) and
mitochondrial Venus parents (MTS Venus 19 and 28) are shown along with WT cc1690. 2 color cell lines 1–4 express ER-mCherry and Cerulean-NLS. 3
color cell lines 1–6 express ER-mCherry, nuclear mCerulean and mitochondrial Venus. Scale bars, 5 mm.
doi:10.1371/journal.pone.0094028.g003
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Fluorescence microscopy
Representative clones were grown in TAP media without

antibiotics to late log phase on a rotary shaker. Mitotracker Green
FM (Life Technologies) was used to stain the mitochondria of live
cells as per the manufacturer’s instructions. Live cells were plated
on TAP/1% agar pads prior to image acquisition. Images were
captured on a Delta Vision (Applied Precision Inc., Issaquah, WA)
optical sectioning microscope system composed of an Olympus
IX71 inverted microscope (Center Valley, PA) equipped with an
Olympus UPlanSApo 1006/1.40 objective and a CoolSNAP
HQ2/ICX285 camera (Photometrics, Tucson, AZ). The following
filters were used: mTagpBFP, excitation 360/40 nm, emission
457/50 nm; mCerulean, excitation 436/10 nm, emission 470/
30 nm; Venus, excitation 470/40 nm, emission 515/30 nm;
mCherry, excitation 558/28 nm, emission 617/73 nm; and
Mitotracker Green FM, excitation 470/40 nm, emission 515/
30 nm. Image acquisition and deconvolution were performed
using Resolve3D SoftWoRx-Acquire (Version 5.5.1, Applied
Precision Inc). Brightness and contrast were adjusted using Adobe
Photoshop CS3 or ImageJ software. The images in Figure S1 were
adjusted identically.

Fluorescence microplate reader assay
Cells were grown in TAP media without antibiotics until late log

phase. 100 mls of cells were transferred, in triplicate, to wells of a
black 96 well plate (Corning Costar, Tewksbury MA), and
fluorescence was read using a Tecan plate reader (Tecan Infinite
M200 PRO, Männedorf, Switzerland). Fluorescence readings with
the indicated excitation/emission filters were acquired using a
calculated optimal gain, which was determined prior to each
reading. TAP media was used to blank the readings. Fluorescence
signals were normalized by chlorophyll fluorescence (excitation
440/9 nm, emission 680/20 nm).

Chlamydomonas matings
Matings were performed using the following protocol: gametes

were generated by incubating mt+ and mt- cells overnight in
nitrogen-free liquid TAP. Mt+ gametes were mixed with mt-
gametes for 2–4 hours, and the mating reactions were plated to
TAP/3% agar plates and incubated in the dark for 5–7 days.
Unmated cells were scraped off to the side using a sterile razor
blade and the plates were subjected to chloroform treatment to kill
any remaining unmated cells. For the matings described in
Figure 3, spores were collected using an inoculating loop and
struck onto TAP agar plates supplemented with 10 mg/ml of
zeocin and incubated in the light until colonies appeared. For the
matings described in Figure S3, spores were inoculated into 50 ml
TAP and grown in light until late log phase. Cells were then plated
to TAP agar plates containing 10 mg/ml of zeocin and 15 mg/ml
of hygromycin B.

Fluorescence activated cell sorting
Progeny from matings were inoculated into TAP liquid cultures

without antibiotics and grown to late log phase, diluted back 1:10,
and grown for another 12–24 hours. The cultures were then
sorted for expression of the appropriate fluorescence proteins on a
BD Influx cell sorter (BD Biosciences, Vannas, Sweden), gating for
mCherry+ and mCerulean+ for the 2-color strain; and mCherry+,
mCerulean+ and Venus+ for the 3- and 4-color strain. Sorted
progeny were verified by PCR analysis to confirm the presence of
the targeted-FP genes, and by plate reader assay prior to
microscopy. mCherry-expressing cells were identified using a
532 nm laser and a 585/40 nm filter to detect red fluorescence.

mCerulean-expressing cells were identified using a 457 nm laser
and a 480/40 nm filter to detect cyan fluorescence. Venus-
expressing cells were identified using a 488 nm laser for excitation
and a 530/40 nm filter. mTagBFP fluorescence could not be
distinguished from mCerulean fluorescence in the 4-color strain,
rather cells were sorted for cyan/blue, yellow, and red fluores-
cence and then verified by PCR analysis and plate reader assay for
the presence of all four desired FP genes.

GUS activity assay
Cell cultures were grown in liquid TAP media without

antibiotics to late log phase in 12-well plates. 100 mls of cells were
incubated with 25 mls of 1 mg/ml 4-methylumbelliferyl-beta-D-
glucuronide (Sigma, St. Louis, MO) in a 96-well black microplate
for 20 minutes. GUS activity was determined using a fluorometric
assay, by measuring the accumulation of the fluorescent product
(ex365/em455).

Supporting Information

Figure S1 Fluorescence microscopy of Chlamydomonas cells
transformed with the targeting vector. Transgenic lines are
compared with wildtype cc1690 using fluorescence microscopy.
Images were acquired and adjusted identically for each group.
Chl, chloroplast auto-fluorescence. A. Live cell microscopy of
three independent cell lines transformed with pBR28, nucleus-
targeted mCerulean. Top row, mCerulean; middle row, chloro-
plast autofluorescence; third row, merge; and fourth row,
differential interference contrast microscope images. Images from
cc1690 are shown for comparison and were acquired and adjusted
identically. B. Fluorescence microscopy on fixed cells expressing
mCerulean-NLS, and stained with Hoechst. Hoechst stains DNA
and was used as a marker for the nucleus. C. Live cell fluorescence
microscopy on cell lines expressing pBR30 or pBR31, ER-targeted
mCherry. Z-sections of cells expressing ER-targeted Cherry: top
row, focal plane through the top of the cells revealing the cortical
ER; second row, focal plane through the middle of the cells,
revealing mCherry localization to the ER that is continuous with
the nuclear envelope. D. Live cell microscopy of three indepen-
dent cell lines transformed with pBR29, mitochondria-targeted
mCherry (red). Cells are co-stained with mitochondrial dye
Mitotracker (green). E. Live cell microscopy of a cell line
transformed with pBR32, chloroplast-targeted mCherry (red).
Non-targeted mCherry, which accumulates in the cytoplasm and
nucleus, is shown for comparison (cyt). Scale bars, 5 mm.
(TIF)

Figure S2 Targeted fluorescent proteins are well-expressed.
Immunoblot analysis of total soluble protein from clones
transformed with cytoplasmic (cyt) mCerulean (A) or mCherry
(B, C) compared to mCerulean targeted to the nucleus (A),
mCherry targeted to the chloroplast (B), or mCherry directed to
the ER and mitochondria (C). Molecular weight size markers,
31 kDa and 24 kDa, are shown for each gel. Mobility shifts in (A)
reflect the addition of the 2xNLS nuclear localization sequence
(2.3 kDa). Slight mobility shifts in (B) reflect the addition of the
HDEL ER retention sequence (0.5 kDa). Immunoblots probed for
atpB are shown as loading controls.
(TIF)

Figure S3 Combining gene-stacking approaches: mating strains
transformed with the multicistron vector. Three independent
clones stably transformed with pBR26 were mated, pairwise to 3
independent clones expressing b-glucuronidase (GUS). A) A PCR
screen with primers shown in Figure 2a on 46 progeny from two
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representative matings: pBR26 cl57 x pBR2 GUS cl55 (lanes A–
D) and pBR26 cl4 x pBR2 GUS cl45 (lanes E–H). (-) cc1690
lysate; (+) pBR26 plasmid. A band indicates the stable inheritance
of the multicistron expression cassette from parent to progeny. B)
The lysates in (A) were screened with primers specific to GUS. C)
Fluorescence microplate reader assay detecting mCherry signals in
12 progeny per mating for the two representative matings shown
in a. D) Fluorescence microplate reader assay detecting mCer-
ulean signals in 12 progeny per mating for the two representative
matings shown in A. C and D) Y-axis is the ratio of relative
fluorescence units of the fluorescent protein to that of chlorophyll
fluorescence (ex440/em680). E. Fluorometric GUS activity assay.
RFU, relative fluorescence units, reflects the amount of GUS
substrate that is catabolized.
(TIF)

Figure S4 Transgenes expressed from the nuclear genome of C.
reinhardtii are subjected to gene silencing. A. Fluorescence plate
reader assay on individual transgenic clones expressing PAR1:
mCerulean is compared to a clone that is transformed with
PAR1:ble2A-mCerulean. The Y-axis represents normalized fluo-
rescence, which is mCerulean fluorescence (ex 450/em486)
divided by chlorophyll fluorescence (ex440/em680). B. b-

glucuronidase activity assays were performed on individual clones
transformed with PAR1:GUS compared to a clone expressing
PAR1:ble2A-GUS. GUS activity was monitored by accumulation
of fluorescent product. Relative fluorescent units is shown on the
Y-axis.
(TIF)

Table S1 Oligonucleotides used in this study to construct
Chlamydomonas targeting vectors.
(TIF)
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Summary 

We have developed a saturating insertional mutagenesis approach toward understanding 

the nuclear regulation of chloroplast gene expression. By evaluating each nuclear gene’s potential 

to impact the accumulation of GFP under the regulation of psbA elements, we aimed to find RNA 

binding proteins that are responsible for an autoregulatory feedback inhibition mechanism 

involving the psbA gene product D1 on its own message.  We have discovered that it is actually 

possible to alleviate this auto-attenuation of psbA-regulated translation, and are exploring the 

potential mutations responsible for this phenomenon.  We are using two approaches, a classical 

forward genetics approach and a high-throughput sequencing approach where the bulk of the 

work is either front loaded or processed later through bioinformatics. 

Introduction 

Eukaryotic microalgae such as Chlamydomonas reinhardtii have long served as model 

organisms for studying basic biology problems like photosynthesis, flagellar structure and 

function, and cell cycle control (Harris, 2001). Recently however, microalgae have emerged as a 

direct means to solve capital global issues such as energy security, climate change, and medicine. 

From a human therapeutics perspective, our lab has demonstrated C. reinhardtii’s ability to 

accumulate valuable recombinant therapeutic molecules like human monoclonal antibodies, anti-

toxins, and anti-malarial vaccines (Barrera et al., 2014; Gregory et al., 2012; Tran et al., 2009). 

However, the true potential of this platform is yet to be realized, as these biomolecules are 

produced in non-photosynthetic strains of algae due to poor accumulation in photosynthetic 

strains. The work presented here has direct implications for solving this problem by generating 

photosynthetic strains of microalgae capable of producing high levels of recombinant proteins, 

and by identifying the nuclear factors involved in regulating the chloroplast genetic elements 

used to produce those proteins. 
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From a basic biology perspective we are interested in understanding how nuclear genes 

regulate chloroplast gene expression in microalgae, which in C. reinhardtii primarily occurs at the 

translational level on untranslated regions (UTRs) of the transcript (Barnes et al., 2005; Higgs et 

al., 1999). To this end, we selected the psbA regulatory elements to study because there are 

already some known proteins that act on these elements, but the full characterization of its 

regulation is still poorly understood (Barnes et al., 2004). We know that for many components 

of photosystem II there is an assembly-dependent autoregulation of of accumulation (Minai et 

al., 2006). The most interesting facet of this gene’s regulation is that its own protein product, 

D1, appears to autoregulate expression of psbA-regulated transgenes, which we call auto-

attenuation. Several other chloroplast proteins appear to have autoregulatory feedback 

inhibition mechanisms acting on their transcripts, but the nuclear-encoded proteins responsible 

for this activity on psbA are unknown. Interestingly, this phenomenon is not observed in higher 

plants such as Nicotiana tabacum, but this was a good indication that it would even be possible 

to lift the attenuation (Staub and Maliga, 1993). 

To study auto-attenuation of psbA, we constructed a strain using the psbA promoter and 

UTRs to drive expression and translation of the Green Fluorescent Protein (GFP), but in a 

photosynthetic background where the D1 protein was present, so that the strain expressed 

undetectable levels of GFP in the chloroplast. We have taken an insertional mutagenesis 

approach toward identifying and characterizing the genes responsible for this phenomenon. 

Other valuable approaches toward understanding this genetic regulation could be chemical or 

UV mutagenesis, which can induce informative point mutations instead of entirely knocking out 

a gene’s function. These may also alter non-coding elements which can affect gene expression 

as well through enhancers, suppressors, or even remodeling of chromatin structure. The 

insertional approach, however, is valuable because it lends itself to identifying the nuclear lesion 

quickly because you can perform targeted sequencing. 
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Chloroplast gene regulation is a pertinent area of research in order to improve plant- 

based platforms for recombinant protein production. We’ve shown through insertional 

mutagenesis that it is possible to disrupt nuclear genes which contribute to chloroplast gene 

regulation, resulting in increased recombinant protein accumulation while maintaining 

photosynthetic competency. In the past, other groups have shown that knocking out a nuclear-

encoded trans-splicing factor of a chloroplast mRNA caused increased accumulation of the 

mRNA, and therefore increased transgene expression of chimeric genes containing this mRNA 

(Michelet et al., 2011). However, this is essentially knocking out the chloroplast protein (and 

photosynthesis), which is counter-productive for large scale recombinant protein production. 

We have developed a high-throughput genetic screening platform for studying nuclear 

regulation of chloroplast genes in C. reinhardtii. By generating nuclear insertional mutant 

libraries and screening the pooled transformants by FACS, we have isolated strains which 

accumulate significantly increased levels of GFP in the chloroplast compared to a parental strain.  

We are applying the screen to study auto-attenuation of psbA, but it can be applied to any set of 

regulatory elements (genes) in the chloroplast, nucleus or mitochondrion. Through this approach, 

it would be possible to clone all of the translational factors involved in psbA auto-attenuation. 

Furthermore, this same approach can be used to develop an economically viable recombinant 

protein production strain. 

 

Results 

 

Generation of C. reinhardtii experimental strains 

Several recombinant DNA constructs were used to generate the strains used in this study 

(Figure 7.1). C. reinhardtii contains recombinases which allow transformation to occur by 

homologous recombination when using sequence homology to the desired transformation locus. 
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The psbA promoter, 5’ UTR and 3’ UTR were the regulatory elements used to govern 

transcription and translation of a gfp cassette in the parental strain used for generating insertional 

mutants. The transgene is flanked by homology adjacent to the psbH locus called the 3HB site.  

This generates a photosynthetic strain accumulating undetectable levels of GFP due to a putative 

autoregulatory mechanism explored in this study. The psbA promoter, 5’ UTR and 3’ UTR are 

again used to regulate gfp in a control strain. The transgene is flanked by homology to the psbA 

gene’s immediate surrounding sequence. This generates a non-photosynthetic strain accumulating 

high levels of GFP. The psbD promoter, 5’UTR and psbA 3’ UTR are used to regulate gfp in 

another control strain. This uses the same 3HB site for recombination, and generates a strain 

which is photosynthetic and produces moderate levels of GFP. The b-tublin promoter, 5’UTR, 

rbcs2 intron 1 and 3’ UTR are used to express aph7’’ which confers resistance to the antibiotic 

Hygromycin (Berthold et al., 2002). This is the insertional mutagen used to generate genetic 

diversity within the nuclear genome. 
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Figure 7.1: DNA constructs used to generate microalgae strains and for insertional 
mutagenesis. a) psbA promoter, 5’ UTR and 3’ UTR are the regulatory elements used to govern 
transcription and translation of a gfp cassette.  The transgene is flanked by homology adjacent to 
the psbH locus called the 3HB site. b) psbA promoter, 5’ UTR and 3’ UTR are again used to 
regulate gfp.  The transgene is flanked by homology to the psbA gene’s immediate surrounding 
sequence. c) psbD promoter, 5’UTR and psbA 3’ UTR are used to regulate gfp.  This uses the 
same 3HB site for recombination.  d) b-tublin promoter, 5’UTR, rbcs2 intron 1 and 3’ UTR are 
used to express aph7’’.  This schematic was adapted from Berthold 2002. 
 

 

Genetic activity can be monitored through fluorescent reporters by flow cytometry 

To assess the potential of FACS in selecting nuclear mutants of C. reinhardtii with 

increased levels of GFP accumulation, three different strains were analyzed by flow cytometry 

(Figure 7.2). The selected strains were wild type (137c) and two transgenic strains expressing 

GFP governed by different sets of chloroplast regulatory elements. One strain utilized the psbD 

promoter and 5’ UTR, which has been shown to accumulate recombinant proteins in chloroplast 

to moderate levels in a photosynthetic-competent genetic background. The recombinant DNA 
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was transformed into the chloroplast genome into a silent site (3HB), while maintaining the 

integrity of the native psbD gene and the rest of the genome. The other strain used the psbA 

promoter and untranslated regions to regulate GFP expression, where another critical difference is 

that the recombinant DNA was transformed over the native psbA locus using homologous 

recombination, thus eliminating that locus and the photosynthetic capacity of the algae. This set 

of regulatory elements is currently used to express valuable therapeutic proteins in C. reinhardtii 

because it is the most robust. 

Figure 7.2 illustrates the fluorescent properties of these three strains with flow cytometry 

data and shows by western blot that this fluorescence is tied to levels of GFP protein 

accumulation. Wild type C. reinhardtii exhibits a low level of green (530nm) autofluorescence 

when excited by blue (488 nm) light. While the pigments that generate this autofluorescence are 

not known, green autofluorescence is understood to occur across a broad phylogenetic spectrum 

of microalgae (Tang and Dobbs, 2007). The psbD::GFP strain of algae indeed accumulates 

moderate, although much lower levels of GFP and also exhibits a similarly moderate green 

fluorescence signal. The psbA::GFP (knockout) strain accumulates large quantities of the GFP 

protein and averages 2.5 times more green fluorescence signal intensity per cell. It is clear  that 

although their Gaussian distributions overlap, it is possible to separate these populations by 

FACS. 
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Figure 7.2: Flow cytometric analysis and Western blot data for control strains. a) 
Scatter plot of three strains used for flow cytometric analysis. Forward scattered light on 
the y-axis demonstrates that all three populations are of similar size. Green fluorescence 
shown on the x-axis stemming from a blue- laser excitation source are different in all three 
strains. b) Histogram of three strains used for flow cytometric analysis. The y-axis shows 
the number of cells counted relative to 100% of the population. The x-axis also shows green 
fluorescence and demonstrates the overlapping nature of the strains’ distributions. c) 
Western blot showing GFP accumulation (15 ug TSP)  in the three strains. The values for 
the average green fluorescence signal intensity are shown inside the colored box for each 
strain in arbitrary units (AU).  

 

Nuclear mutations impact chloroplast gene regulation 

In a pilot experiment we generated 80,000 insertional mutants of the photosynthetic 

psbA::GFP strain of C. reinhardtii and sorted that pooled population of cells for any showing at 

least a 10-fold increase in green fluorescence intensity than that of the parental strain average. The 

mutagen used for this experiment is a drug resistance DNA cassette, which expresses a 

cytoplasmic protein affording growth on Hygromycin containing media. Because C. reinhardtii 

contains 17,000 nuclear genes, we have generated a library of mutants with a theoretical multi-

fold coverage of each gene (Zhang et al., 2014). From the initial pool of 80,000 mutants, 

hundreds of mutants were sorted one cell at a time into 96 well plates using FACS. The surviving 

40 colonies were propagated from single colonies to ensure homogeneity, and characterized by 

microscopy, flow cytometry, and western blot.  
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Figure 7.3 shows microscopy and flow cytometry data for a single mutant. This mutant 

shown clearly shows enhanced green fluorescence by microscopy, and outlines the horseshoe-

shape of the chloroplast indicating the origin of the fluorescence. The flow cytometry data 

presented for this representative mutant demonstrates that the average fluorescence or 

accumulation of GFP is higher due to the population containing more outliers producing at high 

levels, as opposed to a large median shift in production.  

 

 

 

Figure 7.3: Fluorescence microscopy and flow cytometric analysis of a representative 
mutant. a) Fluorescence microscopy of a representative mutant compared to its parental 
strain. The excitation source is blue light filtered from a mercury arc lamp. The emission 
channels shown are green for GFP and red for chlorophyll, both from the same excitation 
source. A merged image of both cell types demonstrates the chloroplastic origin of the 
signal. b) flow cytometric analysis of a representative mutant compared to the parental 
strain illustrating differences in population distribution. Y-axis shows cell size and x-axis 
shows green   fluorescence intensity.  
 

  

Figure 7.4 shows GFP accumulation in the form of a western blot for eight mutant strains 

compared to the control strains used in this study.  The parental strain for the mutagenesis does not 
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produce detectable GFP while in the presence of D1. The non- photosynthetic version of the 

parental strain, where D1 is not present, is capable of producing large quantities of GFP. The 

photosynthetic psbD strain accumulates moderate levels of GFP. The recovered mutants produce 

large quantities of GFP while in the presence of D1, suggesting that a nuclear gene was disrupted 

that is involved in auto-attenuation.  The atpB gene product was used as a loading control.  

 

 

 

Figure 7.4:  anti-GFP, anti-D1 and anti-ATP synthase beta western blots showing nuclear 
mutants with alleviated auto-attenuation.  a) Mutants grown heterotrophically accumulate GFP 
to levels near psbA deletion strains, while parental GFP is undetectable.  Increased accumulation 
is not due to an absence of D1 protein. b) photoautotrophically grown mutants accumulate more 
GFP than a strain expressing GFP through psbD regulatory elements.  The psbA deletion strain is 
shown for a reference and cannot photosynthesize. 
 

 Due to the nature of the selection process, it was possible that some or all of the mutants 

recovered were from a clonal population of a single mutant.  To explore this possibility, Southern 

blot against the coding sequence of aph7’’ was performed (Figure 7.5).  Genomic DNA from the 
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eight mutants characterized above was extracted, digested with pstI, electrophoresed, transferred, 

and probed.  No mutagen sequence was discovered in the parental strain, as expected.  Seven of 

mutants did display a band for the Hygromycin resistance gene, and based on the migration 

pattern all except one pair of mutants can be considered to contain unique mutations. 

 

Figure 7.5:  Southern blot analysis of a representative set of psbA auto-attenuation mutants. 
PstI-digested genomic DNA was probed with a DIG-labeled PCR product of the hygromycin 
resistance coding sequence.  Different sized restriction fragments indicates that the mutant 
collection is not clonal, and that there are several unique mutations which may have removed 
auto- attenuation. 
 

The next step in understanding the nuclear influence on auto-attenuation of psbA is to 

identify the tagged genes that are responsible for causing our chloroplast phenotype. For this 

information to have any relevance, however, the hygromycin resisistance tag needs to be 

genetically linked to the mutation responsible for giving us our chloroplast phenotype. The lesion 

caused by the mutagen’s integration will always co-segregate with the mutagen during meiosis, 

but in practice there are other secondary mutations induced by the mutagenesis procedure which 

may actually be responsible for the phenotype and thus makes a genetic linkage analysis necessary 

to ensure the proper gene is indeed tagged by the insertion (Dent et al., 2005).  
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We developed a strategy using another nuclear selection marker in a wildtype strain in 

order to backcross the mutants and assess linkage (Figure 7.6).  We generated an mt- strain 

resistant to paromomycin because it also contained a nuclear insertion of the aphVIII gene.  By 

backcrossing our mutants to this strain and selecting progeny which contained both hygromycin 

and paromomycin resistance, we were able to ensure that we were assaying progeny from a 

meiosis event without having to manually manipulate zygospores as done in the past.   

Figure 7.6a shows how C. reinhardtii sexually reproduces and also how the offspring of 

a mating even with two GFP phenotypes would look without a selection mechanism for either 

marked parent.  If selecting for progeny of a mating, which should contain both markers, we 

expected that all of these progeny would have the increased GFP phenotype if the hygromycin 

resistance gene insertion was responsible for that phenotype.  Figure 7.6b shows the control 

strains used for this experiment assessed by fluorescence microscopy for the GFP phenotype.  

Figure 7.6c shows a representative four offspring from a mating of a mutant backcrossed to a 

tagged wildtype strain.  From analyzing 40 offspring by microscopy, 17 out of 40 exhibited the 

GFP phenotype.  This indicates that the insertion was not responsible for generating the 

phenotype, and is therefore not linked to the mutation responsible for increasing GFP 

accumulation.  It does suggest, however, that it is possible to generate a nuclear mutation that 

affords this phenotype, as one would expect about 50% of these selected progeny to contain the 

responsible nuclear mutation if it were to segregate in a Mendelian fashion.  None of the 

mutants examined by this method demonstrated linkage, and some contained only progeny with 

no GFP phenotype at all. 
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Figure 7.6: Linkage analysis of insertional mutants. a) A backcrossing illustration showing 
two strains tagged with either hygromycin or paromomycin resistance generating a zygospore 
through mating.  This zygospore then undergoes meiosis, and generates four daughter cells that 
contain either hygromycin resistance, paromomycin resistance, both, or neither. b) Fluorescence 
microscopy of control strains used for this experiment.  c) Fluorescence microscopy of a 
representative four daughter cell colonies from a mutant crossed to a tagged wildtype strain. 
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Discussion 

 There are many ways that the parental strain for these experiments could have generated 

the increased GFP phenotype. Our approach was based on the assumption that we could disrupt 

or knock out nuclear genes that encode protein products that are transported to the chloroplast. 

We were specifically looking for RNA binding translation factors that would alleviate a putative 

autoregulatory feedback inhibition mechanism that we call auto-attenuation.  It is also possible, 

however, to knock out several other classes of proteins.  These could be proteases, which may 

degrade recombinant proteins before they can accumulate to detectable levels.  They could also 

be transcription factors, although it has been demonstrated that C. reinhardtii chloroplast gene 

expression is regulated at the translational level.  It is also possible that the insertion did not even 

knock out a nuclear gene, but instead disrupted upstream or downstream regulatory sequences 

that may act as suppressors, enhancers, or even alter the structure of chromatin. 

The results from the linkage analysis indicate that none of the recovered mutants 

contained a hygromycin resistance gene integrated in a gene encoding a relevant translation factor 

or any other protein that may also impact the GFP phenotype. However, the results did suggest 

that it is possible to produce the phenotype, and that it may be a nuclear mutation that is 

responsible.   

Other ways that this phenotype may manifest is through homologous recombination 

amongst the transgene and psbA in the 50-80 copies of the chloroplast genome.  Because the 

chloroplast genome readily undergoes homologous recombination, and both the gfp transgene and 

psbA are both regulated by the same psbA elements, it is possible that rearrangements or copy 

number could produce the observed phenotype.  Indeed we have found evidence for “locus 

swapping” between the psbA locus and 3HB site where the transgene was integrated (data not 

shown).  One might expect that if you sorted a cell line which had very few copies of psbA but 

very many copies of the gfp transgene that there would be less D1 protein product to autoregulate 
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psbA elements.  This could lead to the observe GFP phenotype, as it has been demonstrated in the 

past that reduced D1 levels can lead to decreased autoregulation.  Another piece of evidence for 

this theory is that the mutant strains lose their phenotype over time when propagated on media 

requiring photosynthetic competency.  This would select for strains which contained more copies 

of psbA and fewer copies of gfp. 

 

Future Directions 

 

High-fold coverage of nuclear genes by insertional mutagenesis 

As indicated above we have already generated an insertional mutant library of C. 

reinhardtii consisting of 80,000 independent transformants. However, due to potential insertional 

hot or cold spots, which should not be ignored, a larger library is more likely to comprehensively 

interrogate the entire nuclear genome. A larger library is necessary because we need to hit single 

genes multiple times independently, and also because there is a lot of intergenic space where our 

marker can also integrate. In doing this, we may be more likely to identify every gene that is 

involved in the auto-attenuation mechanism of psbA regulation by our FACS-based screening 

method described above.  

 

Two mutant selection strategies by FACS 

We will continue our first selection and characterization strategy of sorting individual 

mutants into 96 well plates and assaying these one at a time or several in parallel. Since this 

strategy front loads the genetic workload and is slow and tedious, we are also exploring 

alternative possibilities. Instead of seeding individual mutants, we will also pool all relevant 

mutants into one culture for bulk analysis of insertion sites by next generation high-throughput 

sequencing.  With a larger library of mutants, we expect to find multiple independent insertions in 
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genes involved in psbA auto-attenuation. The more times a gene is hit in this sorted pool, the 

more likely it is to be a candidate gene for regulating psbA message translation. 

 

Restriction site PCR to identify individual insertion sites 

We are capable of identifying insertion sites of individual mutants using a protocol called 

restriction site PCR (RSPCR) (Sarkar et al., 1993). This is similar to the more well-known TAIL-

PCR used in Arabidopsis thaliana in that it uses random primers with common restriction sites at 

the 3’ ends of the primers to help them anneal close to an insertion site.  Using an array of PCR 

conditions to assist in the annealing of the randomized primers, we can generate PCR products 

containing either the 5’ or 3’ end of our insertion marker contiguous with the affected locus. 

Sequencing these products by Sanger sequencing and blasting the results allows us to determine 

the insertion sites of individual mutants. 

 

High-throughput next-generation sequencing of insertion sites 

We will use next generation sequencing on either the Illumina or Ion-Torrent platform to 

generate a large dataset of reads containing all of the insertion sites from the pooled FACS 

selection strategy detailed above.  We will isolate chromosomal DNA from the pooled culture 

and fragment it to an appropriate size (~700 bp) for sequencing using mechanical shearing.  We 

will use an adapter-ligation mediated protocol to attach next-generation sequencing primer sites 

and use these in conjunction with primers specific to our insertion tag (O’Malley et al., 2007). 

Bioinformatic computational methods will be employed to analyze the sequencing data. Gene hit 

relevance will be determined by the number of times a gene is independently inserted into. The 

insertion library size will be gauged by also sequencing the DNA from the initial pool of 1 

million insertional mutants. 
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Recovery of relevant mutants from pool 

Mutants can be maintained as a pool and propagated indefinitely until the sequencing 

data has been processed and the relevant loci have been identified. A reverse genetics approach 

could be used, such a miRNA knockdown of the implicated genes, but we will still be able to use 

forward genetics by recovering our mutants of interest.  We will sort our pool for individual cells 

into 96 well plates, and pan these plates for our mutant of interest by PCR using known primers 

specific to our insertion tag and implicated gene. Since the nuclear GC content is so high, and 

thus makes PCR challenging, an alternative approach would be to design probes to the affected 

loci and perform southern blots to detect the mutants with the affected loci. 

 

Proof of effect on recombinant protein accumulation 

To test whether the induced mutation actually has an effect on auto-attenuation instead of 

a stabilizing effect specific to GFP, we will test other proteins in its place. First, the lux gene 

encoding Luciferase optimized for C. reinhardtii chloroplast will be either transformed over the 

GFP locus through particle bombardment, or given to the mutant through a mating event with an 

already transformed strain (Minko et al., 1999). This reporter protein will allow us to quickly 

assess whether the mutation simply conferred stability to GFP or actually alleviated an 

autoregulatory mechanism involving psbA translation. By using a CCD camera capable of 

capturing the bioluminescence from Luciferase, we can directly assess this from cells grown on a 

plate instead of relying on antibody detection by western blot. Additionally, we will also deliver 

an recombinant anti-toxin gene and assess its accumulation by western blot as a direct application 

of this biotechnology for therapeutic protein production from microalgae. 
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Explore the regulational role of implicated proteins 

The most important information we can derive from these experiments is actually how 

the protein products from the genes discovered impact the auto-attenuation mechanism of psbA 

message translation. It is also possible that we uncover genes that have nothing to do with 

message translation, but instead are transcription factors or proteases that also increase 

accumulation of GFP. Thus, it will be necessary to characterize these proteins by biochemical 

techniques such as RNA pulldowns to look for message binding potential, transcript mutagenesis 

to identify binding elements, or analysis of other proteins’ accumulation to gauge specificity.  
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 Microalgae have the potential to revolutionize the renewable energy and medical 

biotechnology sectors. Their fast growth and genetic malleability makes them an ideal laboratory 

scale model for studying biology, but it is their low-cost input and scalability that makes them 

useful for industrialization on a global scale. C. reinhardtii has served as an excellent model and 

starting point for realizing microalgae potential and we must certainly continue to utilize it to 

understand basic plant biology that can be translated to other organisms. However, it is the 

vastness of the genetic diversity that the algae “group” contains that still needs to be explored. In 

time, we will certainly find algae which have important industrial traits useful for agricultural 

scale production of energy, recombinant protein, and other bioproducts. 

This work includes several reports of novel scientific advances in the realms of basic 

biology and medical biotechnology stemming from research in microalgae. A comprehensive 

review of the microalgae platform and its genetic manipulation techniques are thoroughly 

discussed. Two classes of recombinant therapeutic proteins were produced which can impact 

medicine in cancer and neurotoxicity.  Complex immunotoxins with binding domains derived 

from human antibodies and eukaryotic translational toxins had never before been produced intact 

from a eukaryotic organism. The potential for anti-toxins to be delivered orally using microalgae 

as a vehicle has the potential to greatly reduce costs of hospitalization associated with neurotoxin 

exposure. These advances in medical biotechnology are already being pursued at the next level 

and several biotech companies have formed to continue the work and produce useful therapeutics 

to aid in relieving human diseases. 

Our lab continues to relentlessly explore gene expression in both of the relevant 

compartments: the nucleus and the chloroplast.  The genetic tools developed in this work will be 

used to understand how genes in both compartments are regulated, what proteins are a part of that 
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regulation, and in what ways we can alter microalgae biology to our advantage.  Fluorescent 

proteins are a fast and accurate way of measuring gene expression quantitatively, tagging proteins 

of interest, and marking cellular structures or organelles.  Through the use of these tools we have 

developed, microalgae will progress toward becoming an industrial scale recombinant therapeutic 

production platform that rivals those of scale today. 

 

 


	Nuclear mutations impact chloroplast gene regulation



