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Abstract

Carbon monoxide (CO) as an endogenous gaseous molecule regulates a variety of biological processes in animals. However,
CO regulating nutrient stress responses in green alga is largely unknown. On the other hand, heme oxydase (HO1 as a rate-
limiting enzyme of the first step for heme degration and to catalyze heme into biliverdin (BV), which is concomitant with
releasing of CO and ferrous ions, probably participates in the process of CO-regulating response to nutrient stress in green
alga. In this paper, we described an observation that CO could regulate iron-homeostasis in iron-starving Chlamydomonas
reinhardtii. Exogenous CO at 8 mM was able to prevent the iron deficient-inducing chlorosis and improve chlorophyll
accumulation. Expression pattern of FOX1, FTR1 and ferredoxin was up-regulated by CO exposure in iron-deficient mediam.
treatment with external CO increasing iron accumulation in iron-deficient C. reinhardtii. Moreover, to get insights into the
regulatory role of HO1, we constructed a transgenic alga overexpressing HO1 and HO1 knock-out mutants. The results show
that there was no significant influence on chlorosis with HO1 overexpression of C. reinhardtii under iron-deficiency and the
chlorophyll accumulation, and gene expression associated with iron deficiency of mutant were greatly improved. Otherwise,
those results from HO1 knock-out mutants were opposite to HO1 overexpression mutants. Finally, CO exposure induced NO
accumulation in cells. However, such an action could be blocked by NO scavenger cPTIO. These results indicate that CO/
HO1 may play an important role in improving green algae adaptation to iron deficiency or cross-talking with NO under the
iron deficiency.
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Introduction

Iron (Fe) as an essential element is required for various cellular

and physiological processes from respiration to photosynthesis.

However, abundant iron is often unavailable for crops due to its

low solubility of oxidized form (Fe3+) in farmland. On the opposite,

anaerobic conditions in acidic soils may lead to cellular iron

overload, triggering toxicity to plants [1]. Thus, the iron levels in

plant cells must be strictly regulated. Iron abundance in plants is

primarily regulated by uptake, translocation and recycling. In

Arabidopsis (strategy I plant species), iron uptake is controlled by at

least three steps, including acidification of the rhizosphere by an

H+-AT-Pase, reduction of Fe (III) to Fe (II) by ferric chelate

reductases, and uptake of Fe (II) by transporters, while in

Chlamydomonas reinhardtii, mobilization of iron from extracellular

domain to intracellular fraction is involved in reduction of Fe by

ferrireductases at the cell surface, and transported by iron

transporters, like FTR1 [2].

For high plants and green algae, insufficient iron uptake occurs

in most types of soils and medium conditions. This may lead to

chlorosis, a typical iron-deficient symptom. Under the iron

starvation a range of genes related to the iron acquisition are

induced [3–7]. Expressions of AtFRO2, LeFRO1 and PsFRO1 by

coding ferric-chelate reductase were up-regulated by iron

deficiency in Arabidopsis, tomato and pea [4,8–10]. Moreover,

the expression of Ferrireductases, ferredoxin and Ftr1 were also

up-regulated by iron deficiency in C. reinhardtii. Additionally, iron

reduction at the cell surface is a key step in mobilizing iron for

uptake. Chlamydomonas Ferrireductases gene coding an iron

transporter was found to be a major route for iron entering the

cell [2]. One of the key players in the storage process is ferritin.

The expression of ferritin is tightly regulated according to the

cellular iron status. With regard to the iron acquisition gene under

iron deficiency, an essential gene named Fox1 has been recently

characterized; which shows highest sequence similarity to the
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mammalian ceruloplasmins and hephaestins and founction in iron

assimilation.

Although iron uptake and transportation are controlled by

many components which have been recently characterized at the

molecular level [11], little is known about Chlamydomonas reinhardtii

signal network of the iron deficiency. Nitric oxide (NO) as a crucial

signaling molecule participates kinds of interactions in many biotic

and abiotic stresses in plant development procedures, including

pollen tube growth [12]. Recent studies have shown that NO

regulates iron homeostasis via modulating ferritin synthesis in

animals; also, some other evidences have been provided and

proved that carbon monoxide (CO) also participates in the process

[13]. Several studies demonstrated that NO may regulate iron

metabolism in plants [14,15] and green alga [16], however, no

report is available about CO, which regulates plant and alga iron

homeostasis. Recently, CO has been highly appreciated for its

versatile properties as a signalling mediator in animals [17].

Meanwhile, CO is shown to be endogenously generated and

participate in regulating plant growth and development in plants

[18,19]. Generation of intracellular CO is closely linked to heme

oxygenase (HO, EC 1.14.99.3), which catalyze the degradation of

heme to produce CO, free iron and biliverdin [20]. The iron

derived from heme is thought to be the endogenous source of Fe

incorporated by proteins. Biliverdin, the final HO product, is

reduced to bilirubin by bilirubin reductase [21]. Genetic analysis

has indicated that bilirubin takes part in synthesis of the bilin

chromophores for assembling photochemically-active components

[22]. Up to now, there have been two HO members (HO-1 and

HO-2) isolated from Chlamydomans teinhardtii [23]. Chlamydomonas

HO-1 (HMOX1) has been well characterized, and its expression is

induced by numerous stimuli. The other gene (HMOX2) with

different patterns of expression displays different sequence

similarity to HMOX1. In our study, we identified the role of

CO in regulating the adaptive response to iron deficiency in wild-

type Chlamydomonas and transgenic one. Genetic and transcrip-

tional analysis supported the role of CO/HO1 in modulating

phenotype and the expression of genes controlling iron homeo-

stasis in Chlamydomonas. Finally, pharmacological and molecular

evidence further verified the cross-talk between CO and nitric

oxide (NO).

Results

CO/HO1 prevents chlorosis in iron-deficient algae
Just because chlorosis is a remarkable symptom of iron

deficiency, firstly, we tested whether exogenous CO could improve

cell greening in iron-deficient algae. The green alga C. reinhardtii is

a model of unicellular eukaryotic cells and widely used to study

metal homeostasis, particularly iron metabolism in chloroplasts

[24,25]. Iron deficiency in medium induced bleaching and

reduced the cell growth. However, treatment with CO at 2–

8 mM greatly improved the growth rate and chlorophyll levels

(Figure 1a). To learn more about the possible role of CO in

improving chlorophyll accumulation under iron deficiency, we

constructed transgenic Chlamydomonas named Chlamy HO/OX

(overexpression) and the other HO/KO (knocking out) as

comparison. We found that HO/OX completely performed green

under iron deficiency, while HO/KO showed more serious

chlorosis compared to wild-type (Figure 1b). This result suggests

that CO/HO1 also regulates cellular iron status in algae. The CO-

improved cell greening was estimated by measuring chlorophyll

content. A 3.64-fold increase was achieved in the wild-type cells

fed with CO (Figure 1c) and 2.13-fold increase was achieved in

HO/OX mutant cells (Figure 1d). A concentration-dependent

change was found in chlorophyll content. To understand further

possible function of CO/HO1 in preventing chlorosis of iron-

deficienct Chlamydomonas, we performed electron microscopy

analysis of chloroplast ultrastructure in C. reinhardtii cells. Our

analysis with transmission electron microscopy (TEM) indicated

that the majority of thylakoids inside iron-starved chloroplasts was

disrupted (Figure 2c, Figure 3c), which was also the same to HO/

KO mutant cells (Figure 3d). In contrast, most of thylakoids in

chloroplasts with CO (Figure 2d) and HO/OX mutant cells

(Figure 3b) remained in integrity. Furthermore, the iron-deficient

cells and HO/KO mutant cells had chloroplasts full of starch

granules or plastoglobuli, whereas in CO-exposed cells and HO/

OX mutant cells there were relatively fewer or smaller granules.

These results indicate that CO/HO1 improved the ultrastructure

of chloroplasts and consequently improved chlorophyll accumu-

lation.

CO regulates expression of genes related to iron
acquisition

Previous studies have demonstrated that Fe-deficiency in

Chlamydomonas induces several major genes for iron acquisition

and recycling [26]. To get insights into the regulatory role of CO

under Fe-deficiency, we analyzed the expression of FOX1, FTR1

and FD. Expression of these three genes was induced 5 days after

iron deficiency (Figure 4a). Concomitant treatment with 8 mM CO

resulted in additionally increased gene transcripts. In Chlamydomo-

nas, FOX1 codes a plasma membrane protein named multicopper

oxidase and it is generally associated with a permease or

transporter component for delivery of iron across [2]. One of its

partners is FTR1, whose expression pattern is up-regulated

coordinately with Fox1 during Fe-deficiency [26]. Our results

revealed that fox1 and ftr1 transcripts accumulated in response to

iron deficiency and displayed higher levels in cells exposed to

8 mM CO. FD, performed in parallel and encoding ferredoxin,

probably the most abundant iron protein in soluble extracts of

iron-replete Chlamydomonas cells. A similar expression pattern was

observed for transgenic mutants (Figure 4b). Our analysis

indicated that iron status could be regulated by CO exposure.

CO regulates multi-copper ferroxidase1 activity and iron
accumulation

In C. reinhardtii, Fe(III) is first reduced by ferric chelate

reductases on the surface of cell membrane. On the contrast, the

high affinity iron uptake is mediated by multi-copper ferroxidase

that reoxidizes Fe(II) into Fe(III) and then Fe(III) is transported by

iron permease into the cell, as it occurs in yeast and mammals

[26,27]. For this reason, multicopper ferroxidase1 plays an

important role during high affinity iron uptake. Genetic analysis

showed that Fe (III) chelate reductase was encoded by FOX1,

which was expressed in PM. We assayed the multicopper

ferroxidase1 activity in iron-deficient cells and observed that

concomitant treatment with 8 mM CO significantly increased the

activity of multicopper ferroxidase1 as compared to the treatment

of iron-deficiency alone (Fe0.1, control) (Figure 5a), consistent with

the data of fox1 transcript (Figure 4a). Similarly, the multicopper

ferroxidase1 activity in iron-deficient HO/OX mutant cells was

much higher than that of the treatment of iron-deficiency alone

(Fe0.1, control) and HO/KO mutant cells (Figure 5b). To

determine whether iron actually accumulated in Chlamydomanas

cells, we measured iron concentrations by using inductively

coupled plasma spectrometry. The iron levels were significantly

higher in the CO-treated cells than those of the control (iron-
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deficiency alone) (Figure 6a). Meanwhile, in the other work, the

mutants showed parallel with wild-type (Figure 6b).

Heme oxygenase 1 was up-regulated by iron deficiency
In Chlamydomonas, heme oxygenase (HO) catalyzes the opening

of the heme (iron protoporphyrin IX) ring at the alphamethene

bridge to formbiliverdin IX, Fe3+, and carbon monoxide. The free

Fe may be transferred and reused for chlorophyll synthesis in

chloroplasts. In addition, HO-1-derived CO might mediate the

iron availability in the same way as the external CO. Because HO-

1 is transcriptionally regulated, expression level of HO-1 in Fe-

deficient Chlamy cells was analyzed. In wild type, during the early

stage of iron-deficiency (0–24 h), expression level of HO-1 was

very low (Figure 7a). After a short time of induction, its expression

pattern was up-regulated. In transgenic mutants of HO/OX, the

expression of HO-1 was greatly induced and maintained a long

period (1–7d) (Figure 7b).

CO regulation of chlorotic phenotype depends on NO
action

Since NO has been reported to respond to iron-deficiency [15],

it was of great interest to experimenting whether CO-regulating

phenotype and iron homeostasis was associated with NO.

Production of NO in cells was detected by using DAF-2DA

fluorescent emission. Cells under iron-deficiency (Fe0.1) displayed

light NO intensity in wild-type and HO/KO mutants, however,

wild-type cells exposed to 8 mM CO (Fe0.1+CO) stained intense;

moreover, HO/OX mutants showed strong fluorescence

(Figure 8b). To ascertain whether CO-regulating phenotype was

dependent on NO action, the NO specific scavenger cPTIO was

used to treat Chlamydomonas cells in the presence of CO. It was

shown cPTIO was able to prevent the CO-improving NO

production and chlorophyll accumulation (Figure 8a), suggesting

that NO might act downstream of CO. For further understanding,

we tested the expression condition of FTR1, FOX1, and FD. The

results displayed interestingly that their transcript levels were

inhibited by cPTIO, which was consistent with the fluorescence

variation tendency (Figure 8c).

Discussion

The green alga Chlamydomonas reinhardtii is a photoautotrophic

eukaryote, which is identical to higher plants in their many basic

metabolisms [2]. It has been estimated that more than 90 percent

of iron is located in the chloroplasts, because a high abundance of

iron is required to maintain the structural and functional integrity

of thylakoid membranes in chloroplasts [28]. Chlorophyll com-

poses the major component of chloroplasts and is positively

correlated with the iron status. Electron flow in thylakoids requires

Fe-S clusters. Our results indicated that exogenous CO can

promote the chlorophyll accumulation and greening in iron-

deficient Chlamydomonas, which reflected the great improvement of

iron status. The similar observation also can be found in

Chlamydomonas transgenic mutants of HO/OX. These main

consequences suggest that CO-improving iron homeostasis is a

general response in green algae.

Figure 1. Carbon monoxide/heme oxygenase regulation of phenotype (a), (b) and chlorophyll levels (c), (d) of C. reinhardtii under
the iron-deficiency. The cells were cultivated under the condition of sufficient Fe (10 mM) and deficient Fe (0.1 mM) with or without CO (8 mM) for 7
days. After that, the photographs were taken and the chlorophyll was quantified. Vertical bars represent standard deviation of the mean (n = 3).
Asterisk indicates that mean values are significantly different between the treatments of Fe0.1+CO or HO/OX, HO/KO and Fe0.1 (control) (P,0.05).
doi:10.1371/journal.pone.0053835.g001
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CO or HO1 mediates intracellular iron availability
Previous studies indicated that iron deficiency caused the

disruption of chloroplast ultrastructure and degradation of its

protein components [29,30]. Several steps in photosynthetic

pigment synthesis and chloroplast ultrastructure establishment

were dependent on iron availability [1]. In our study, Chlamydo-

monas cells under iron deficiency showed the chlorotic symptom,

with a cell yellowing and a low level of chlorophyll content, which

may represent the proteolytic loss of photosynthetic components

[1]. Moreover, TEM micrographs from iron-deficient cells

revealed chloroplasts with few photosynthetic lamellae and grana

(Figure 2c), exhibiting a typical feature of thylakoid disruption

caused by iron deficiency [29,30]. Interestingly, most of normal

stacks of thylakiods could be recovered by exposure to CO, even

though the chloroplasts were under iron-deficiency. These results

provided further evidence that CO was able to improve the

pigment accumulation and prevent disruption of chloroplast

structure through a putative mechanism in alga. An important

role of iron in chloroplasts is associated with their thylakoid

electron transfer chain. Several major metal-proteins containing

heme or iron-sulphur clusters play crucial roles in supporting

thylakoid electron transfer and chlorophyll biosynthesis. In animal

cells, iron deficiency induced HO-1 expression [21]. Up-regulation

of HO-1 expression under iron-deficiency suggests a catabolic

process of heme with the concomitant recycling of iron in tissues,

making more free iron available to the iron-starved cells. In this

case, HO-1 might be a regulator for iron availability in Fe-stress

cells. Our results with increased HO-1 expression under iron

deficiency may help to understand that heme may be the source

for iron mobilization within cells or tissues. Therefore, the HO1-

mediated iron release from iron-pool is likely one of the important

mechanisms for iron homeostasis. In addition to free Fe, carbon

monoxide is another product of HO-1 and may affect Fe-

containing proteins through a putative pathway. This speculation

can be supported by our results that the HO/OX mutant cells

could inhibit the chlorotic symptom and thylakoid disruption

caused by iron deficiency completely when iron was limited

(Figure 1b, 3b). In animals, iron-containing protein is the target of

CO [17]. CO regulates Fe metabolism via its reactivity with iron-

containing proteins with either heme or (Fe-S) clusters or through

its ability to bind directly the metal ion [13,21]. If an alga has a

mechanism like that, HO1-derived CO may facilitate the delivery

of iron from iron-containing components and recycling in cells.

Iron accumulation and iron-related genes were up-
regulated by CO or HO1

Iron is essential for green algae survival. Some iron-regulated

proteins, such as ferric reductase and iron transporters play crucial

roles in iron uptake and translocation in algae [2]. Our results

showed that the activity of multi-copper ferroxidase 1 in

Chlamydomonas cells was induced by CO exposure during the iron

deficiency. The result was in agreement with the enhanced FOX1

expression under the same condition. A recent study has shown

that there was a positive correlation between FOX1 expression and

multi-copper ferroxidase activity in iron-deficient Chlamodomonas

cells. Furthermore, Ftr1 (for iron transporter) and FD (necessary

Figure 2. Carbon monoxide improves the internal structure of C. reinhardtii chloroplasts under iron deficiency. Cells were cultured
under the condition of sufficient Fe (10 mM) (a and b) and deficient Fe (0.1 mM) (c and d) for 7 days. a: cells supplied with 10 mM Fe; b: cells with 10 mM
Fe + 8 mM CO; c: cells with 0.1 mM Fe; and d: cells with 0.1 mM Fe + 8 mM CO. After treatment, the cells were visualized under TEM and photographed.
The micrographs were zoomed in to show the thylakoid (as indicated with arrows) inside the chloroplasts.
doi:10.1371/journal.pone.0053835.g002
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for electron distribution) were also found to be up-regulated by

CO in the iron-starved cells, indicating that CO may mediate iron

acquisition through the activation of the genes in iron-stressed

plants. The mechanism for the CO-regulating gene expression is

unknown, but the current results indicate that CO may affect gene

expression through a putative pathway. Interestingly, CO-

enhanced expression of FOX1, FTR1 and FD could be abolished

by NO scavenger cPTIO (Figure 8c). This result indicates that NO

is possibly involved in the CO-mediating regulation of gene

expression, strongly implying the cross-talk between CO and NO.

It is possible that NO would be one of the components that act

downstream of CO.

Owing to the fact that CO up-regulated the genes responsible

for iron homeostasis, we assayed the iron accumulation in C.

reinharditii. Cells treated with CO improved iron accumulation in

the C. reinharditii cells and also the HO/OX mutants. This result is

in agreement with increased amount of FOX1, FTR1 and FD

transcripts. Notably, CO did not enhance iron accumulation in

Chlamydomonas cells grown in sufficient-iron conditions (data not

shown). Thus, CO or HO1 can confer iron homeostasis through

either intracellular iron mobility or accumulation in algae.

CO/HO1-improved iron homeostasis is dependent on NO
action

Over the last few years, NO has been shown to play an

important role in iron metabolism by its ability to increase IRP1-

RNA binding activity and directly interact with the [4Fe–4S]

cluster [13]. NO forms complexes with iron and removes iron

from a range of Fe-containing proteins, including ferritin,

ribonucleotide reductase or other heme-containing proteins [21].

In plants, several lines of evidence were shown to regulate the

response of plants to iron starvation [14,15]. In algae, NO was

reported to regulate heavy metal stress [16]. Nevertheless, how

iron circulates within algae in the presence of NO is largely

unknown. Carbon monoxide can be endogenously generated in

organisms at micromolar quantity [31]. Like NO, CO has a high

affinity for iron and both share some chemical properties and

indeed exert similar biological effects [13,31]. Also, both CO and

NO can bind to the heme centre of numerous Fe-containing

proteins, such as the centre of soluble guanylate cyclase to increase

their activity, and consequently regulate downstream events linked

to iron metabolism [21]. With regard to the biochemical

interaction between CO and NO, early report indicated that

CO was able to stimulate NO release from proteins and produce

peroxynitrite [32]. This implicates the mobility of intracellular NO

at least from partial synergistic interactions of the two molecules

[33,34]. The current studies have demonstrated that CO-induced

NO production in iron-deficient cells of Chlamydomonas and

mutants, and the action could be prevented by NO scavenger

cPTIO. Thus, our results suggested CO and NO may coordinately

regulate iron-based metabolisms in some cases [32–36].

In general, we have demonstrated that carbon monoxide and

HO1 was able to regulate iron homeostasis in alga under iron

deficiency. Based on this observation, we speculated that CO, by

its affinity for ferrous, can carry iron away from non-functional

binding sites in the cells, making it physiologically available to the

chloroplast. Moreover, CO-improved iron nutritional status is

closely associated with NO action. CO may induce NO

generation, and NO successively regulates Fe availability. Finally,

CO may regulate the expression of genes that control iron

acquisition and recycling. These results indicate CO regulates iron

Figure 3. Heme oxygenase improves the internal structure of transgenic C. reinhardtii chloroplasts under iron deficiency. Cells were
cultured under the condition of sufficient Fe (10 mM) (a) and deficient Fe (0.1 mM)(b, c and d) for 7 days. a: wild-type cells supplied with 10 mM Fe; b:
HO/OX mutant cells with 0.1 mM Fe; c: wild-type cells with 0.1 mM Fe; and d: HO/KO mutant cells with 0.1 mM Fe. After treatment, the cells were
visualized under TEM and photographed. The micrographs were zoomed in to show the thylakoid (as indicated with arrows) inside the chloroplasts.
doi:10.1371/journal.pone.0053835.g003
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homeostasis most possibly through multiple pathways in Chlamy-

domonas reinhardtii.
Materials and Methods

Cell growth and treatment
Chlamydomonas reinhardtii (CC-503 cw92 mt+) were cultivated

under the condition of 2662uC, with a light intensity of

Figure 4. Carbon monoxide/heme oxygenase regulates Chlamydomonas FOX1, FTR1 and FD transcript levels in Fe-deficient cells.
Cells were grown in iron-sufficient (Fe10) nutrient solution for 5 days, and then transferred to iron-limited (Fe0.1) media with or without 8 mM CO for
7 or 10 days. 18S was used for cDNA normalization. The number below the band indicates the relative abundance (RA) of the genes with respect to
the loading control 18S.
doi:10.1371/journal.pone.0053835.g004

Figure 5. Effect of carbon monoxide (CO)/heme oxygenase (HO1) on the activity of multicopper ferroxidase1 in Chlamydomonas
cells under iron deficiency. Cells were grown in the iron-sufficient (Fe10) nutrient solution for 5 days, and then transferred to iron-limited (Fe0.1)
media with or without 8 mM CO for 7 days. Vertical bars represent standard deviation of the mean (n = 3). Asterisk indicates that mean values are
significantly different between the treatments of Fe0.1+CO or HO/OX, HO/KO and Fe5 (control) (P,0.05).
doi:10.1371/journal.pone.0053835.g005

Gene Regulation of Iron-Deficiency Responses
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80 mmol m22 s21 and 14 h photoperiod [16]. All experiments

were performed with exponentially growing culture. When

treated, algae were incubated in the culture medium containing

10 mM Fe (sufficient) or 0.1 mM Fe (deficient) with or without CO

for 8 days.

Chlorophyll quantification
After treatment, liquid cells were collected (2 ml) and put into

dark for 15 min. Then chlorophyll data were obtained by

phytoplankton luminoscope (phyto-PAM).

Transmission electron microscopy
Cells were fixed in 2.5% glutaraldehyde in 0.05 M potassium

phosphate buffer (pH 7.1) for 8 h and post-fixed with OsO4. The

samples were dehydrated in ethanol (95%, v/v) and embedded in

Spurrs epoxy resin. Ultrathin sections were obtained using an

ultramicrotome and stained with uranyl acetate and basic lead

citrate for observation using a JEOL TEM [34].

Iron quantification
Harvested cells (100 ml) were washed for 5 min in a solution

containing 5 mM CaSO4 and 10 mM EDTA. Then digested

completely in 70% HNO3 at 120uC. Iron was quantified by

inductively coupled plasma spectrometry (Perkin Elmer Optimal

2100DV).

Multi-copper ferroxidase 1 activity
Harvested cells were put into 10 mM cycloheximide for 2 h.

After that, treated cells were transferred into Fe-sufficient or Fe-

deficient mediam with or without 8 mM CO. pPD (phenylenedi-

amine) is the substrate of Multi-copper ferroxidase 1 and the

reaction started after adding pPD. The mixture was kept in dark

and shaking for 3 h. After centrifuging, the enzyme activity was

determined by measuring at 525 nm [35].

Analysis of transcripts
Total RNA extraction and reverse transcription was referred to

Kong’s method [36]. Expression of 18S gene (accession number

JF834705) was used as a control. RT-PCR conditions for 18S

amplification were as follows: 94uC for 4 min, 94uC for 30 s, 58uC
for 30 s, 72uC for 30 s, 72uC for 8 min, and 25 cycles. Each PCR

experiment was performed three times with different cDNA sets

from independent biological replicates. The PCR products were

applied to 1% (w/v) agarose gel electrophoresis and stained with

ethidium bromide. The primer pairs used for RT-PCR analysis of

other genes were designed and the number of cycles was based on

the follows: HO-1 (accession number XM_001702531), 30cycles;

FOX1 (accession number AF450137), 25cycles; FTR1 (accession

number AF478411), 27cycles; FD (accession number L10349),

25cycles.

Figure 6. Effect of CO/HO1 on iron accumulation in C. reinhardtii. Cells were grown in the nutrient solution for 5 days, and then transferred to
iron-limited (Fe0.1) media with or without 8 mM CO for 8 days. Thereafter, the total iron in whole cells was quantified. Vertical bars represent standard
deviation of the mean (n = 3). Asterisk indicates that mean values are significantly different between the treatments of Fe0.1 + CO or HO/OX, HO/KO
and Fe0.1 (control) (P,0.05).
doi:10.1371/journal.pone.0053835.g006

Figure 7. Iron deficiency up-regulates HO-1 expression of wild-
type Chlamydomans (a) and transgenic mutant HO/OX (b). Cells
were grown in iron-sufficient Fe (10 mM) nutrient solution for 5 days
and then transferred to iron-limited Fe (0.1 mM) media for 0, 1, 3, 7 and
10 d. 18S was used for cDNA normalization. The number below the
band indicates the relative abundance (RA) of the genes with respect to
the loading control 18S.
doi:10.1371/journal.pone.0053835.g007

Gene Regulation of Iron-Deficiency Responses
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Detection of intracellular NO
Wild-type cells were exposed to CO then transferred to 20 mM

Hepes-NaOH (pH 7.5) buffer solution containing 15 mm specific

NO fluorescent probe 4, 5-diaminofluorescein diacetate (DAF-

2DA), while and HO/OX mutant cells were transferred directly.

After incubated in darkness for 15 min, the cells were washed

several times and visualized immediately (excitation 490 nm and

emission 525 nm) by a fluorescence microscope (Axio Imager. A1,

Zeiss) [16,30–36].

Statistical analysis
Each result shown in figures was the mean of three replicated

treatments, and each treatment contained at least 107 cells ml21.

The significant differences between treatments were statistically

evaluated by standard deviation and Student’s t-test methods.
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