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High-value Recombinant Protein
Production in Microalgae
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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.
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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
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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



uonezijennau
xexqyue (8Vd) €8

mpAvYyUILL uagnue aanddoId (OLIEY)
600T “'[8 10 uel], isedoroqy) spuowopun]y) suardps owor] V' SI'Td SUIpUIq £8Vd XeIgiue spulg qQyw [DS] YPSUS-[[NJ £8Vd-P
mpavyuiau VSI'Td Surpuiq sisouadorsue (ADHFA) 10108]
010T “'Te 19 elesey jserdoroyD spuowopCunjy) suaidps ouwofy 101dooar IDFA onnaderay],  YImoi3 [BI[QYIOPUD JB[NOSBA
mipioyuaL aunoIkd (19ONH) 19
010T e 10 eresey serdoroy) spuowopSunyy) suaidps owlo] STXeIOWAYD ISL[QOIqQL] Krojewwreguy  urayoxd dnoi3 Ayjiqowr y3ryg
90T (ca-491d)
ur AJI[IqBAIAINS Jlungns g urxoj eIa[oyd
042101 asop 1eylol “YDdrb AU YIIM PIAsny snanp
0102 1IpavY U1 OLIGIA ‘SN2IND peo| uaSoyjed §122020]Aydpi§ JO urewop
e 19 U9saaI(] jserdororyD spuowop&un]y) §122020)ydnis  ‘“yYSITd D3] pue V3| uaSounuwruy Surpuig-unosuolqy g
(SSGD) aseypuAs yoress
KJI[IQBAIAINS ASNOW punog-o[nued pajeoun
pa103I1p 9SOp [eyo] pue © 01 pasn (TdSIN)
0102 jserdoroqyo 1pADYUI2L wnndidgnf Kesse uoniqryur u12101d 2oeJIng Iofejy
“Ie 19 A[IANR( ‘popooud Je[ONN spuowopuw)y) wnipouisv]d  ANUA [[2d poolq pay uaounwiw] Ay} WOIJ UTBWOP [BUIULID)-D)
(SS4D) aseyuAis
AI[IqeATAINS OsSNOW yoJe)s punoqg-o[nuei3
pajoaIp 9sOp [ey39] pue pajesuny e 0) pasnj [ VINV
0102 yserdoIo[yo WpAvYUIIL 128129 Kesse uoniquyur uoSnue Jofew [eorde
“Te 19 A9IIANER ‘pPopOdUL JBI[ONN spuowopuw)y) wnipouisv]d  ANUA [[20 poo[q pay uaounwiw] Ay} WOIJ UTBWOP [BUIULID)-D)
110T WnIMuL0914] VSI'Td uoniqryut (BvsgH) uesnue
“1e 10 Jodwoy [0SO1KD) wmKovpoavyg  snua g sunedoyq Surpuiq 3ysgH-o uaSounuwruwy QoeyIns snuia g snnedoy
110¢ wWmnuLoo14 VSI'Td udSNUE AdeJINS @vuyd) qvw
“Ie 19 Jodwoy [0S01AD wnjjovpoavyd sua1dps ouwtogy Surpuiq SysgH g snneday spurg D31 P3ud[-[[nJ SYSgH-©
Q0UINJY juounredwo)  wsiueSio wiope[d 90INOS J1joUAN) Kesseorg uoneordde urdjold
[ea13o[ouyoorg

sul910.4d JueUIqWO23] pPaAlIap-aeb|eoldIw paAesseolq “L° /g dlqeL



800C vIv]n0

“Te 30 uay) sisdosojyoouuvn snaovaijo  uonowolid yImoI3 pue uouLIoy (HDOY)
2007 “'Te 10 wry] [0S0IKD ‘vaprosdija vjjaL01y) snjoavuvg uonejuowdddns Arejorq  YIMoI3 [eIMMOUIIY QuowIoy YIMOI3 JIopunof]
STUIA 9SBISIP VSITd udSounuiw [eIIA (1dA9LD)
1mpapyuI2L  YINOW-PUB-J00] Suipuiq 10)dooa1  YJ03ISAAI] B 0) pasny IdA snaia N 03
€00T “Ie 12 ung jserdoioryD spuowopQunyy)  ‘andajoyd oLIqiA aprsorSues-[ND jueAn[pe [eSOONJ\ Pasny Jungns g urxo) eId[oy)
d urjo1dooL|3
€00C mipivyulal STIA (9SI-8ASH) qvw ureyd
“Ie 30 pleyAeIn jserdoioryD spuowop ]y suaidps owoyy  ySITH Surpuiq ASH xordwrs sodioy spurg o[3urs a5re[ ( ury01dook[3-y
1pADYUI2L amsodxo
9007 'Te 10 Sueyy jserdoioryD spuowopSun]y) sualdpvs owoy A I9)J€ [BAIAINS [[9) jueyodoxd AN (Z-LINY) Z-UIQUOIIO[eIdN
WpIvYUIIL SIUIA J9AQ)  QJIW Ul UONBZIUNWWI (zd-4ASD) uroxd
£00T “Te 19 9H iserdororyD spuowopunyy) QUIMS [BOISSB[D snosueINdgNg uagounuuy [BIIA 7H SOIIA JOAJJ QUIMS
N00)SAI]
00T 1mpADYUI2L 10y Jueyoayoxd (VVS-IN) plojAwe wnids
“Ie 39 [[onuBA iserdoioryD spuowopumyy) snnpy Sog  KeSSe UOIIONPUI UIONJA|  UONJJUI [RUNSAU]  PIJRIDOSSE-ATRWWERW UIA0Yg
Q01w
AON u1 uonerajrjord
mpivyulal [[90 uda[ds pue (S9avou) $9
800C “'Te 10 Suep serdoroy) spuowopuvy) suaidps owop]  KJIAIIOBIOUNWIWI BIQS uagnueoiny  Ise[AX0qIedap pIoe JIweln|n
IPINO0 Kesse [ep1ooL1}oeq

600 ‘TeSL 2 1T [0S01KD) sisdotopyoouupp snanpj sog [eArAIns SUIPAQJ-YsL] 1081 9ASATIg (A1) UIOLLIQJOIOR] QUIAOY



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 (E1-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.
CCKO09 (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 x 10° 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).

274 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
etal., 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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