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Some key carotenogenic genes (crts) in Dunaliella bardawil are regulated in response to salt stress partly due to salt-inducible cis-
acting elements in their promoters. Thus, we isolated and compared the z-carotene desaturase (Dbzds) promoter with other crts
promoters including phytoene synthase (Dbpsy), phytoene desaturase (Dbpds), and lycopene b-cyclase1 (DblycB1) to identify
salt-inducible element(s) in the Dbzds promoter. In silico analysis of the Dbzds promoter found several potential cis-acting
elements, such as abscisic acid response element-like sequence, myelocytomatosis oncogene1 recognition motif, AGC box,
anaerobic motif2, and activation sequence factor1 binding site. Remarkably, instead of salt-inducible elements, we found a
unique regulatory sequence architecture in the Dbzds promoter: a hypoosmolarity-responsive element (HRE) candidate followed
by a potential hypoosmolarity-inducible factor GBF5 binding site. Deletion experiments demonstrated that only HRE, but not
the GBF5 binding site, is responsible for hypoosmotic expression of the fusion of Zeocin resistance gene (ble) to the enhanced green
fluorescent protein (egfp) chimeric gene under salt stress. Dbzds transcripts were in accordance with those of ble-egfp driven by the
wild-type Dbzds promoter. Consequently, Dbzds is hypoosmotically regulated by its promoter, and HRE is responsible for this
hypoosmotic response. Finally, the hypoosmolarity mechanism of Dbzds was studied by comparing transcript profiles and
regulatory elements of Dbzds with those of Dbpsy, Dbpds, DblycB1, and DblycB2, revealing that different induction
characteristics of crts may correlate with regulatory sequence architecture.

Carotenoids are a structurally diverse class of iso-
prenoids synthesized by all photosynthetic organisms
and many nonphotosynthetic organisms, such as cer-
tain species of bacteria, fungi, and archaea (Goodwin,
1980). They possess many advantageous properties for
the human body on account of their vitamin A activity
as essential nutrients (Farré et al., 2010), prevention and
treatment functions against several kinds of diseases as
health care products (Michaud et al., 2000; Landrum
and Bone, 2001; Shaish et al., 2006), as well as industrial
agents as colorants, forages, and cosmetics (Schmidt-
Dannert, 2000). Therefore, the investigation of biosyn-
thetic mechanisms and commercial exploitation of
carotenoids have gained increasing attraction in many
laboratories and companies. Recently, at least 700

carotenoids have been characterized from natural
carotenoid biosynthetic pathways (Feltl et al., 2005).

Some carotenogenic microorganisms have been
commercially employed to produce important carote-
noids (Johnson et al., 1995; Raja et al., 2007). Among
these microorganisms, the Dunaliella genus, especially
Dunaliella salina and Dunaliella bardawil, has been
researched extensively and exploited as a natural source
of carotenoids due to its striking ability to accumulate
carotenoids under certain circumstances (Amotz et al.,
1982), including high light intensity, high salt con-
centration, and nutrient starvation. The carotenogenic
pathway of Dunaliella species is a set of successional
reactions from geranyl geranyl pyrophosphate (GGPP)
to b-carotene, as shown in Figure 1 (Ye and Jiang, 2010).
The first rate-limiting step is a head-to-head condensa-
tion of two GGPP molecules to produce phytoene by
phytoene synthase (PSY; Salguero et al., 2005). Then,
colorless phytoene undergoes four sequential desatu-
ration reactions to synthesize the pink colorant pigment
lycopene by carotene desaturase via the intermediates
phytofluene, z-carotene, and neurosporene. In algae,
higher plants, and cyanobacteria, carotenoid desatura-
tion is sequentially fulfilled by phytoene desaturase
(PDS) and z-carotene desaturase (ZDS; Matthews et al.,
2003; Zhu et al., 2007). However, in bacteria and fungi,
carotenoid desaturation is completed solely by carotene
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desaturaseI (crtI ), which seems to have the property
of catalyzing the cis-to-trans conversion of carotenes
(Sandmann, 2009). Subsequently, b-carotene is formed
through the b-cyclization of lycopene by lycopene
b-cyclase (LYCB; Zhu et al., 2008).

Considering the important role of ZDS in the poly-
cis-desaturation pathway, studies on its functions have
been carried out (Linden et al., 1993, 1994; Bartley
et al., 1999; Matthews et al., 2003; Bautista et al., 2005).
ZDS was first cloned from Anabaena species (Linden
et al., 1993) and then from pepper (Capsicum annuum;
Albrecht et al., 1995) and prokaryotic cyanobacteria
Synechocystis species (Breitenbach et al., 1998), which
showed high similarity to the PDS-type desaturases.
Heterologous expression experiments revealed an in-
dispensable function of ZDS in the formation of lyco-
pene (Bartley et al., 1999); mutation of the zds gene
from Arabidopsis (Arabidopsis thaliana) could lead to
increased superoxide generated from photooxidation,
resulting in impaired carotenogenesis and subsequent
spontaneous cell death (Dong et al., 2007b); it is also
reported that the ZDS enzyme was involved in chloroplast

development, photoprotection, and retrograde sig-
naling (Bautista et al., 2005; Dong et al., 2007b). In
sunflower (Helianthus annuus), zds expression is regu-
lated during development, since a concurrent increase of
zds transcript levels with light-dependent carotenoid
biosynthesis in cotyledons was observed (Fambrini
et al., 2004). The expression of zds from Chlorella proto-
thecoides is up-regulated in response to light, implying a
transcriptional regulatory basis involved in caroteno-
genesis (Li et al., 2011).

Despite the fact that ZDS is essential for carotenoid
biosynthesis, cell growth, and development in plants,
the regulation mechanisms in many algae are not so
clear. At present, available information about ZDS in
D. salina and D. bardawil is from our previous work,
which is solely restricted to sequence characteristics
(Ye and Jiang, 2010; Ye et al., 2011). Further knowledge
on its regulation mechanisms for massive accumula-
tion of b-carotene in response to salt stress remains to
be discovered. Our previous study on the D. bardawil
psy (Dbpsy) promoter region implied various regula-
tory elements involved in the transcriptional expres-
sion of the Dbpsy gene (Lao et al., 2011). It seems that
the regulation of many key carotenogenic genes (crts)
is partly attributed to related transcriptional regulatory
elements residing in the promoter regions; therefore, in
this study, we attempted to isolate the promoter and
terminator of Dbzds and subsequently used them to
express a fusion protein, fusion of Zeocin resistance
gene (BLE) to the enhanced green fluorescent protein
(EGFP), in D. bardawil. A database-assisted approach
was used to identify potential cis-acting element can-
didates in the Dbzds promoter. A hypoosmolarity-
responsive element (HRE) followed by a GBF5 binding
site (GBF5BS) was found in the Dbzds promoter; such
an architecture is common in many Arabidopsis L-Pro-
inducible genes (Satoh et al., 2002, 2004). Thus, we
detected the endogenous Dbzds transcripts in wild-
type cells and exogenous ble-egfp driven by the wild-
type Dbzds promoter (pZBET), HRE-deleted promoter
(pDBET1), GBF5BS-deleted promoter (pDBET2), or HRE-
GBF5BS-deleted promoter (pDBET3) in transgenic cell
lines by real-time PCR under salt stress. Nearly opposite
trends of transcriptional changes observed under salt
stress between Dbzds or pZBET and pDBET1 or pDBET3
in wild-type cells or transgenic cell lines confirmed the
role of HRE in the hypoosmotic response. We also
detected and compared the transcript patterns and
regulatory elements of Dbzdswith those of Dbpsy, Dbpds,
DblycB1, and DblycB2, with the purpose of determining
the hypoosmolarity mechanism of Dbzds in response to
salt stress.

RESULTS

The Effect of Salt Shock and Stress on Cell Growth
and Nitrate Uptake

Coesel et al. (2008) reported that nutrient limitation,
other than high light or salt stress, is the main regulatory

Figure 1. Abbreviated biosynthetic pathway of carotenoids from
GGPP to b-carotene in Dunaliella spp. (Ye and Jiang, 2010). Com-
monly, the carotenogenic pathway is made up of three main parts:
GGPP biosynthesis, lycopene generation, and the formation of carot-
enoids with cyclohexene and their derivatives. Metabolites are shown
in boldface, whereas enzymes for relative conversions are displayed in
italics. Dashed arrows represent one or more intermediates being
generated under the catalysis of related enzymes. [See online article
for color version of this figure.]
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factor to affect D. salina crts expression by interfering
with the interaction between cell growth and nitrate
uptake. To address the role of nitrate and NaCl con-
centrations in crts expression in our study, we traced
daily cell growth and nitrate content in the culture
medium under salt stress. D. bardawil cells acclimated
to 2 M NaCl for 10 d (exponential phase) were trans-
ferred to fresh medium at 0 to 4.5 M NaCl and subse-
quently cultivated for another 25 d (see “Materials and
Methods”). Daily cell growth (Fig. 2) and nitrate con-
tent in each sample of different NaCl concentrations
(Fig. 3) were measured after shifting.
D. bardawil cells cultivated in 2 M NaCl concentration

showed a higher growth rate in comparison with other
cultures; cells cultivated in 1 M NaCl concentration
showed no significant differences from those in 2 M

NaCl concentration, suggesting that D. bardawil cells
can cope efficiently with the NaCl decrease from 2 to
1 M. The optimum salinity range for D. bardawil cell
growth was 1 to 2 M NaCl, in which cells grew rapidly
after 7 d. Despite the slower growth rate observed at
the beginning (3 d), cells cultivated in 0 and 3 M NaCl
concentrations started to grow from day 4. However,
when salt concentration increased to extreme hyper-
osmolarity (4.5 M), cells began to grow even after
10 d and the growth rate decreased significantly.
Although the growth rates of 0 and 3 M NaCl samples
were lower than those of cultures grown in the optimum

growth salinity range, these cultures showed better
growth than cultures in 4.5 M NaCl concentration.
Within 10 d after shifting in our study, D. bardawil cells
of 0, 3, and 4.5 M were impacted by short-term salt
shifting (salt shock). Cell growth of the 4.5 M sample
was significantly repressed in the first 10 d. Similar cell
growth arrest by salt shock was observed by Coesel
et al. (2008), indicating that salt shock exerts a great
impact on cell growth. But much higher cell vitality
was obtained in our study; the cell growth rate in all
samples was almost 10- to 20-fold those reported by
Coesel et al. (2008). Nevertheless, under long-term salt
shifting (salt stress) condition, cells recovered and,
thus, growth was observed to be accelerated. For all
samples, cells grew to log or late log phase after salt
stress (cultivation for approximately 21 d). Therefore,
to analyze the effect of salt stress on crts expression, 21-d
cultures after shifting were used in further experiments.

The nitrate concentrations in the culture medium
containing 0, 2, 3, and 4.5 M NaCl were consistent with
the corresponding cell growth pattern (Fig. 3). A de-
crease of nitrate content could be observed in these
samples as soon as 1 d after shifting. When cells grew
exponentially (7–10 d; Fig. 2), consistently, the nitrate
content in the medium dropped sharply in the 0, 2, and
3 M samples. The slower reduction rate of nitrate
content in the 4.5 M sample in the first 6 d correlated
with the slower growth rate of D. bardawil cells (Fig. 2).
Then, nitrate content increased slightly in the 0, 2, and
3 M samples, while a clear, consistent reduction trend
persisted in the 4.5 M sample. Salt shock exerted a
significant impact on cell growth and nitrate uptake in
the 4.5 M sample, such as cell growth arrest and, thus,
slower nitrate uptake (Coesel et al., 2008). When cells
had adjusted to the changes of salinity, cell growth
recovered; therefore, nitrate uptake accelerated. How-
ever, because up to 5 mM KNO3 (see “Materials and
Methods”) was used in the culture medium, which
was sufficient for cells to flourish in all the conditions
used here, nitrate depletion was not detected, as
shown in Figure 3. Nitrate depletion significantly in-
fluences cell growth and crts expression (Coesel et al.,
2008), and adequate nitrate minimizes such an effect.
Actually, faster cell growth (Fig. 2) was obtained in our
study due to sufficient nitrate supply, with cell numbers
reaching approximately 10- to 20-fold those in nitrate-
limiting or depletion conditions (Coesel et al., 2008).

Genomic Structure of Dbzds

The Dbzds gene of 6,879 bp contains 12 exons (E1,
1–139; E2, 399–541; E3, 742–821; E4, 1,058–1,142; E5,
1,477–1,660; E6, 2,013–2,225; E7, 2,694–2,889; E8, 3,144–
3,293; E9, 3,653–3,755; E10, 3,963–4,169; E11, 4,623–
4,824; E12, 6,389–6,879) interrupted by 11 introns
(Supplemental Fig. S1). All introns are flanked by
conventional 59 splice donor GT and 39 splice acceptor
AG. Introns are often required for the full expression of
genes in organisms such as yeast, plants, and animals.

Figure 2. Cell growth curves of D. bardawil grown in a range of NaCl
concentrations. The culture conditions and testing method were de-
scribed in “Materials and Methods.” Data points represent means of
three replicated studies of each sample 6 SD (Student’s t test, P ,
0.05). The correlation test showed that the growth of D. bardawil cells
was significantly correlated with the salinity and incubation time (P ,
0.01). One-way ANOVA showed that the growth of the three groups
was significantly different at P , 0.05. [See online article for color
version of this figure.]
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Introduction of the ribulose-1,5-bisphosphate carboxylase
small subunit2 (rbcs2) gene intron1 dramatically stimu-
lated foreign gene expression in Chlamydomonas rein-
hardtii (Lumbreras et al., 1998). Sometimes intron
location is conserved among species to endow crucial
function preservation through evolution (Norris et al.,
1993). We found one intron (I4, 1,143–1,476) that
shares a similar location with the fourth intron (1,119–
1,489) of C. reinhardtii zds (GenBank accession no.
NW_001843867.1) The terminator of 959 bp was not
predicted to contain any canonical poly(A) signal and
transcriptional attenuator by the Signal Miner and
RibEx programs (Abreu-Goodger and Merino, 2005).
The promoter of this gene is 2,899 bp in length with
typical GATA box (2126), CCAAT box (2743), and2300
elements (2801; TGAAAAAG glutenin gene conserved
regulatory sequence). Several transcriptional regulatory
elements were predicted as well (Supplemental Fig. S1).
Remarkably, an HRE (which is designated as PRE in the
PlantPAN database; 2785), with a core 9-bp sequence
(ACTCATCCT) necessary for the efficient expression of
proline dehydrogenase (proDH) in response to L-Pro and
hypoosmolarity (Satoh et al., 2002), is found in this Dbzds
promoter. Moreover, GBF5BS, at 2484 with consensus
sequence ATGAGT, is also found in the Dbzds promoter.
The expression of GBF5 is also induced by hypo-
osmolarity; thus, GBF5BS may also be necessary for
L-Pro-responsive and hypoosmolarity-responsive ex-
pression of proDH in Arabidopsis (Satoh et al., 2002,
2004). A CpNpG island of 715 bp was calculated to
immediately flank the transcriptional start site (A).

The Dbzds Promoter Contains Several Potential
cis-Acting Elements

We used the PlantPAN server to exploit potential
cis-acting elements in the Dbzds promoter to further
investigate its regulation mechanisms for the inducible
biosynthesis of b-carotene. According to the server’s
instructions, we selected six species: Arabidopsis,

maize (Zea mays), rice (Oryza sativa), soybean (Glycine
max), tomato (Solanum lycopersicum), and wheat (Tri-
ticum aestivum). We found several putative cis-acting
elements/motifs that potentially conferred inducible
features to the Dbzds promoter. These features are
closely relevant to the documented regulatory prop-
erties of carotenogenesis in D. bardawil, such as light-,
cold-, and pathogenesis-related regulation. Although
the authenticity of these calculated cis-acting elements
should be verified through further mutation experiments,
data mining of possible regulatory motifs utilizing
bioinformatics tools would supply valuable informa-
tion for such experiments (Girin et al., 2007; Wang
et al., 2010).

A putative abscisic acid response element (ABRE)-
like sequence with consensus sequence ACGTG is
found in the Dbzds promoter from2310 to2306, which
was previously demonstrated to be essential for the
induction of non-abscisic acid (ABA)-mediated re-
sponses to dehydration stress, in cooperation with
a myelocytomatosis oncogene1 (MYC-1) recognition
motif in Arabidopsis (Simpson et al., 2003). Actually,
two MYC-1 recognition motifs (one from 22,698 to
22,693, the other from22,302 to22,297, with consensus
sequence CAATTG) are also found in this Dbzds
promoter. MYC-1 recognition motif was first found in
the promoters of genes that are responsive to dehy-
dration (rd22) and many other genes in Arabidopsis. It
is the binding site of INDUCER OF CBF EXPRESSION1
in the CBF3 promoter, which regulates the transcription
of C-Repeat (CRT)/dehydration responsive element (DRE)
binding proteins1 (CBF/DREB1) genes in the cold in
Arabidopsis (Chinnusamy et al., 2003). The AGC box
(2386; AGCCGCC) was first found in a 61-bp enhancer
element in a Nicotiana plumbaginifolia class I b-1,3-
glucanase gene (Hart et al., 1993) and in many basic
pathogenesis-related genes (Cheong et al., 2003). How-
ever, the up-regulation or down-regulation responses of
the AGC box to stress signals is dependent on the
protein factors binding in Arabidopsis (Fujimoto et al.,

Figure 3. Effects of salt stress on dissolved
nitrogen in D. bardawil culture medium. Nitrate
concentrations in the medium were measured
daily for 25 d after the salt shift. Data points
represent means of three replicated studies of
each sample6 SD (Student’s t test, P , 0.05). The
correlation test showed that the dissolved nitro-
gen in D. bardawil culture medium with different
salinities was significantly correlated with the
growth of D. bardawil and salinity (P , 0.01).
(For the growth of D. bardawil, see Fig. 2.) One-
way ANOVA showed that the nitrate contents of
cultures at various salinities on each day were
significantly different at P , 0.05. [See online
article for color version of this figure.]
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2000). Anaerobic motif2 (21,718; AGCAGC) is found in
silico in promoters of 13 anaerobic genes involved in the
fermentative pathway in plants (Mohanty et al., 2005) as
well as in C. reinhardtii (Ding et al., 2012). The activa-
tion sequence factor1 (ASF1) binding site (21,839;
TGACG) is identical to the TGACG motif, which is
the binding site of the ASF1 in the cauliflower mosaic
virus 35S promoter (Lam et al., 1989). The TAGCG
motif is found in the high-mobility group (HMG)-box
protein1 (HBP1) binding site of the wheat histone H3
gene and in many promoters to transcriptionally acti-
vate their host gene in response to auxin and/or sali-
cylic acid (Després et al., 2003). It may be relevant for
light regulation. ASF1 binds to two TGACG motifs
(Lam et al., 1989).
Remarkably, a Pro-responsive element or HRE with

a consensus sequence of ACTCAT is found in the pro-
moter region at 2785. It was first found in the proDH
promoter in Arabidopsis, with a core sequence of
ACTCATCCT indispensable for the efficient expression
of proDH in response to L-Pro and hypoosmolarity
(Satoh et al., 2002). It is believed that the subgroup of
basic region/leucine zipper Arabidopsis transcription
factors binds to this motif to function as a transcrip-
tional activator for hypoosmolarity-inducible proDH in
Arabidopsis (Satoh et al., 2004). Simultaneously, a
potential hypoosmolarity-inducible factor, GBF5BS
(2484; ATGAGT), which is commonly coupled with
upstream HRE in many L-Pro-inducible genes (Satoh
et al., 2002, 2004), is also found downstream of HRE
in this Dbzds promoter. GBF5 is another subgroup of
bZIP transcription factors that is hypoosmolarity in-
ducible in Arabidopsis (Satoh et al., 2004). Carotenoid
biosynthesis is largely enhanced by salt stress, espe-
cially under high salinity. It is reasonable to believe
that many key CRTs in the b-carotene biosynthesis
pathway should be induced under high salinity to
launch b-carotene accumulation. Accompanied by high
salinity, hyperosmolarity is imposed upon D. bardawil
cells and thus triggers b-carotene production. At pre-
sent, we still do not know the role of hypoosmolarity for
carotenogenesis in D. bardawil. To uncover the true
functions of these two potential cis-acting elements, we
carried out further research, concentrating on these two
elements.

The Obtained Sequence Is an Authentic Promoter of Dbzds
with Expression Activity

To confirm the expression activity of the Dbzds
promoter, we used it to drive an exogenous EGFP
protein in D. bardawil cells. We constructed an EGPF
expression vector, pZET, driven by the Dbzds pro-
moter and terminated by the Dbzds terminator, and the
negative expression vector pET absent of any promoter
region. Transformed cells were incubated in the dark
for 12 h to recover cell viability after transformation
with pZET or pET vector, and then cells were incu-
bated in the normal culture condition. Fluorescence

images were obtained at days 2 and 21 after electro-
transformation. Only red fluorescence appeared in
cells transformed with the negative control vector pET
deficient in the Dbzds promoter (Supplemental Fig.
S2B), as in wild-type cells transformed with water in
place of any vector (Supplemental Fig. S2A); however,
moderate green fluorescence was observed as soon
as 2 d after electroporation manipulation with pZET
vector (Supplemental Fig. S2C). These results indicated
that the foreign EGFP protein is transiently expressed
by the Dbzds promoter in D. bardawil cells.

Subsequently, pZBET plasmid containing the Zeocin
resistance gene ble (Drocourt et al., 1990) fused up-
stream of the egfp initiation codon ATG was con-
structed (Fig. 4) and transformed into D. bardawil cells
to acquire heritable nuclear transformants. Small green
colonies grown on Zeocin selective plates were trans-
ferred to Zeocin selective liquid medium for long-term
cultivation (Supplemental Fig. S3A). Passage cells were
also spread onto Zeocin selective plates (Supplemental
Fig. S3B). A single colony was transferred to Zeocin
selective liquid medium for subsequent cultivation.
Zeocin resistance cells of log or late log phase were
detected by fluorescence imaging, PCR, and reverse
transcription (RT)-PCR assay. An expected product of
530 bp was permanently detected by PCR and RT-PCR
amplification from primary cells (day 21) and passage
cells (day 42), while no band was detected from the
negative control pET-transformed cells on day 21
(Supplemental Fig. S3, C and D). Finally, this product
was confirmed to be the ble-egfp fragment by se-
quencing. The ble-egfp fragment is preserved and
transcribed in the transformants. Stronger green fluo-
rescence was observed on both days 2 and 21 after
transformation when Zeocin was used as selective

Figure 4. Constructs used to confirm the hypoosmolarity expression of
Dbzds in this study. The transient expression vector pZET was con-
structed to validate the Dbzds promoter. Splice overlap extension-PCR
was utilized to produce the ble-egfp chimeric gene, HRE-deleted
promoter, GBF5BS-deleted promoter, and HRE-GBF5BS-deleted pro-
moter, and subsequently, the resultant vectors pZBET, pDBET1,
pDBET2, and pDBET3 were generated, respectively. The negative ex-
pression vector pET was also constructed. All fragment features are
drawn to scale with the exception of HRE and GBF5BS elements. [See
online article for color version of this figure.]
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pressure (Supplemental Fig. S2, D and E). We also
detected the expression of EGFP in passage cells;
stable green fluorescence appeared sustainably in the
second generation (Supplemental Fig. S2F). Therefore,
heritable nuclear transformants are obtained and stable
expression of the fusion protein BLE-EGFP by the Dbzds
promoter is achieved. These observations strongly sug-
gest that plasmid DNA is delivered into the nuclei of
D. bardawil cells and transcribed and stable expression of
ble-egfp is obtained. The authenticity of the Dbzds pro-
moter is eventually confirmed to display strong activity.

ACTCATCCT Is Responsible for Hypoosmotic Expression
of the Dbzds Promoter

In silico analysis of the Dbzds promoter found two
interesting noticeable cis-acting elements potentially
involved in hypoosmolarity expression of the Dbzds
gene. One, designated as HRE, proved to be respon-
sible for the hypoosmotic expression of its host gene
proDH in Arabidopsis (Satoh et al., 2002). GBF5BS,
with ATGAGT, is found downstream of HRE in
proDH; although it has not been identified to partici-
pate in hypoosmolarity yet, the evidence implied its
hypoosmotic feature, owing to (1) its coexistence in
many L-Pro-inducible genes (Satoh et al., 2002) and
(2) ATGAGT is the potential binding site of the
hypoosmolarity-inducible GBF5 (Satoh et al., 2004).
Hence, we deleted the HRE and/or GBF5BS and com-
pared the ble-egfp transcripts prompted by these deleted
and wild-type promoters under different NaCl con-
centrations. Here, the HRE-deleted vector is designated
as pDBET1, pDBET2 refers to the GBF5BS deletion, and
simultaneous deletion of HRE and GBF5BS is desig-
nated as pDBET3 (Fig. 4).

Initially, we traced the endogenous Dbzds tran-
scriptional levels in wild-type cells cultivated in dif-
ferent NaCl concentrations ranging from 0 to 4.5 M.

The obvious decline of Dbzds transcripts from hypo-
osmolarity (0 M) to hyperosmolarity (4.5 M) indicated
the hypoosmotic expression of Dbzds in vivo (Fig. 5).
Under hypoosmolarity conditions, Dbzds transcripts
reached the maximum, whereas they fell to approxi-
mately 34.46% hypoosmolarity when NaCl concen-
tration decreased to 2 M. Although a slight increase
was observed in both 3 and 4.5 M NaCl samples
compared with 2 M, it did not make the hypoosmotic
expression of Dbzds ambiguous. In vivo, Dbzds is
hypoosmolarity regulated at the transcriptional level.

When exogenous ble-egfp was expressed by the
Dbzds promoter (pZBET) in D. bardawil cells, a similar
profile to that of endogenous Dbzds transcripts was
present. A distinct decrease of ble-egfp transcripts fol-
lowed the elevated NaCl concentrations (Fig. 6). A
lower transcript level of about 0.2384 times was ob-
served in the 1 M salt sample against the hypoosmotic
sample (0 M). When NaCl concentration increased to
2 M, a significant decrease of transcripts (34.91% hypo-
osmolarity) emerged. A similar trend was also dis-
played with the 3 and 4.5 M samples. The ble-egfp
transcripts were enhanced by hypoosmolarity. The
hypoosmotic expression of exogenous ble-egfp driven
by the Dbzds promoter conformed to endogenous
Dbzds in vivo, indicating that the HRE candidate in the
Dbzds promoter discovered by PlantPAN might be
responsible for the hypoosmotic expression of its host
Dbzds gene.

In comparison with samples transformed with pZBET
vector, the hypoosmotic expression trend of ble-egfp
driven by the HRE-deleted promoter (pDBET1) was
lost in the 0 M salt sample (Fig. 6). Significantly, 1.6121
times higher transcripts appeared in the 2 M sample
than in the hypoosmotic sample (0 M). Despite a slight
decline of transcripts in the 1 M sample, a different
expression pattern from the wild-type promoter sam-
ples (pZBET) demonstrated that the hypoosmotic ex-
pression feature was lost after HRE was deleted; the

Figure 5. Several crts transcripts in response to
NaCl stress. About 106 exponential phase (10-d)
cells cultivated in the normal condition were
transferred to corresponding medium with dif-
ferent NaCl concentrations and cultivated for
another 21 d (log or late log phase). Immediately,
approximately 107 cells were used for real-time
quantitative PCR experiments (see “Materials and
Methods”). Five key enzyme genes, Dbpsy,
Dbpds, Dbzds, DblycB1, and DblycB2, were
investigated. The known rate-limiting Dbpsy is
significantly stimulated under hyperosmolarity,
while Dbzds is hypoosmotically expressed in
low- or no-NaCl medium. Expression values are
given as ratios relative to the values of D. bar-
dawil glyceraldehyde-3-phosphate dehydrogen-
ase. All data are means of values obtained from
three parallel experiments 6 SD (Student’s t test,
P , 0.01). [See online article for color version of
this figure.]
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HRE sequence ACTCATCCT is thus required for the
hypoosmotic expression of Dbzds at the transcriptional
level.
However, the GBF5BS-deleted samples did not af-

fect exogenous ble-egfp transcripts. Using the GBF5BS-
deleted promoter (pDBET2) to express ble-egfp, the
transcriptional outline was in accordance with that of
wild-type pZBET generally. Simultaneous deletion of
both HRE and GBF5BS did not interfere with the trend
that also appeared in pDBET1 (i.e. ble-egfp transcripts
in pDBET3 were overall similar to those of pDBET1).
Neither pDBET1 nor pDBET3 exerted a significant in-
fluence on ble-egfp transcripts in vivo. These results
ruled out the synergistic effect of HRE and GBF5BS.
GBF5BS is not an authentic cis-acting element for the
hypoosmotic expression of Dbzds. Given all these ob-
servations, Dbzds is hypoosmotially expressed exclu-
sively by HRE with core sequence ACTCATCCT, but
not by GBF5BS.

DISCUSSION

CRTs Are Species-Specifically Regulated in Response
to Salt Stress

Salinity stress could lead to an increase in the lyco-
pene content of some tomato genotypes, implying
enhanced expression of some CRTs upstream of LYCB
(Borghesi et al., 2011). However, total carotenoid con-
tent prompted by salt stress does not always positively
correlate with the induction of CRTs. A substantial
decrease of total carotenoid content coupled with
consistent increases of psy, pds, and zds in the callus of
Scutellaria baicalensis was observed with increasing
NaCl concentration (Tuan et al., 2013). In tomato, for
reactions involving PSY, PDS, ZDS, and LYCB, there
are no correlations between gene expression, enzyme
activities, and metabolites (Fraser et al., 2007), while
high light enhances zeaxanthin accumulation and

induces pds expression simultaneously in Chlorella
zofingiensis (Li et al., 2009). It appears that some CRTs
are regulated independently of carotenoid accumula-
tion in response to salt stress in a species-specific
manner. Such a regulatory response may be rooted
in transcriptional and/or posttranslational alterations
(Walter and Strack, 2011).

In order to clarify these transcriptional alterations,
we detected five pivotal crts transcripts under salt
stress. Indeed, we found that Dbpsy and DblycB1 are
up-regulated by salt stress (Fig. 5). Under hypersalin-
ity (3 M), the Dbpsy transcript showed significant
augmentation, which reached its peak in extreme hy-
persalinity (4.5 M). The expression decline of Dbpsy
with decreasing NaCl concentrations shrank to a mini-
mum in extreme hyposalinity (0 M). These results in-
dicated the rate-limiting role of Dbpsy in controlling
carbon flux into the carotenogenesis pathway (Maass
et al., 2009). It is reported that D. bardawil possesses
two psy paralogs (Tran et al., 2009). Although no evi-
dence at present shows differential regulation among
Dunaliella species psy paralogs in response to salt
stress, the possession of two Dbpsy paralogs might
facilitate the fine-tuning of carotenogenesis at different
stages of D. bardawil cell development or in response
to different environmental stimuli, since differentially
regulated psy paralogs in tomato (Fraser et al., 1999),
Citrus species (Ikoma et al., 2001), maize (Li et al., 2008),
and rice (Welsch et al., 2008) were found. Tomato and
Citrus species possess two psy genes; chromoplast-
specific psy1 in both species is responsible for carote-
noid biosynthesis in ripening fruit but barely contributes
to the formation of carotenoids in chloroplast-containing
tissues, while chloroplast-specific psy2 mainly partici-
pates in foliar carotenoid formation (Fraser et al., 1999;
Ikoma et al., 2001). Also, maize psy3 (Zmpsy3) is up-
regulated with the increase of carotenoid flux in re-
sponse to salt stress in root and embryo tissue, whereas
no changes were seen for Zmpsy1 and Zmpsy2 (Li et al.,

Figure 6. Expression patterns of ble-egfp driven
by wild-type- or element-deleted Dbzds pro-
moter. Consistent with in vivo Dbzds gene (Fig.
5), ble-egfp is down-regulated by wild-type
(pZBET)- or GBF5BS-deleted Dbzds promoter
(pDBET2): under the hypoosmotic condition (0 M
NaCl), ble-egfp is significantly stimulated, and it
shows clearly decreased trend of mRNA level when
the NaCl concentration is elevated. Whereas, the
mRNA level of ble-egfp driven by HRE (pDBET1)-
or HRE-GBF5BS-deletedDbzds promoter (pDBET3)
loses this decreased trend when the NaCl concen-
tration is elevated. Expression values are given as
ratios relative to the values of D. bardawil glycer-
aldehyde-3-phosphate dehydrogenase. All data are
means of values obtained from three parallel ex-
periments 6 SD (Student’s t test, P , 0.05) [See
online article for color version of this figure.]
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2008). Similarly, the expression of rice psy3 (Ospsy3) is
greatly activated by salt and drought, especially in
root; despite moderate sensitivity to salt, Ospsy2 as
well as salt-insensitive Ospsy1 are induced by light
instead of salt stress (Welsch et al., 2008). Poaceae psy3
and Solanaceae psy1 seem to be the key regulators of
carotenoid biosynthesis in response to salt stress in
nonphotosynthetic tissue. At present, we cannot com-
pare Dbpsy paralogs due to the unsuccessful cloning of
another Dbpsy paralog in this strain, but the salt-
inducible characteristic of a Dbpsy paralog (GenBank
accession no. EU328287.1) analyzed here gives us a
hint of the differential regulation between Dbpsy paralogs
in response to different environmental stimuli and/or in
different developmental stages.

Clear differences between DblycB1 and DblycB2 in
most of the salinity spectrum ranging from 0 to 3 M,
with the exception of extreme hypersalinity (4.5 M),
under which both were substantially induced, indi-
cated that the DblycB paralogs are differentially regu-
lated and play different roles in carotenogenesis under
different salinities. In comparison with DblycB1, re-
pressed in lower salinities (0–1 M) than the control (2 M),
DblycB2 transcripts maintained a basal level similar
to that of the control, suggesting a constitutive role
in carotenoid biosynthesis under most salinity condi-
tions. Like psy, tomato contains two lycB paralogs. The
chloroplast-specific type lycB1 is active in green tissue
(Pecker et al., 1996), while the chromoplast-specific
type lycB2 is largely expressed in fruit (Ronen et al.,
2000); this is proposed to be an ortholog of the pepper
gene evolved from a common ancestor of lycB1 after
gene duplication (Hirschberg, 2001). Although there is a
lack of evidence of plant lycB regulation in response to
salt stress at present, for the above reasons, similar reg-
ulation to psy paralogs might be true for DblycB, espe-
cially in DblycB1, due to its transcriptional pattern that is
more comparable to that of Dbpsy analyzed here (Fig. 5).

Currently, elucidation of ZDS regulation in response
to salt stress is hindered by the lack of findings of salt
impact on ZDS in Dunaliella species. In plants such as
S. baicalensis, some tomato species, and sweet potato
(Ipomoea batatas), ZDS is characterized to be salt in-
ducible (Babu et al., 2011; Duan et al., 2012; Kim et al.,
2013; Tuan et al., 2013). Conversely, Dbzds is down-
regulated by salt stress in D. bardawil (Fig. 5). Dbzds
is significantly induced by hyposalinity, while sus-
tained steady expression levels approximate to that of
the control in hypersalinity, suggesting its crucial role
in basal carotenoid biosynthesis. The similar profile of
ble-egfp transcripts driven by the Dbzds promoter fur-
ther confirms this down-regulation under salt stress
(Fig. 6). A decrease of zds transcripts is also observed
in the leaves of tomato (cv PKM 1) under salt stress
(Babu et al., 2011). ZDS seems to be differentially
regulated by different mechanisms from PSY, PDS,
and lycopene, to some extent. Evidence from Narcissus
pseudonarcissus flowers also showed that 2-(4-chlor-
ophenylthio)triethylamine hydrochloride induces PSY,
PDS, and lycopene at the transcriptional and protein

levels but exerts no effect on ZDS at both levels (Al-Babili
et al., 1999). Unlike the effect of 2-(4-chlorophenylthio)
triethylamine hydrochloride on these enzymes from
N. pseudonarcissus flowers, the light-dependent enhanced
carotenoid production in sunflower chloroplasts is ac-
companied by increased zds transcript levels (Fambrini
et al., 2004), while psy, pds, and zds from pepper are in-
dependent of total carotenoid levels (Simkin et al., 2000).
In contrast, low expression of psy, pds, and zds in leaves of
tomato plantlets was detected with high carotenoid levels
(Simkin et al., 2003).

Unlike the crts discussed above, Dbpds appears to be
salt insensitive under all NaCl concentrations. When
Dbpds transcripts in all samples were maintained at
a level comparable to that of the control, no signif-
icant changes were observed (Fig. 5). PDS is also
species-specifically regulated like other CRTs in
plants and algae. In maize and foxtail millet (Setaria
italica), salt stress does not affect PDS (Li et al., 2008;
Veeranagamallaiah et al., 2008). Proteomic analysis of
salt-stressed foxtail millet seedlings revealed that PDS is
expressed in all NaCl concentrations (Veeranagamallaiah
et al., 2008), while S. baicalensis pds transcripts were
consistently increased with increasing NaCl concentra-
tions (Tuan et al., 2013). Rather than high salt, C. zofin-
giensis PDS is induced by high light with light-dependent
zeaxanthin accumulation, and although canthaxanthin
and astaxanthin accumulate upon both stresses, high salt
cannot impact PDS expression (Li et al., 2009). In Hae-
matococcus pluvialis, PDS is also regulated by nitrate
deprivation and light stress (Grünewald et al., 2000).
However, both mRNA and protein levels of DbPDS re-
main constant in the high-light condition (Rabbani et al.,
1998). Dunaliella species pds seems to be constitutive (Sun
et al., 2008). It is believed that this striking difference
between these two Volvocales species might be caused
by the different localizations of the final product (Rabbani
et al., 1998; Grünewald et al., 2000). In D. bardawil,
carotenoids are synthesized exclusively within plastids
and regulated by triacylglycerol droplets, but Dbpds is
not induced at the transcriptional (Fig. 5) or transla-
tional level (Rabbani et al., 1998). H. pluvialis is unique
in that carotenoid accumulation occurs in lipid vesicles
outside the plastid with increasing PDS expression
levels (Grünewald et al., 2000). As discussed below, we
could not find any salt-inducible cis-acting element
candidates in the Dbpds promoter compared with Dbpsy,
Dbzds, and DblycB1. Therefore, the question now is
whether the salt insensitivity of Dbpds is attributed to
the sublocalization of carotenoid products and/or the
absence of salt-inducible elements in this alga. Ongoing
work to answer these questions is our current concern.

CRTs of Dunaliella Species Are Regulated Differentially at
the Transcriptional Level

Previously, osmotic stress was thought to be inde-
pendent of de novo protein synthesis, which induces
existing enzymes to adjust to the new osmotic regime
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(Sadka et al., 1989). However, Borowitzka et al. (1990)
suggest that at least several CRTs of the carotenoid
biosynthetic pathway need to be induced. Recent
studies on the osmotic characteristics of Dunaliella
species caused by salt stress classified the osmotic re-
sponse into three stages, immediate response, short-
term response, and long-term response, and found
that long-term response mainly referred to osmotic
stress-induced gene expression and salt-induced pro-
tein accumulation (Chen and Jiang, 2009). Under salt
stress, long-term osmotic response is stimulated, and
some salt-induced genes, including three crts analyzed
here, are boosted under salt stress (Fig. 5). The first
rate-limiting psy and paralog lycB1 were significantly
improved under hyperosmolarity in D. bardawil cells
cultivated in nutrition-supplemented medium (Fig. 5).
Enormous transcripts of Dbpsy and DblycB1 activated
by salt stress demonstrate that they might be at the
crucial junction in the carotenogenesis pathway con-
served in many species (Steinbrenner and Linden,
2001; Welsch et al., 2008; Tran et al., 2009).
Otherwise, Dbpds did not respond to salt stress (Fig.

5). Dbpds seems not to be the key regulatory point in
b-carotene biosynthesis under salt stress in this alga.
Nevertheless, pds transcripts are substantially stimu-
lated in D. salina cells shifted to high light or high salt
under nutrient-limiting conditions (Coesel et al., 2008).
It is believed that nutrient limitation mainly contrib-
utes to the induction of pds in D. salina, since nitrate
depletion appeared in the culture medium, which
significantly impacted cell growth and gene expression
(Coesel et al., 2008). The contradiction between Coesel
et al. (2008) and our findings may result from the fol-
lowing reasons. (1) Unlike Coesel et al. (2008), who
used 1.2 mM NaNO3 as a nitrogen source, nutrition-
supplemented (5 mM KNO3) medium was used in our
study to supply sufficient nitrate under all salt stress
conditions; in fact, more than 3 mM nitrate was
detected throughout our experiments in all salt stress
samples (Fig. 3), so the impact of nitrate limitation or
depletion on crts expression could be eliminated. (2) By
measuring the cell growth rate in different salt stresses,
almost uniform growth status (log or late log phase)
was used for gene expression analysis in all samples;
consequently, crts induction was mainly caused by salt
stress in our study. (3) Another possibility for the
contradiction between these two species could be that
the induction of pds transcripts appears to be species
specific within the genus Dunaliella.
In comparison with Dbpsy and DblycB1, Dbzds

transcripts are tremendously promoted by hypo-
salinity (Fig. 5). At present, no further information
on the hypoosmotic expression of zds transcripts is
reported in the genus Dunaliella. However, tran-
scription inhibitors prevent the substantial accumu-
lation of b-carotene upon high light in D. salina cells
grown at high salinity (Lers et al., 1990). These ob-
servations strongly suggest that some crts may be
regulated differentially in response to salt stress at
the transcriptional level, and zds transcripts might be

differentially induced by salt when compared with
other key crts of Dunaliella species.

Different Induction Characteristics of crts Might Correlate
with Regulatory Sequence Architecture

Previously, we isolated the promoter region of
Dbpsy and found a cis-acting element candidate nom-
inated as the GT-1 motif potentially involved in the
hyperosmotic expression of psy (Lao et al., 2011).
We believed that some vital CRTs responsible for
b-carotene biosynthesis would be up-regulated under
hyperosmolarity exerted by salt stress. Therefore, we
isolated other crts promoters including Dbzds, Dbpds,
and DblycB1 (however, we failed to isolate the DblycB2
promoter) in this study, with the expectation of mining
cis-acting elements in response to salt stress similar
to that of the psy promoter. To our surprise, an HSE
cis-acting element in response to hypoosmolarity
was found in the Dbzds promoter region. We re-
peated isolating the promoter and amplified a frag-
ment overlapping the 59 end of the Dbzds gene and
the 39 end of the Dbzds promoter region. The same
sequence was obtained; thus, we believe that the
obtained sequence is the upstream promoter region of
Dbzds. Expression of BLE-EGFP under the control of
this promoter further confirmed the promoter activity
(Supplemental Fig. S2).

Figure 7. Differential regulatory sequence architectures of four crts in
D. bardawil. A, GT-1 motifs are exclusively found in both Dbpsy and
DblycB1 promoters and are potentially responsible for hyperosmotic
expression of these two crts, while HRE is only found in the Dbzds
promoter to give hypoosmotic expression of Dbzds. The predicted
complementary GT-1 motif (TTTTTC) elements are also indicated.
B, The DblycB2 gene possesses a GT-rich region in the first intron,
which is potentially salt inducible (Li et al., 2010; Lu et al., 2011).
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Different expression of crts (Fig. 5) implies differ-
ential and complex regulation mechanisms underlying
the synergism in response to hyposalinity and hyper-
salinity among PSY, PDS, LYCB, and ZDS in the car-
otenogenesis pathway of D. bardawil. Obviously, Dbpds
is not induced by salt stress; our previously isolated
paralog DblycB2 (Zhu et al., 2008) is not induced in
most of the salt spectrum except for extreme hyper-
osmolarity (4.5 M), while Dbzds, Dbpsy, and DblycB1
are greatly induced, as shown in Figure 5. We believe
that different induction characteristics of these crts
correlate with promoter architecture. Thus, we in silico
analyzed and compared four promoters that we suc-
cessfully isolated previously. The salt-inducible GT-1
motif is shared both by Dbpsy and DblycB1 promoters
but is absent from other crts promoters; otherwise,
only Dbzds preserves the distinctive HRE in its pro-
moter region (Fig. 7A). These findings implied that the
salt inducibility of both Dbpsy and DblycB1 and the
hypoosmotic pattern of Dbzds potentially correlate
with their unique cis-acting elements. Deletion exper-
iments illuminated the authentic function of the HRE
motif in the Dbzds promoter (Fig. 6). Loss of the
hypoosmotic expression of ble-egfp driven by the HRE-
deleted promoter (pDBET1) versus the Dbzds promoter
(pZBET) was observed. Although GBF5BS is found
downstream of HRE in the Dbzds promoter and also
downstream of HRE in the proDH gene promoter
(Satoh et al., 2002, 2004), deletion of GBF5BS (pDBET2)
does not influence ble-egfp transcripts (Fig. 6). Hypo-
osmotic expression of Dbzds is exclusively attributed to
HRE in the promoter region.

During the isolation and analysis of crts genomic
structures, we found that the first intron of DblycB2
contains a GT-rich region (Fig. 7B) first discovered and
confirmed to be salt inducible in the D. salina duplicated
carbonic anhydrase1 (Dsdca1) promoter (Li et al., 2010;
Lu et al., 2011). DsDCA is a plasma membrane salt-
inducible protein characterized by its distinct ability to
preserve activity over a broad range of salinities, while
its counterparts from other species and other halo-
philic proteins require high salinity for conformation
stability (Fisher et al., 1994, 1996; Premkumar et al.,
2003). DblycB2 is more similar to Dsdca1, and it might
play an essential role in basal carotenoid biosynthesis
vital for cell survival in a wide range of salinities,
whereas DblycB1 in combination with DblycB2 (both
are substantially induced in 4.5 M NaCl concentration;
Fig. 5) might be required for a sufficient response of
the cell to overcome reactive oxygen species caused by
extreme hypersalinity (Chen et al., 2009). Although we
failed to compare the cis-acting element differences
between the two paralogs and we have not yet con-
firmed the potential GT-1 motif in the DblycB1 pro-
moter, evidence from our study implies at least that
the regulation differences betweenDblycB1 andDblycB2
in response to different salinities might be attributed to
potential salt-responsive elements, including cis-acting
elements like the GT-1 motif and potential intron ele-
ments such as the GT-rich salt-inducible element, since

intron enhancer and intronic regulatory elements can
dramatically stimulate gene expression in C. reinhardtii
(Lumbreras et al., 1998).

As discussed above, higher plants such as tomato,
Citrus species, maize, and rice contain more than one
psy or lycB paralog with differential regulation in dif-
ferent tissues in response to different environmental
stimuli (Pecker et al., 1996; Fraser et al., 1999; Ronen
et al., 2000; Ikoma et al., 2001; Li et al., 2008; Welsch et al.,
2008). Zmpsy3 mRNA increases with carotenoid accu-
mulation under ABA stress, whereas Zmpsy1 mRNA is
not induced (Li et al., 2008). Rice psy3 transcripts are up-
regulated during increasing ABA formation upon salt
treatment and drought (Welsch et al., 2008). The psy gene
duplication leads to subfunctionalization, with each
paralog exhibiting differential gene expression (Li et al.,
2008). The regulatory differences of paralogous psy genes
derive from differences of cis-acting elements in the
corresponding promoter regions, with light-responsive
elements for Ospsy1 and Ospsy2 and an ABA response
element as well as a coupling element forOspsy3 (Welsch
et al., 2008). D. salina and D. bardawil both have two
classes of psy as well, implying that carotenoid biosyn-
thesis in these algae is differentially regulated in response
to development and environmental stress (Tran et al.,
2009). Furthermore, EST profiling in hypersaline shocked
D. salina revealed a third EST of pds isogenes (Alkayal
et al., 2010). Therefore, despite only one copy of pds and
zds being reported currently, we cannot rule out the
possibility of paralog(s) in D. bardawil, since genomic
information is unavailable in D. salina and D. bardawil at
present. Different induction characteristics of crts and
their paralog(s), if they exist, might correlate with pro-
moter and/or other regulatory sequence architecture,
considering a potential salt-inducible GT-rich intron ex-
clusively found in the DblycB2 gene in comparison with
DlycB1 (Fig. 7B).

MATERIALS AND METHODS

Strains and Culture Conditions

Dunaliella bardawil strain 847 was obtained from the Institute of Hydrobi-
ology, Chinese Academy of Science. Cells of D. bardawil were cultivated in
defined medium (Zhu and Jiang, 2008; Chen et al., 2009) containing 2 M NaCl,
5 mM KNO3, 0.1 mM NaH2PO4$2H2O, 5 mM MgSO4$7H2O, 1 mM KCl, 10 mM

NaHCO3, and 0.3 mM CaCl2$2H2O. The other materials used were 1 mL L21 trace
elements stock with 16.2 mM H3BO3, 9.1 mM MnCl2$4H2O, 0.77 mM ZnSO4$7H2O,
0.32 mM CuSO4$5H2O, 0.1 mM Na2MoO4, and 9 mM MnSO4$7H2O as well as
0.5 mL L21 iron-salting liquid stock with 0.56 mM Na2EDTA$2H2O and 0.77 mM

FeCl3$6H2O. The pH of the medium after the addition of 100 mM Tris buffer was
adjusted to 7.5 with 2 M HCl. D. bardawil cells were cultivated in a controlled
chamber for 10 d (exponential phase) at 26°C and 8,000 lux provided by cool-
white fluorescent lamps under a 16/8-h light/dark cycle with shaking at 96 rpm.
These parameters were regarded as the normal condition (2 M NaCl). For
semisolid culture, semisolid medium was made by adding 0.7 g L21 Phytal gel
(Sigma) to 25 mL of liquid medium; about 107 transformed cells were then plated
and cultured for about 14 d under the normal condition without shaking. For
stress treatment, 106 exponential phase cells cultivated in the normal condition
were harvested by centrifugation at 5,000g for 8 min at 26°C, transferred to
100 mL of fresh medium containing 0, 1, 2, 3, and 4.5 M NaCl, and cultivated for
21 d (log or late log phase) under the normal condition as above for further
experiments. Approximately 107 cells in log or late log phase were used for
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real-time quantitative PCR experiments. For the expression study of ble-egfp,
about 106 nuclear transformed cells exponentially cultured in 2 M salinity
medium under the normal condition were harvested by centrifugation at
5,000g for 8 min at 26°C. Then the algal pellets were transferred to 100 mL of
fresh medium in different salinities as above, and growth was resumed for
21 d for real-time quantitative PCR assay. Escherichia coli GT116 was used as
the host for the multiplication of plasmids.

Cell Growth and Nitrate Content Analysis

D. bardawil cell growth in different salt stresses was measured daily
according to our previous method (Zhu and Jiang, 2008; Chen et al., 2009).
Briefly, the absorbance of each NaCl concentration of cultures was read at 630
nm in a spectrophotometer, and a corresponding concentration of blank me-
dium without algal cells was used as the control sample. From the relationship
curve between the optical density at 630 nm (OD630) and the cell number re-
gression equation, which was described in our previous work (Zhu and Jiang,
2008), the cell number was obtained by determining OD630: y = 899.08x 2
12.544, r2 = 0.9992, where y = cell number (3104) and x = OD630 value.

Nitrate concentration in the media with different salinities was detected
according to Coesel et al. (2008). Specifically, cells recovered from 100 mL of
culture were mixed thoroughly with 900 mL of 13% (w/v) NaCl and 20 mL of
1 M HCl. Nitrate was quantified photometrically using the equation [NO3

2]
(mM) = ((A220 – A275) – 0.0093) 3 3.558.

Extraction of Genomic DNA and Total RNA

Genomic DNA extraction from cells in the log or late log phase was per-
formed according to the method described by Mishra et al. (2008). Total RNA
was extracted from approximately 107 D. bardawil cells grown at the log or late
log phase using the E.Z.N.A. Total RNA Kit II (Omega) following the condi-
tions recommended by the manufacturer.

Identification of crts Genomic DNA

We failed to directly clone the crts promoters using primer sets designed
according to the 59 untranslated regions of crts because of their relative short
length for ideal genome-walking gene-specific primers. Therefore, genome
walking was implemented first, with gene-specific primers to identify the
genomic DNA of crts including Dbzds, Dbpds, and DblycB1. After the full-
length crts genomic DNAs were obtained, promoter isolation was conducted
using these genomic DNAs as templates. The cloning strategy is shown in
Supplemental Figure S4. For Dbpds, the first genome walking using a gene-
specific primer set complemented with the 39 untranslated region of Dbpds
mRNA was initiated with the Genome Walking Kit (TaKaRa). Then, con-
served domains were selected by aligning PDS protein sequences to design
seminested PCR primers, and the partial sequence obtained by these semi-
nested PCR primers was overlapped with the first genome-walking product.
Finally, the third genome walking was conducted according to the seminested
PCR product to isolate the full-length Dbpds gene. In order to isolate the
promoter and terminator, two sets of gene-specific primers were designed and
genome walking was carried out independently. For other crts, at least two
genome-walking reactions were carried out. All primers used in this study are
listed in Supplemental Table S1.

Sequence Analysis

Sequence analysis was performed using BLAST software (http://blast.ncbi.
nlm.nih.gov/Blast.cgi). Component analysis of crts was calculated using
DNAStar software 7.1.0. Promoter prediction was operated by PlantPAN
(http://plantpan.mbc.nctu.edu.tw/). The terminator scan program Poly (A)
Signal Miner (http://dnafsminer.bic.nus.edu.sg/) and RibEx (http://132.248.
32.45/cgi-bin/ribex.cgi) were used to analyze the putative terminator se-
quences of crts.

Construction of Plasmids

The putative promoter and terminator fragments obtained from genome
walking were ligated into pCR2.1 vectors and assigned as pZ3.5 and pT1.5,
respectively. Subsequent cloning into pCR2.1 vectors was conducted, resulting
in pZ2.8 and pT1.3 plasmids, with primers rendering AscI and SacII as well as

SacII and XhoI restriction sites to the ends of the supposed promoter and
terminator in 59 to 39 orientation. The egfp coding sequence was amplified
using pcDNA6 myc-his-EGFP B vector (kindly provided by Y.C. Cao, School
of Biological Science and Engineering, South China University of Technology)
as template. The ble coding sequence without the stop codon TAA was arti-
ficially synthesized using primers designed by DNAWorks (http://helixweb.
nih.gov/dnaworks/). The ble coding sequence synthesis condition was as
described by Dong et al. (2007a). The chimeric fragment of ble-egfp with AscI
and SacII restriction sites in the corresponding ends was obtained by means of
a two-step overlap PCR method (Heckman and Pease, 2007). The synthetic
chimeric gene was then cloned into pZ2.8 plasmid cut by the same enzymes
using conventional cloning techniques, producing the intermediate vector
pZBE. Finally, expression vector pZBET was constructed by ligation of the
hypothetic terminator fragment into the end of the chimeric gene of pZBE
through conventional approaches. HRE-deleted vector pDBET1, GBF5BS-
deleted vector pDBET2, and HRE- and GBF5BS-deleted vector pDBET3 were
constructed by splice overlap extension-PCR using deletion primer sets
(Supplemental Table S1). In brief, the negative control vector pET was also
established by the TA cloning strategy. This strategy uses (1) non-template-
dependent Thermus aquaticus polymerase to generate single 39-A overhang
PCR products by preferentially adding a single adenosine to the 39 ends of a
double-stranded DNA molecule; and (2) a linearized T-vector, which has
single 39-T overhangs on both ends, to allow direct, high-efficiency cloning
of PCR products. Constructs used in this study are shown in Figure 4.

Nuclear Transformation of D. bardawil

Amodified transformation method was used for the nuclear transformation
of D. bardawil cells according to Sun et al. (2005). Briefly, cells were harvested
in log or late log phase of growth (4–6 3 106 cells mL21) by centrifuging at
1,000g for 5 min, washed, and suspended twice to a final density of about 2 3
108 cells mL21 in buffer B (1.4 M glycerol, 50 mM NaCl, 30 mM Tris-Cl, pH 7.5,
and 6 mM CaCl2). Recombinant plasmids (final concentration of 10 mg L21)
and carrier DNA (final concentration of 200 mg L21 sheared and denatured
salmon sperm DNA) were added to 0.5 mL of the cell suspension and mixed;
100 mL of the mixture was moved to a prechilled disposable chamber (with a
2-mm gap) and kept on ice for 10 min before electroporation. Electroporation
was performed using the Gene Pulser Xcell Electroporation System (Life Sci-
ence) with an exponential electric pulse with electrical field strength of 1,000
V cm21 at a capacitance of 1,000 mF. After transformation, the cells were kept
on ice for 10 min and then added to 10 mL of liquid culture medium without
antibiotics for a 12-h incubation at 25°C in the dark. After the incubation, cells
were cultured in the normal condition discussed above.

Selection of Positive Transformants
and Nonselective Culture

To select Zeocin (Invitrogen) resistance in cells of transgenic D. bardawil,
about 107 transformed cells were immediately plated on semisolid culture
medium containing 10 mg L21 Zeocin and cultured for about 14 d until small
green colonies of the alga appeared. Five colonies of each transformant were
picked out and inoculated into liquid culture containing 10 mg L21 Zeocin and
2 M NaCl under the normal condition without shaking. When the transformed
cells of D. bardawil grew to the log phase, the cells were collected and PCR and
RT-PCR were implemented using the RNA PCR Kit (AMV) version 3.0
(TaKaRa) to screen the positive transformants using primers vBE For and vBE
Rev. PCR parameters were as follows: 95°C for 5 min and then 35 cycles of
94°C for 45s, 60°C for 45s, and 72°C for 1 min. The PCR products were further
confirmed by DNA sequencing. Positive transformants were grown in liquid
medium devoid of Zeocin containing the different NaCl concentrations
mentioned above for quantitative analysis.

Expression Studies of crts and ble-egfp

Real-time quantitative PCR was performed with a 7500 Real-Time PCR
System (Applied Biosystems) using the PrimeScript RT Reagent Kit with gDNA
Eraser (which supplies RNase-free DNase I to remove any coisolated genomic
DNA) and the SYBR Green PCR Kit (product codes DRR041A and DRR047A,
respectively; TaKaRa). Primers for quantitative analysis are listed in
Supplemental Table S1. The reaction mix contained 4 mL of complementary
DNA, 0.5 mL of forward and reverse primer mix (20 mM each), 1 mL of 503
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ROX Reference Dye II, and 25 mL of 23 TaKaRa SYBR Green PCR mix in a
final volume of 50 mL. All reactions were set up in triplicate, and every sample
was replicated in parallel three times to ensure statistical relevance. The fol-
lowing standard thermal conditions were used for all PCRs: 30 s at 95°C and
then 40 cycles of 30 s at 95°C and 34 s at 60°C. Primer specificity was con-
firmed by RT-PCR amplification before real-time quantitative PCR, which
produced single amplicons of the expected size for each primer set; these
amplicons were sequenced to finally validate their specific amplification. The
specificity of real-time quantitative PCR was monitored by the presence of
dissociation curves with single peaks and sequencing of its products with
unique bands of the expected sizes. Amplicon dissociation curves were
obtained after cycle 40 with default settings suggested by the instrument. Data
were analyzed using SDS software (Applied Biosystems). All quantifications
were normalized to the amount of D. bardawil glyceraldehyde-3-phosphate de-
hydrogenase gene, the relative abundance of which was determined under salt
stress, as an internal control.

Statistical Analysis

The data were processed by one-way ANOVA using SPSS version 13.0
(SPSS). Summary statistics were expressed as means 6 SD. In all statistical
analyses, P , 0.05 was considered statistically significant.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. The genomic organization of Dbzds.

Supplemental Figure S2. Fluorescence images of D. bardwil transformants.

Supplemental Figure S3. Positive transformants screening and character-
ization.

Supplemental Figure S4. Cloning strategies for isolating crts genomic DNA.

Supplemental Table S1. Primers used in this study.
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