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ABSTRACT: The biosynthesis of chlorophylls (Chls) and
bacteriochlorophylls (BChls) represents a key aspect of photosyn-
thesis research. Our previous work assembled the complete
pathway for the synthesis of Chl a in Escherichia coli; here we
engineer the more complex BChl a pathway in the same
heterotrophic host. Coexpression of 18 genes enabled E. coli to
produce BChl a, verifying that we have identified the minimum set
of genes for the BChl a biosynthesis pathway. The protochlo-
rophyllide reduction step was mediated by the bchNBL genes, and
this same module was used to modify the Chl a pathway previously
constructed in E. coli, eliminating the need for the light-dependent protochlorophyllide reductase. Furthermore, we demonstrate the
feasibility of synthesizing more than one family of photosynthetic pigments in one host by engineering E. coli strains that accumulate
the carotenoids neurosporene and β-carotene in addition to BChl a.
KEYWORDS: photosynthesis, chlorophyll, bacteriochlorophyll, carotenoid, biosynthesis

■ INTRODUCTION
Photosynthesis is arguably the most important biochemical
process on Earth, supplying the oxygen and organic
compounds required for most life on Earth. In chlorophyll
(Chl)-based photosynthesis, these pigments are often housed
in various photosynthetic pigment−protein complexes to
harvest solar energy and perform photochemistry. Due to its
global significance, Chl biosynthesis has been extensively
studied, leading to the identification and biochemical
characterization of most of the biosynthetic enzymes,
augmented in some cases by structural analysis.1,2 The
tetrapyrrole molecule protoporphyrin IX (PPIX) (Figure 1A)
is synthesized natively by Escherichia coli as the biosynthetic
precursor of heme. It was shown that PPIX could also form the
basis for the heterologous assembly of the entire biosynthetic
pathway leading to Chl a.3 That work created a branchpoint in
tetrapyrrole metabolism in E. coli, in which PPIX could form
either heme or Chl a, and in doing so, it delineated a minimum
set of enzymes required for Chl biosynthesis. PPIX is the
biosynthetic precursor for both Chl and bacteriochlorophyll
(BChl) biosynthesis, and the first step for both pathways is
catalyzed by the magnesium chelatase complex. The multi-
subunit enzyme for the Chl pathway comprises ChlIDH and
Gun44−8 and inserts Mg2+ into the macrocyclic ring of PPIX to
form the first Chl-specific intermediate, Mg-PPIX (MgP). MgP
is then methylated at the C13 propionate side chain by MgP
methyltransferase (ChlM).9 Oxidation and cyclization of the
methylated C13 propionate, catalyzed by the MgP mono-
methyl ester (MgPME) cyclase (AcsF),3,10,11 produces the first

green biosynthetic intermediate, 3,8-divinyl protochlorophyl-
lide a (DV PChlide a). The C17�C18 double bond of DV
PChlide a is reduced by the light-dependent protochlo-
rophyllide oxidoreductase (LPOR) to generate 3,8-divinyl
chlorophyllide a (DV Chlide a).12−14 Alternatively, the dark-
operative POR (DPOR) converts DV PChlide a to DV Chlide
a in a light-independent manner.15 The 8-vinyl group of DV
Chlide a is then converted to an ethyl group by divinyl
reductase (DVR) to form chlorophyllide a (Chlide a).16,17

Chlide a is the common precursor for the two most prominent
Chl types, Chl a in oxygenic photosynthesis and BChl a in
anoxygenic photosynthesis.2

Chl a and BChl a differ slightly in their macrocyclic
structures, and additional modifications are required to convert
Chlide a to bacteriochlorophyllide a (BChlide a). The C7�
C8 double bond of Chlide a is reduced by the nitrogenase-like
enzyme chlorophyllide a oxidoreductase (COR, BchXYZ),
producing 3-vinyl bacteriochlorophyllide a (3V BChlide
a).18,19 COR also has latent DVR activity and thus is able to
use DV Chlide a as substrate to form 3V BChlide a.20,21 The 3-
vinyl group undergoes hydroxylation by 3V BChlide a
hydratase (BchF) to form a hydroxyethyl (HE) group, which
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Figure 1. (Bacterio)chlorophyll biosynthetic pathways assembled in E. coli. (A) Overall reactions from PPIX to Chl a and BChl a catalyzed by
the enzymes introduced to E. coli, with chemical change(s) of each step denotated by colored shading. ATP, adenosine triphosphate; ADP,
adenosine diphosphate; Pi, inorganic phosphate; SAM, S-adenosine-L-methionine; SAH, S-adenosyl-L-homocysteine; Fdred, reduced ferredoxin;
Fdox, oxidized ferredoxin; GGPP, geranylgeranyl pyrophosphate; PPi, inorganic pyrophosphate; NADP+, nicotinamide adenine dinucleotide
phosphate; NADPH, reduced form of NADP+; NAD+, nicotinamide adenine dinucleotide; NADH, reduced form of NAD+. (B) Arrangement and
relative size of each gene in the constructed plasmids with the same color coding as in (A). P1-1 and P1-2 are pET3a-based plasmids created by the
link and lock method with expression of all genes driven by a single T7 promoter and a ribosome binding site upstream of each gene. P2-1, P2-2,
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is oxidized by 3HE BChlide a dehydrogenase (BchC) to form
an acetyl group,22 thus producing BChlide a. Alternative
reaction sequences are possible in which the COR step is
preceded by the formation of the 3-HE or 3-acetyl from the 3-
vinyl group.22,23 Chl a and BChl a share the final biosynthetic
steps for attachment of a phytol moiety to the macrocycle24

(Figure 1A). In the Chl a branch, Chlide a is esterified with
geranylgeranyl pyrophosphate (GGPP) by Chl synthase
(ChlG). The GG tail is converted to a phytol group by
three successive reductions by GG reductase (ChlP) to
complete the biosynthesis of Chl a. The final steps of BChl
a biosynthesis resemble those of Chl a with the two enzymes
involved, BChl synthase (BchG) and GG reductase (BchP),
being homologous to their respective ChlG and ChlP
counterparts in Chl a biosynthesis. However, (B)Chl synthases
have a high degree of specificity for their tetrapyrrole
substrates; BChl synthase only utilizes BChlide a, and Chl
synthase only utilizes Chlide a.25 So far, our understanding of
the BChl a biosynthetic pathway has remained at the level of
individual steps, and assembly of the complete BChl
biosynthetic pathway in a heterologous organism has not
been reported.

Apart from (B)Chls, photosynthesis also requires carote-
noids for light harvesting, photoprotection, and stabilization of
pigment−protein complexes.26−29 Carotenoids are isoprenoid
compounds and absorb in the 400−550 nm region of the solar
spectrum to supplement the spectral coverage of (B)Chls for
photosynthesis. Carotenoids have a very wide structural
diversity, with more than 1100 carotenoids found in nature
to date. Because of their great commercial importance as
nutritional supplements and food colorants, many carotenoids
have been produced heterologously in engineered microbial
hosts such as E. coli with high efficiencies as a result of
extensive metabolic engineering.30,31 Elucidation of the
biosynthetic pathway of a photosynthetic pigment is
fundamental in photosynthesis research, as it not only provides
the origin of the structural features of a pigment, which
determines its function in photosynthesis, but also is a
prerequisite for engineering the pathway in a heterologous
host. Here we have assembled the biosynthetic pathway for
Chl a and BChl a either on their own or in combination with
the biosynthetic pathway for neurosporene (in the case of Chl
a and BChl a) and β-carotene (in the case of BChl a) in E. coli.
This work provides the basis for converting a heterotrophic
host to a platform for studying the biosynthesis of photo-
synthetic pigments and assembly of pigment−protein com-
plexes utilized by photosynthesis.

■ RESULTS AND DISCUSSION
Engineering a Light-Independent Chl Biosynthetic

Pathway in E. coli. We previously assembled a functional Chl
biosynthetic pathway in E. coli with the genes sourced from the
model cyanobacterium Synechocystis sp. PCC 6803 (hereafter
Synechocystis) and the purple phototrophic bacterium Rubri-
vivax gelatinosus.3 It was necessary to expose the engineered
cells to light in order to activate the light-dependent POR,

which supplies Chlide for the heterologous synthesis of Chl a.
Considering the phototoxic nature of Chl biosynthetic
intermediates, a light-independent Chl biosynthetic pathway
might be a better alternative (Figure 1A), which would require
the enzyme DPOR. DPOR is a three-subunit enzyme, and
activity has been demonstrated with subunits recombinantly
produced in E. coli.32 However, it is unknown whether DPOR
can exhibit in vivo activity when expressed in E. coli together
with a number of other Chl biosynthetic enzymes.

To test the possibility of a DPOR-based Chl biosynthetic
pathway, we modified the plasmid-based genetic module for
Chl biosynthesis in E. coli to increase the number of genes that
can be included (see Methods for details). The P1-1 plasmid
was made by cloning the Synechocytis chlG gene (see Table S1
for a list of genes used in this study) into the pET3a-based IA
plasmid containing the Synechocystis chlI, chlD, chlH, gun4, and
chlM genes and the Rvi. gelatinosus acsF gene (Figure 1B). The
P2-1 plasmid is based on a modified pCDFDuet1 vector with
the Synechocystis dvr gene and the bchN, bchB, and bchL genes
encoding DPOR from the purple phototrophic bacterium
Rhodobacter sphaeroides, cloned at multiple cloning site (MCS)
1 by the link and lock method,33 and the Synechocystis chlP
gene cloned at MCS2. The pCOLADuet1-based DE plasmid,
which contains the E. coli dxs and Rvi. gelatinosus crtE genes,
was used previously to ensure a sufficient supply of GGPP, a
substrate for Chl synthase.3 This plasmid was used in this
study without any alteration but was renamed as the P3-1
plasmid for consistency. We conducted three sequential
transformations to get the P1-1, P2-1, and P3-1 plasmids
into the E. coli C43(DE3) strain.34 The final transformant,
named the C strain, was assayed for its capacity to produce Chl
a following the induction of the plasmid-borne genes with
isopropyl-β-D-thiogalactopyranoside (IPTG). Pigments ex-
tracted from the harvested E. coli cells were analyzed by
high-performance liquid chromatography (HPLC), with the
elution profile monitored by the absorbance at 665 nm. No
peak was detected for the control strain (Figure 2), which
contained empty pET3a, pCDFDuet1, and pCOLADuet1
vectors. It is clear that the C strain accumulated Chl a, as
shown by the 22.3 min peak, which has an elution time and
absorption spectrum identical to those of the Chl a standard
isolated from Synechocystis wild-type (WT) cells (Figure 2).
The C strain under the tested conditions accumulated 839 ±
118 Chl a molecules per cell.
Construction of the BChl Biosynthetic Pathway in E.

coli. This success with the 14-gene DPOR-based Chl
biosynthetic pathway demonstrated the potential of E. coli as
a platform for building heterologous pathways with great
complexity. Next, we went further to test the possibility of
establishing the pathway for BChl a, the pivotal pigment
utilized by anoxygenic phototrophs for light harvesting and
photochemistry. The biosynthesis of BChl a shares the earlier
steps with Chl a up to intermediate Chlide a but is
considerably more complex; three extra steps are required to
generate BChlide a by reducing the C7�C8 double bond and
converting the 3-vinyl group to an acetyl (Figure 1A). In

Figure 1. continued

and P2-3 are based on a modified pCDFDuet1 vector for the link and lock cloning of multiple genes (dvr and bchNBL genes in P2-1 and
bchCXYZFG genes in P2-2 and P2-3) at multiple cloning site (MCS) 1 with the T7lac promoter 1 replaced with a T7 promoter (see Methods for
details). The Synechocystis chlP gene was cloned at MCS2 in P2-1 and P2-3. P3-1 is a pCOLADuet1-based plasmid and contains the E. coli dxs gene
at MCS1 and the Rvi. gelatinosus crtE gene at MCS2.
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addition, the BChl synthase BchG and Chl synthase ChlG are
homologous but differ in substrate specificity, so they are not
interchangeable.25

We cloned the Rba. sphaeroides bchN, bchB, and bchL genes
into the IA plasmid to obtain the P1-2 plasmid constituting a
genetic module for DV Chlide biosynthesis (Figure 1B). The
Rba. sphaeroides bchC, bchX, bchY, bchZ, bchF, and bchG genes,
encoding enzymes specific for BChl biosynthesis, were cloned
into the modified pCDFDuet1 vector to form the P2-2
plasmid. The Synechocystis chlP gene was cloned at MCS2 of
P2-2 to produce the P2-3 plasmid. We sequentially trans-
formed the P1-2, P2-2, and P3-1 plasmids into E. coli
C43(DE3) to generate the GB strain. In vivo pigment
production assays and subsequent HPLC analysis revealed
that the GB strain accumulated a pigment species eluting at
15.5 min that absorbs maximally at 365 and 770 nm,
corresponding to the Soret and Qy bands of BChlide a,
respectively (Figure 3). We further identified the pigment
species as GG-BChl a using a pigment standard isolated from a
ΔbchP mutant35 of Rba. sphaeroides. The GB strain synthesized
14056 ± 1843 GG-BChl a molecules per cell under the tested
conditions. Replacement of the P2-2 plasmid in the GB strain
with P2-3 resulted in the B strain. The detection of BChl a
(pigment standard isolated from Rba. sphaeroides WT cells) in
this strain, which eluted at 18.7 min (Figure 3), demonstrates

that a complete BChl biosynthetic pathway has been
successfully assembled in E. coli. The B strain produced 3204
± 463 BChl a molecules per cell.
Combination of the (B)Chl and Carotenoid Biosyn-

thetic Pathways in E. coli. After engineering the (B)Chl
biosynthetic pathways in E. coli, we went on to test whether
(B)Chl can be cosynthesized with carotenoids in a
heterotrophic host, which would mimic natural photosynthetic
organisms. We began with the carotenoid neurosporene for the
simplicity of its biosynthetic pathway; only two enzymes, the
phytoene synthase (CrtB) and the three-step phytoene
desaturase (CrtI), are required to form neurosporene from
the major carotenoid precursor GGPP (Figure 4). We replaced
the crtE gene in the P3-1 plasmid with a single gene fragment
containing the Rvi. gelatinosus crtE gene and the Rba.

Figure 2. HPLC analysis of pigments extracted from E. coli strains
expressing chlorophyll biosynthetic genes. Pigments were extracted
from the C strain, which contained the P1-1, P2-1, and P3-1 plasmids.
The E. coli control strain contained the empty pET3a, pCDFDuet1,
and pCOLADuet1 vectors. Retention times and (inset) the
absorbance spectra of the peaks were used to identify Chl a. Note
that the 22.3 min peak in the elution profile of the C strain has an
absorption spectrum identical to that of the Chl a standard isolated
from Synechocystis. Figure 3. HPLC analysis of pigments extracted from E. coli strains

expressing bacteriochlorophyll biosynthetic genes. Pigments were
extracted from the GB strain containing the P1-2, P2-2, and P3-1
plasmids and the B strain containing the P1-2, P2-3, and P3-1
plasmids. The E. coli control strain contained the empty pET3a,
pCDFDuet1, and pCOLADuet1 vectors. Retention times and (inset)
the absorbance spectrum of the peaks were used to identify GG-BChl
a and BChl a. Note that GG-BChl a and BChl a have the same
absorbance spectrum. The 15.5 min peak in the elution profile of the
GB strain and the 18.7 min peak for the B strain have absorbance
spectra identical to those of the GG-BChl a and BChl a standards
isolated from Rba. sphaeroides strains.
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sphaeroides crtIB genes to get the P3-2 plasmid (Figure 4; see
Methods for details). We transformed the P1-1, P2-1, and P3-2
plasmids into E. coli C43(DE3) to generate the CN strain.
Using pigment standards isolated from photosynthetic
organisms with Chl a from Synechocystis WT cells and

neurosporene from a ΔcrtC mutant36 of Rba. sphaeroides, we
confirmed that the CN strain produced Chl a, as shown by the
22.3 min peak in the 665 nm elution profile, and neurosporene,
as shown by the 29.2 min peak in the 440 nm elution profile
(Figure 5A). The yields of Chl a and neurosporene for the CN
strain were determined to be 415 ± 107 and 3337 ± 1134
molecules per cell, respectively. Furthermore, neurosporene
can also be produced together with BChl a in E. coli, as
demonstrated by the pigment profile of the BN strain, which
contained the P1-2, P2-3, and P3-2 plasmids (Figure 5B). The
BN strain synthesized 8887 ± 1074 BChl a and 6547 ± 407
neurosporene molecules per cell. The BN strain produced 2.8
times as much BChl a as the B strain, indicating that the
inclusion of the neurosporene biosynthesis pathway may boost
the production of BChl a; the basis for this effect requires
future investigation.

We then chose β-carotene, a ubiquitous and important type
of carotenoid found in photosynthetic organisms. The
biosynthesis of β-carotene requires the four-step phytoene
desaturase (instead of the three-step enzyme involved in
neurosporene biosynthesis) as well as the lycopene β-cyclase
(CrtY) to form the β-ring at both ends in the structure (Figure
4). We amplified the genes encoding these enzymes from the
reported pAC-BETA plasmid,37 which contains the β-carotene
biosynthetic genes from the carotenogenic non-photosynthetic
bacterium Pantoea agglomerans. The resulting crtYIB gene
fragment was then cloned with the Rvi. gelatinosus crtE gene
into a modified pCOLADuet1 vector using the link and lock
method to get the P3-3 plasmid (Figure 4). The P3-3 plasmid
was combined with the P1-2 and P2-3 plasmids to produce the
BB strain. HPLC analysis of pigments extracted from this strain
revealed BChl a, as indicated by an 18.7 min peak in the 770
nm elution profile, and a 33.2 min peak in the 440 nm elution
profile (Figure 5C), which was identified as β-carotene using a
pigment standard (Sigma-Aldrich C4582). The pigment level
of the BB strain was quantified as 2773 ± 154 BChl a and
82795 ± 5166 β-carotene molecules per cell. The BChl a level
of the BB strain is only slightly lower than that of the B strain
(3204 ± 463 molecules per cell).

■ CONCLUDING REMARKS
To summarize, this study reports the assembly of the entire
biosynthetic pathway for BChl a in a non-photosynthetic
organism, which not only validates our knowledge regarding
the biosynthesis of BChl a but also opens up the possibility of
assembling BChl a-based pigment−protein complexes in
heterotrophic organisms. We also modified the previous E.
coli light-dependent Chl a pathway to allow it to function in
the dark. In addition, we have combined each of the (B)Chl
biosynthetic pathways, the “Chl a module” or the “BChl a
module”, with one of two carotenoid biosynthetic pathways,
the “neurosporene module” and “β-carotene module”, to create
E. coli strains that can synthesize (B)Chl and carotenoids
simultaneously. This represents a proof of principle for
integrating various cofactor biosynthetic modules into a
heterotrophic platform for photosystem assembly. Compared
to the native host, Rba. sphaeroides, which has a BChl content
of 2.1 million molecules per cell38 and a similar carotenoid
content, the pigment productivity of our E. coli strains is low. It
is worth noting that the Rba. sphaeroides mutants with the
genes encoding subunits of the photosynthetic apparatus
deleted have much lower pigment levels than the WT. Thus, to
increase the BChl and carotenoid yields in E. coli, future efforts

Figure 4. Conversion of geranylgeranyl pyrophosphate to neuro-
sporene and β-carotene catalyzed by the enzymes introduced to E.
coli. Green arrows indicate the route to neurosporene with the Rba.
sphaeroides carotenoid biosynthetic enzymes including CrtIRs, a three-
step phytoene desaturase. Orange arrows indicate the β-carotene
biosynthetic pathway with the enzymes sourced from Pantoea
agglomerans, including a four-step phytoene desaturase (CrtIPa).
Chemical change(s) of each step are indicated in red. P3-2 is based on
the pCOLADuet1 vector with the E. coli dxs gene at MCS1 and the
Rvi. gelatinosus crtE gene and the Rba. sphaeroides crtIB genes (as a
single fragment fused by overlap extension PCR) at MCS2. P3-3 is
based on a modified pCOLADuet1 vector for link and lock cloning of
the P. agglomerans crtYIB genes (as a single fragment) downstream of
the Rvi. gelatinosus crtE gene at MCS1 (see Methods for details).
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should be made not only in the optimization of pigment
biosynthetic pathways but also in the introduction of pigment-
binding proteins.

■ METHODS
Bacterial Strains and Plasmids. Bacterial strains and

plasmids used in this study are listed in Table S2. Primers used
for plasmid construction are listed in Table S3. E. coli strains
were grown at 37 °C in LB medium when generating plasmid
constructs or in a modified Terrific Broth medium with
glycerol added at 0.8% v/v for in vivo assays of pigment
production. If required, antibiotics were added at 30 μg mL−1

for kanamycin, 100 μg mL−1 for ampicillin, and 25 μg mL−1 for
streptomycin. Rba. sphaeroides strains were grown in M22+
medium supplemented with 0.1% w/v casamino acids at 30 °C
as described previously.39 Synechocystis strains were grown in
BG-11 medium40 buffered with 10 mM TES (pH 8.2, adjusted
by KOH) at 30 °C with continuous illumination. Glucose was
added at a concentration of 5 mM if required.

The Synechocystis chlG gene was excised from the pET3a-
chlG plasmid3 with XbaI/HindIII and cloned into the SpeI/
HindIII-digested IA plasmid3 by the link and lock method,33

resulting the P1-1 plasmid. The bchNB genes were amplified as
a single fragment from Rba. sphaeroides genomic DNA with the
internal NdeI and HindIII sites removed by site-directed
mutagenesis to facilitate subsequent cloning. The bchL gene
with its 61 bp upstream sequence was amplified from Rba.
sphaeroides genomic DNA. The resulting bchNB and bchL gene
fragments were fused by overlap extension PCR, digested with
NdeI/SpeI, and cloned into NdeI/SpeI-digested pET3a to
construct pET3a-bchNBL. Then the bchNBL gene fragment
was cloned into the IA plasmid as generating P1-1 to get the
P1-2 plasmid.

The XbaI−HindIII region of pCDFDuet1 containing the lacI
gene and T7lac promoter 1 was replaced with the T7
promoter−XbaI−HindIII region of pET3a-dvr3 to generate
pCDFDuet1*-dvr. The Synechocystis chlP gene was excised
from the BoP plasmid3 and cloned into the HindIII/XhoI sites
of pCDFDuet1*-dvr to form pCDFDuet1*-dvr-2-chlP. The
bchNBL gene fragment was cloned downstream of the dvr gene
of pCDFDuet1*-dvr-2-chlP by the link and lock method to
form the P2-1 plasmid. The bchCXYZ genes were amplified as
a single fragment from Rba. sphaeroides genomic DNA,
digested with NdeI/SpeI, and cloned into NdeI/SpeI-digested

Figure 5. HPLC analysis of pigment production of E. coli strains with introduced (bacterio)chlorophyll and carotenoid biosynthetic
pathways. Elution of pigments was monitored by absorbance at 440 nm (shown in black), 665 nm (shown in green), and 770 nm (shown in blue).
The E. coli control strain contained the empty pET3a, pCDFDuet1, and pCOLADuet1 vectors. Pigment species were identified by comparing their
retention times and (insets) absorbance spectra with those of the pigment standards. (A) Accumulation of Chl a and neurosporene in the CN
strain containing the P1-1, P2-1, and P3-2 plasmids. (B) Accumulation of BChl a and neurosporene in the BN strain containing the P1-2, P2-3, and
P3-2 plasmids. (C) Accumulation of BChl a and β-carotene in the BB strain containing the P1-2, P2-3, and P3-3 plasmids.
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pET3a to generate pET3a-bchCXYZ. The bchF and bchG genes
were amplified from Rba. sphaeroides genomic DNA, digested
with NdeI/SpeI, and cloned into NdeI/SpeI-digested pET3a to
get pET3a-bchF and pET3a-bchG, respectively. The bchF and
bchG genes were cut from the pET3a constructs and adjoined
one by one using the link and lock method to construct
pET3a-bchCXYZFG. The bchCXYZFG fragment was cut from
pET3a-bchCXYZFG by XbaI/HindIII and used to replace the
dvr gene in pCDFDuet1*-dvr and pCDFDuet1*-dvr-2-chlP to
construct the P2-2 plasmid and P2-3 plasmids, respectively.

The DE plasmid reported previously3 is renamed P3-1 in
this study for consistency. The E. coli dxs gene was subcloned
from P3-1 into the NcoI/HindIII sites of pCOLADuet1 to
form pCOLADuet1-dxs. The Rvi. gelatinosus crtE gene,
amplified from P3-1, and the crtIB genes, amplified as a single
fragment from Rba. sphaeroides genomic DNA, were fused by
overlap extension PCR with a 42 bp ribosome binding site
sequence (with the last T changed to A) from pET3a placed
between the crtE and crtI genes. The resulting crtEIB gene
fragment was cloned into the NdeI/KpnI sites of pCOLA-
Duet1-dxs to obtain the P3-2 plasmid. The Rvi. gelatinosus crtE
gene was amplified from P3-1, digested with NdeI/SpeI, and
cloned into NdeI/SpeI-digested pET3a to make pET3a-crtE.
The crtE gene with the adjacent SpeI−HindIII region of pET3a
was amplified from pET3a-crtE and cloned into the NcoI/
HindIII sites of pCOLADuet1 to form pCOLADuet1*-crtE.
The P. agglomerans crtYIB genes were amplified from pAC-
BETA37 as a single fragment, digested with NdeI/SpeI, and
cloned into NdeI/SpeI-digested pET3a to get pET3a-crtYIB.
The crtYIB gene fragment was cloned downstream of the crtE
gene in pCOLADuet1*-crtE by the link and lock method to
obtain the P3-3 plasmid.
In Vivo Assays for Pigment Production in E. coli. E. coli

C43(DE3) was sequentially transformed with the pET3a-,
pCDFDuet1-, and pCOLADuet1-based plasmids and selected
on LB agar with appropriate antibiotics. E. coli strains
harboring three plasmids were assayed for pigment production.
For in vivo assays, a single colony was used to inoculate 10 mL
of LB medium with 100 μg mL−1 ampicillin, 25 μg mL−1

streptomycin, and 30 μg mL−1 kanamycin and grown overnight
at 37 °C with shaking at 220 rpm. The next day, 100 μL of the
resulting culture was used to inoculate 10 mL of TB medium
with antibiotics in 50 mL Falcon tubes and grown as above for
4 h. Then the culture was cooled at room temperature for 15
min before induction with 0.5 mM IPTG. ALA and Mg2+

(equimolar mixture of MgCl2 and MgSO4) were also added at
10 mM at the point of induction, and the culture was
incubated for a further 24 h at 30 °C in the dark, with shaking
at 175 rpm, before pigments were extracted from the cells.
Pigment Extraction and Analysis by HPLC. E. coli cells

were harvested from liquid cultures and washed once in 25
mM HEPES-NaOH buffer (pH 7.4). Pigments were extracted
with an excess of 7:2 v/v acetone/methanol by vigorous
shaking using a tissue grinder (Tiss-32, Jingxin, Shanghai),
incubated on ice for 10 min, and centrifuged at 16,000 g for 5
min at 4 °C. The resulting supernatant containing extracted
pigments was transferred to a new tube and analyzed
immediately or vacuum-dried using a vacuum centrifuge
(MC-2, Jiaimu, Beijing) and stored at −20 °C for future
analysis. Chl a, BChl a, GG-BChl a, and neurosporene were
extracted from Synechocystis WT, Rba. sphaeroides WT, a Rba.
sphaeroides ΔbchP mutant,35 and a Rba. sphaeroides ΔcrtC
mutant,36 respectively. The β-carotene pigment standard was

purchased from Sigma-Aldrich (C4582). A pigment solution in
7:2 v/v acetone/methanol, either freshly extracted or
reconstituted from dried sample, was analyzed on an Agilent
1260 HPLC system equipped with a diode array detector. A
published method41 with some modifications was used for
separation of (B)Chl a and carotenoids. The pigment solution
was loaded onto a Phenomenex Luna C18(2) reversed-phase
column (5 μm particle size, 100 Å pore size, 250 mm × 4.6
mm). Solvent A was 64:16:20 v/v/v methanol/acetone/H2O,
and solvent B was 80:20 v/v methanol/acetone. Pigment
species were eluted at 40 °C at a flow rate of 1 mL min−1 with
a linear gradient of 50−100% solvent B over 14 min, followed
by further elution with 100% solvent B for 23 min. The eluates
were monitored by absorbance at 440, 665, and 770 nm.
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