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impaired tetrapyrrole metabolism, especially chlorophyll 
biosynthesis. According, the levels of chlorophyll inter-
mediates were reduced in the ygl mutant. In addition, gene 
expression in multiple pathways was affected in ygl. These 
findings provide molecular evidences for the basis of the 
yellow-green leaf phenotype and further insights into the 
crucial role of HO1 in B. napus.
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Introduction

Tetrapyrroles play essential roles in various biological pro-
cesses, including photosynthesis and respiration. In higher 
plants, there are four classes of tetrapyrroles: chlorophyll, 
heme, siroheme, and phytochromobilin (PΦB), which are 
derived from a common biosynthetic pathway. Phytochro-
mobilin differs from the other three tetrapyrroles because 
it is a linear tetrapyrrole, whereas the others have a closed 
macrocycle. Phytochromes (phys) utilize covalently bound 
phytochromobilin chromophores, which can mediate pho-
toconversion between red-absorbing and far-red-absorbing 
forms. Phys influence seed germination, chloroplast devel-
opment, leaf growth, pigmentation, circadian rhythms, 
flowering time and senescence (Franklin and Quail 2010; 
Rockwell et al. 2006).

The biosynthetic pathways for phytochromobilin and 
chlorophyll share precursors from 5-aminolevulinic acid 
(ALA) to protoporphyrin IX (Proto IX). Proto IX is located 
at the branch point of heme and chlorophyll biosynthesis. 
At this point, ferrochelatase inserts  Fe2+ into Proto IX to 
form protoheme (heme b), whereas magnesium chelatase 
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inserts  Mg+ into Proto IX to form Mg-Proto IX and ulti-
mately generates chlorophyll. In chloroplasts, protoheme is 
oxidatively cleaved by heme oxygenase (HO) to form bili-
verdin IXα (BV IXα), releasing  Fe2+ and carbon monox-
ide (CO). The enzyme PΦB synthase (HY2) then converts 
BV IXα to 3Z-PΦB, which is subsequently isomerized to 
3E-PΦB and assembled into the functional holo-phys (Tan-
aka et al. 2011). Although the heme/PΦB and chlorophyll 
biosynthetic pathways have different end products, experi-
mental data indicate that they are coordinately regulated 
by modulating ALA synthesis, which is the rate-limiting 
step regulating the influx of metabolites into tetrapyrrole 
synthesis (Brzezowski et  al. 2015; Czarnecki and Grimm 
2012). For example, in HO1 mutants (including Arabidop-
sis hy1, tomato yg-2, pea pcd1, maize elm2 and rice se5) 
and HY2 mutants (including Arabidopsis hy2, tomato au, 
pea pcd2, and maize elm1), heme/PΦB biosynthesis was 
severely limited, leading to chlorophyll level reductions and 
leaf chlorosis, even though the chlorophyll branch was not 
blocked (Davis et al. 2001; Emborg et al. 2006; Izawa et al. 
2000; Muramoto et al. 1999; Sawers et al. 2004; Shi et al. 
2013; Terry 1997; Terry and Kendrick 1996; Weller et al. 
1996, 1997).

In Arabidopsis, a single gene encoding PΦB synthase 
and four genes encoding HO were identified. Based on 
their amino acid sequence similarities, these four HOs were 
divided into two subfamilies: HO1 (including HO1, HO3, 
and HO4) and HO2. HO1 subfamily members contain the 
canonical HO active site, while HO2 lacks a positionally 
conserved histidine residue in the active site that is usually 
involved in heme–iron coordination (Emborg et  al. 2006; 
Gisk et al. 2010; Shekhawat and Verma 2010). Among the 
four Arabidopsis HO genes, HO1 shows the highest expres-
sion level whereas the expression levels of HO3 and HO4 
are extremely low. HO2 expression is slightly induced by 
light at the onset of greening (Matsumoto et  al. 2004). 
Recently, several studies have demonstrated that HO1 or 
its catalytic product CO is involved in all aspects of plant 
development and environmental adaptation, including seed 
development(Prasad et  al. 2012), lateral root formation 
(Cao et al. 2011, 2007), root development (Ling et al. 2009; 
Xuan et al. 2008), programmed cell death (Wu et al. 2011), 
stomatal closure (Xie et  al. 2015), salinity and osmotic 
stress tolerance (Cao et  al. 2011; Verma et  al. 2015; Xie 
et  al. 2011), heavy metal toxicity (Han et  al. 2014; Shen 
et al. 2011), UV radiation (Xie et al. 2012; Yannarelli et al. 
2006), reactive oxygen species damage (Lee et  al. 2012), 
and hormonal signaling (Xie et al. 2015; Zhai et al. 2007).

Brassica napus (AACC, 2n = 38) is an allopolyploid 
that originated from the hybridization of Brassica olera-
cea (CC, 2n = 18) with Brassica rapa (AA, 2n = 20). The A 
and C genomes of B. napus have the triplicated mesoploid 
structure of synteny with Arabidopsis thaliana (Chalhoub 

et  al. 2014; Parkin et  al. 2002). One Arabidopsis locus 
appears to correspond to six collinear segments from the 
B. napus genome (Lysak et  al. 2005; Parkin et  al. 2005). 
Hence, it is challenging to analyze the function of a gene 
with multiple copies in B. napus. In recent years, only a 
few studies have investigated the interactions of HO1 with 
environmental stressors in B. napus. Cao (2011) isolated 
an HO1 cDNA through a homologous alignment analysis 
with AtHO1 sequences. They proposed that BnHO1, which 
has HO catalytic properties, is a component of the signal 
transduction pathway in lateral root formation that responds 
to salinity and osmotic stress. Shen (2011) identified a 
full-length BnHO1 and confirmed that overexpression of 
BnHO1 can confer tolerance to Hg stress. To the best of 
our knowledge, HO1 mutants have not been characterized 
in B. napus, and the role of HO1 in B. napus tetrapyrrole 
metabolism is still poorly understood.

Currently, four chlorophyll-deficient mutants have been 
reported in B. napus, but the causative molecular mecha-
nisms remain obscure (Chu et  al. 2015; Zhao et  al. 2014; 
Zhao et al. 2000; Zhu et al. 2014). In our previous study, we 
obtained a B. napus EMS (ethyl methanesulfonate)-induced 
mutant (ygl) that exhibited reduced chlorophyll content and 
yellow-green leaves. The yellow-green leaf phenotype is 
controlled by a recessive nuclear gene, BnaC.ygl. BnaC.
YGL was mapped to a 0.35 cM region that may be located 
in the centromeric or pericentromeric region of the N17 
linkage group (Zhu et  al. 2014). Thanks to the release of 
the B. napus genome (Chalhoub et al. 2014) and the map-
ping of BnaC.YGL, we successfully identified the BnaC.
YGL gene by the candidate gene approach in this study. 
Further analysis indicated that the loss of BnaC07.HO1 
(equivalent to BnaC.YGL) in the ygl mutant resulted in 
chlorophyll deficiency in the seedling leaves and impaired 
tetrapyrrole metabolism, especially chlorophyll synthesis. 
BnaA07.HO1, a homolog of BnaC07.HO1, was also ana-
lyzed. These results provided further insights into the cru-
cial role of HO1 in the early development of B. napus.

Materials and methods

Plant material

In this study, the chlorophyll-deficient mutant (ygl) with 
yellow-green leaves and the inbred line T6 from which the 
mutant was obtained were used as main plant materials. 
A total of 421 rapeseed inbred lines that originated from 
a diversity panel (Supplemental Table S7; Xu et al. 2016) 
were used to detect the long noncoding RNA (lncRNA) 
insertion in the BnaA07.HO1 promoter. Four rapeseed 
inbred lines (Darmor, 4942C-5, T6, and ZS11) were used 
for BnaC07.HO1 and BnaA07.HO1 expression analysis. 
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The plants used in this study were grown in soil under natu-
ral conditions.

Plant transformation

A 4.6-kb genomic DNA fragment containing the 1570-bp 
sequence upstream of the initiation codon, the 1416-bp 
BnaC07.HO1 open reading frame, and 1551-bp of the 3′ 
UTR was amplified from T6 using the primers H1F and 
H1R (Supplemental Table  S6) and cloned into the KpnI-
SacI sites of pCAMBIA2300 to construct the pBnaC07.
HO1:BnaC07.HO1 plasmid. The plasmid was introduced 
into Agrobacteriumtume faciensstrain GV 3101 (pMP90) 
and transformed into the ygl mutant as previously described 
by Dun et al. (2011).

A 282-bp fragment of BnaC07.HO1 cDNA was ampli-
fied using primers RHO1F and RHO1R (Supplemental 
Table S6), and cloned in both orientations using PstI/XbaI 
or ScaI/KpnI restriction sites in pCAMBIA2300. The frag-
ments were separated by the tapetum-specific O-methyl-
transferase intron of A. thaliana to form a hairpin structure. 
The resulting RNAi construct was verified by extensive 
restriction digestion and DNA sequencing analysis. This 
plasmid was transformed into wild-type plants (T6).

Chlorophyll and chlorophyll precursor determination

Leaf samples of wild-type (T6), chlorophyll-deficient 
mutant (ygl), and transgenic plants were harvested at the 
four-leaf seedling stage. Total chlorophyll (Chl) content 
was determined with a UVmini-1240 (ShimadzuCorpo-
ration, Kyoto, Japan) according to the methods of Arnon 
(1949). The ALA content was determined following the 
methods of Cenkci et al. (2010). The precursors, including 
Proto IX, Mg-Proto IX, and protochlorophyllide (Pchlide), 
were assayed as described by Santiago-Ong et  al. (2001) 
and Wu et  al. (2007) with minor modifications. Leaves 
(0.5 g fresh weight) of T6 and ygl were cut and homoge-
nized in 10 mL of 90% acetone and centrifuged at 3,000 × g 
for 10 min. Each supernatant was washed three times with 
an equal volume of hexane prior to spectrophotometric 
analysis. Chl precursors in the acetone phase were quanti-
fied with a Shimadzu RF-5301PC fluorescence spectropho-
tometer using Ex400:Em632 for Proto IX, Ex440:Em633 
for Pchlide, and Ex420:Em595 for Mg-Proto IX.

RNA extraction, RT‑PCR, and qRT‑PCR

Total RNA samples were isolated from various tissues of B. 
napus using TRIzol reagent (Invitrogen, USA) according to 
the manufacturer’s instructions. A sample of RNA (approx-
imately 2 μg) was converted into cDNA with GoScript™ 
Reverse Transcriptase as described in the manufacturer’s 

instructions (Promega, USA). BnaC07.HO1 expression 
was subsequently visualized by PCR using primers RT-F 
and RT-R (Supplemental Table S6). Real-time quantitative 
reverse transcription PCR (qRT-PCR) was performed with 
the Bio-Rad CFX96 Real-time system (Bio-Rad) and the 
GoTaq qPCR Master Mix (Promega, USA). The BnaAc-
tin gene (GenBank: AF111812.1) was used as the control 
gene, and relative quantification of the PCR product was 
performed using the comparative cycle threshold method 
(Supplemental Table  S6). The data are expressed as the 
mean ± SD (n = 3 biological replicates).

GUS assay

A 1570-bp upstream region of the BnaC07.HO1 gene was 
amplified from T6 with primers Pro-F and Pro-R (Supple-
mental Table S6) and cloned into the binary vector pBI101. 
The  ProBnaC07.HO1:GUS construct was then introduced into 
Arabidopsis wild-type plants with the floral-dip transforma-
tion method following Jefferson et al. (1987). GUS activity 
was visualized by staining different stages of the heterozy-
gous transgenic lines overnight in X-Gluc solution at 37 °C 
(Willemsen et  al. 1998), and then tissues were cleared in 
75% (v/v) ethanol.

Subcellular localization of BnaC07.HO1

The full-length coding sequence of BnaC07.HO1, without 
the termination codon, was amplified using primers SL-F 
and SL-R (Supplemental Table  S6), and inserted into the 
pM999GFP vector to generate a C-terminal GFP fusion 
product. The fusion construct was introduced into Arabi-
dopsis protoplasts that were prepared from whole seedlings 
by polyethylene glycol (PEG)/calcium-mediated transfor-
mation (Yoo et al. 2007). The spontaneous fluorescence of 
Chl was used as an indicator of the chloroplast. Fluores-
cence signals were examined with a confocal laser micro-
scope (Nikon).

Expression and purification of recombinant His‑tagged 
BnaC07.HO1

A synthetic gene encoding the mature (without the pre-
dicted transit peptide sequence) BnaC07.HO1 was ampli-
fied using primers mHO1F and mHO1R (Supplemental 
Table  S6) and inserted into a pET-28a (+) vector. The 
constructed vector was transferred into Escherichia coli 
strain Rosetta (DE3) pLysS. The His-tagged BnaC07.
HO1 protein was induced by 1  mM isopropyl β-D-1-
thiogalactopyranoside (IPTG) at 28 °C for 3  h according 
to the manufacturer’s instructions (Novagen), and purified 
through a Ni–NTA column and Sephadex® G-25 chroma-
tography (Cao et  al. 2011). The pooled protein solutions 
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were dialyzed against a reaction buffer (100 mM HEPES-
NaOH buffer, pH 7.2) and then used for subsequent bio-
chemical experiments.

Western blotting

The purified fusion protein was detected by western blot-
ting following the methods of Jing et al. (2012) and Zhao 
et al. (2015). Homogenates obtained for HO activity assays 
were analyzed. Fifty micrograms of protein from homoge-
nates was separated by 12% SDS–PAGE and transferred 
onto a membrane (PVDF type, Millipore). Non-specific 
binding of antibodies was blocked with 2% bovine serum 
albumin in phosphate-buffered saline (PBS, pH 7.4) for 
2 h at 4 °C. Membranes were then incubated with a mouse 
primary antibody against His (Thermo Fisher Scientific), 
diluted 1:2,000 in PBS buffer for 2 h at room temperature. 
Immune complexes were detected using horseradish per-
oxidase-conjugated goat anti-mouse IgG (Thermo Fisher 
Scientific).

Enzymatic activity assay

HO activity was assayed as previously described with 
minor modifications (Muramoto et  al. 2002; Xu et  al. 
2012). Changes in absorbance between 350 and 750  nm 
were monitored for 20 min at 25 °C. The concentration of 
BV IXα was estimated using an extinction coefficient at 
680  nm of 6.25  mM−1  cm−1 in 100  mM HEPES-NaOH 
buffer (pH 7.2). Reaction rates for the formation of BV IXα 
were determined by measuring absorbance at 680  nm for 
10 min. Values for the maximum reaction rate (Vmax) and 
the Michaelis–Menten constant (Km) were calculated using 
a Lineweaver–Burk plot. Temperature dependence of the 
HO reaction was measured between 10 and 45 °C. The pH 
dependence of the reaction was monitored between pH 6.5 
and 8.0 in 100 mM HEPES-NaOH buffer, and the standard 
assay conditions were used as described above.

RNA sequencing

Total RNA samples were extracted from the leaves of the 
ygl mutant and the transgenic line TP10. The transcrip-
tomes were sequenced on an Illumina HiSeqTM 2000 plat-
form (Illumina, USA). Gene expression levels were cal-
culated using the reads per kilobase per million (RPKM) 
method (Mortazavi et  al. 2008). To screen for differen-
tially expressed genes (DEGs), a P value corresponding 
to a DEG test based on the method introduced by Audic 
and Claverie (1997) was used. False-positive (type I errors) 
and false-negative (type II) errors were corrected using 
the false-discovery rate (FDR) method (Audic and Clav-
erie 1997). Finally, an FDR ≤ 0.001 and an absolute value 

of  log2 ratio ≥ 1 were set as the thresholds to determine the 
significance of differences in gene expression.

Results

Map‑based cloning of BnaC.YGL

In our previous study, BnaC.YGL was mapped in two popu-
lations to a 0.35 cM region of linkage group N17 (C07) and 
18 markers that cosegregated with this gene were devel-
oped (Zhu et  al. 2014). Sequences of the closest flanking 
markers (BnY5 and CB10534) were submitted to BLAST 
searches against the B. napus reference genome database. 
The 0.35 cM region corresponded to a physical region of 
approximately 5,165-kb in the linkage group N17, indicat-
ing a recombination rate of 14,757-kb per cM in B. napus.

According to the B. napus annotation database, there 
are more than 438 predicted genes in this 5,165-kb region. 
An annotation analysis of these genes indicated that 
BnaC07g16850D, a syntenic ortholog of the Arabidopsis 
HO1 gene that encodes an HO protein and catalyzes heme 
breakdown to BV IXα in phytochrome chromophore bio-
synthesis, was a promising candidate gene associated with 
the yellow-green leaf phenotype. In many plants, such as 
Arabidopsis, rice, tomato, pea and maize, HO1 mutants 
also have a yellow-green leaf phenotype during the growth 
period (Andres et  al. 2009; Izawa et  al. 2000; Muramoto 
et al. 1999). BnaC07g16850D was therefore the most likely 
candidate gene and was named BnaC07.HO1. Comparative 
sequencing from T6 and ygl showed that BnaC07.HO1 was 
completely deleted in the ygl mutant, suggesting that it was 
responsible for the yellow-green leaf phenotype.

To verify this prediction, we generated a construct 
by inserting a 4.6-kb genomic fragment (containing the 
1570-bp sequence upstream of the initiation codon, the 
1416-bp BnaC07.HO1 genomic fragment, and 1551 bp of 
the 3′ UTR) from T6 into the vector pCAMBIA2300. We 
introduced this construct into ygl plants through Agrobac-
terium-mediated transformation. Twenty-two transgenic 
plants displayed the expected wild-type phenotype with 
green seedling leaves (Fig.  1A), suggesting that the Chl 
content and the proper ratio of Chl a to Chl b were recov-
ered (Fig. 1 B). We examined the  T2 progeny plants from 
six  T1 transgenic lines in the field, and obtained three trans-
genic lines with a single-copy transgene, which showed the 
expected Mendelian inheritance ratio of 3:1 in  T2 progeny 
(green: yellow plants, χ2 < χ2

0.05 = 3.84; P > 0.05; Supple-
mental Table S1). The  T2 progeny plants displayed perfect 
cosegregation between the transgene and the phenotype. 
In addition, an RNA interference (RNAi) construct for 
BnaC07.HO1 was transformed into T6 plants. The total Chl 
content in the  T1-positive plant was intermediate between 
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the mutant and T6 (Fig. 1B), consistent with the expression 
levels of BnaC07.HO1 in the three lines (Fig. 1C). Genetic 
analysis of the  T2 progeny plants from three positive plants 
was also proformed (Supplemental Table S1). The yellow-
green leaf phenotype of  T2 families cosegregated with the 
introduced DNA, confirming that the loss of BnaC07.HO1 
was responsible for the Chl defect in the ygl mutant.

Features of BnaC07.HO1

The CDS sequence of BnaC07.HO1 (846 bp) is composed 
of three exons and encodes a protein containing 281 amino 
acids including a 54-amino acid transit peptide identified 
with the ChloroP algorithm (http://www.cbs.dtu.dk/ser-
vices/ChloroP/) (Fig.  2a, b). BLAST searches were per-
formed with the BnaC07.HO1 sequence from T6 to iden-
tify the relative homologs in the public databases. Seven 
homologs were identified in five species of Brassicaceae, 
including Bra012054 in B. rapa, Bol027145 in B. olera-
cea, three homologs (BnaA07g12810D, BnaC07g16850D 
and GU390397.1) in B. napus, JN202587.1 in Brassica 
juncea, and AT2g26670 in A. thaliana. Sequence com-
parisons indicated that BnaC07.HO1 had 85% similarity to 
Arabidopsis HO1, and more than 95% similarity to other 
homologs (Fig.  2b). The HO signature sequence AFICH-
FYNT (amino acid residues 128–136) was conserved in 
BnaC07.HO1 (Shekhawat and Verma 2010). Residue H84 
in BnaC07.HO1, which corresponds to residue H25 in ani-
mals, was maintained in these five species. Previous studies 
have shown that this His residue was the axial heme iron 
ligand, which is important for the enzymatic activity of 

HO1 (Ito-Maki et al. 1995; Sun et al. 1994). These results 
indicated that Brassica HO1 might be conserved and func-
tion in heme cleavage.

To investigate the subcellular localization of BnaC07.
HO1, we constructed a protein fusion of BnaC07.HO1 with 
green fluorescent protein (GFP), which was driven by the 
Cauliflower mosaic virus 35 S promoter. This fusion con-
struct was transformed into Arabidopsis protoplasts. As 
expected, the BnaC07.HO1-GFP fusion protein was local-
ized in the chloroplasts of the protoplast (Fig. 2c–e), con-
sistent with the subcellular localizations of Arabidopsis 
HY1, soybean HO1 and rice SE5 (Dixit et al. 2014; Gisk 
et al. 2010; Xu et al. 2012).

Expression pattern of BnaC07.HO1

The transcription levels of BnaC07.HO1 in T6 were ana-
lyzed in the seeds, roots, stems, seedling leaves, stem 
leaves, buds, flowers and siliques using RT-PCR and 
qPCR. RT-PCR analysis of total RNA extracted from T6 
indicated that BnaC07.HO1 was expressed at high levels 
in the seedling leaves and stem leaves. It was expressed at 
low levels in the buds, flowers, and siliques, but rarely in 
the roots, seeds, and stems (Fig. 3a). qPCR analysis veri-
fied this expression pattern (Fig.  3b). These results indi-
cated that the BnaC07.HO1 gene is expressed in multiple 
organs, consistent with the records of AtHO1, BraHO1, 
and BnHO1 (Cao et al. 2011; Davis et al. 2001; Jin et al. 
2012). The GUS assay also showed that rosette leaves had 
high expression levels of BnaC07.HO1. Moderate expres-
sion levels were detected in the stem leaves, buds, flowers, 

Fig. 1  Functional identification 
of BnaC07.HO1. a The phe-
notypic characterization of the 
ygl mutant, RNAi-transformed 
line HO1i21, pBnaC07.HO1: 
BnaC07.HO1-transformed 
line TP10, and T6 (wild-type 
phenotype). b The chlorophyll 
contents from the above four 
lines at the four-leaf stage. c 
The expression of BnaC07.HO1 
in the above four lines. Asterisks 
indicate significant differences 
between ygl, HO1i21, TP10, 
and T6 at the given times (t-test, 
n = 4, *P < 0.05, **P < 0.01). 
Error bars indicate SDs

http://www.cbs.dtu.dk/services/ChloroP/
http://www.cbs.dtu.dk/services/ChloroP/
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and siliques, while low levels were detected in the roots and 
stems (Fig. 3c). Therefore, the BnaC07.HO1 gene is essen-
tial for the development of B. napus.

Biochemical analysis of the recombinant protein

To confirm that BnaC07.HO1 encodes an HO protein and 
to characterize its catalytic properties, the recombinant His-
tagged protein His-BnaC07.HO1 was expressed in E.coli 
after IPTG induction and purified by Ni-affinity chroma-
tography. The fusion protein was approximately 30.6 kDa 
(including the 26.5  kDa His-BnaC07.HO1 protein, the 
0.8  kDa 6 × His-tag, and the 3.3  kDa translated vec-
tor sequence) and was detected with an anti-His antibody 
(Fig. 4a).

The HO activity of His-BnaC07.HO1 was measured 
with a spectrophotometer to detect the conversion of 
heme to BV IXα. The time-dependent absorbance was 
monitored between 350 and 750 nm during the reaction 
(Fig.  4b). The spectrum displayed a strong Soret band 
at 405 nm, indicating enzyme-bound heme, and a broad 
peak around 680  nm, indicating BV IXα formation. 
These results were similar to previous reports on heme-
HO complexes and BV IXα (Gisk et al. 2010; Muramoto 
et  al. 2002). The absorbance at 405  nm (bound heme) 
decreased over time while the absorbance at 680  nm 
(BV IXα) increased (Fig.  4b). Kinetic parameters for 
purified His-BnaC07.HO1 were determined from a 
Lineweaver–Burk plot (Fig. 4c). The Vmax was estimated 
as 108.8  nmol BV·h−1  nmol−1 protein with an apparent 

Fig. 2  Sequence analysis and subcellular localization of the 
BnaC07.HO1 gene a The structure of BnaC07.HO1. White boxes 
indicate exons of BnaC07.HO1. b Comparison of the amino acid 
sequences of HO1 in Brassicaceae. Sequence identifications are 
as follows: B. rapa BraHO1 (Bra012054), B. oleracea BolHO1 
(Bra027145), Brassica napus (from Darmor) BnaA07g12810D and 
BnaC07g16850D, B. napus (from T6) BnaA07.HO1 and BnaC07.

HO1, B. napus GU390397.1, B. juncea JN202587.1, A. thaliana 
AtHO1 (at2g26670). c The protoplast showed a green fluorescent sig-
nal after transformation with the BnaC07.HO1-GFP fusion construct. 
d The chlorophyll autofluorescence signal in the same protoplast as 
(c). e The same protoplast as (c) under bright field. f Merged images 
from (c), (d) and (e). Bars = 20 μm in (c–f).
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Km value for hemin of 3.99  μM. Moreover, the reac-
tion rate peaked at pH 7.2 and sharply declined at lower 
and higher pH values (Fig. 4d). In contrast, the relative 
enzyme activity of His-BnaC07.HO1 increased between 
10 and 40 °C (Fig.  4e), in agreement with results from 

Arabidopsis HY1 and rice SE5 (Gisk et al. 2010; Mura-
moto et  al. 2002; Xu et  al. 2012). These results con-
firmed that BnaC07.HO1 acts as a catalyst in cleaving 
proheme to form BV IXα.

Fig. 3  Expression parttern 
of BnaC07.HO1. a RT-PCR 
expression analysis (30 cycles) 
of BnaC07.HO1 in selected 
tissues. BnaActin expression 
was used as an internal control. 
b qPCR analysis of BnaC07.
HO1 expression in selected 
tissues. The expression levels 
were normalized to BnaActin. 
The values are presented as 
the mean ± SD (n = 3). c GUS 
expression in: (I) seedling 
leaves and roots, (II) stems, 
buds and flowers, (III) stems 
and stem leaves and (IV) seeds 
and siliques of the pBnaC07.
HO1-GUS transgenic lines in A. 
thaliana
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Loss of BnaC07.HO1 affects the expression of the genes 
involved in Chl biosynthesis and photosynthesis

To better understand the mechanism underlying the regula-
tion of BnaC07.HO1 in seedling leaves, we compared dif-
ferentially expressed genes (DEGs) in seedling leaves of 
the ygl mutant and the transgenic line TP10. In the mutant, 
1296 genes were up-regulated and 562 genes were down-
regulated. Ten of these DEGs were randomly selected for 
qPCR assays to evaluate the quality of the RNA sequenc-
ing and bioinformatics analysis (Supplemental Fig. S1 and 
Supplemental Table S2). According to the Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathway enrich-
ment analysis for RNA-seq data, 13 DEGs were involved in 
tetrapyrrole metabolism, corresponding to seven enzymes 
in Arabidopsis (Supplemental Table S3). Moreover, in the 

Fig. 4  Expression and biochemical characterization of purified 
recombinant His-tagged mature BnaC07.HO1 (His-BnaC07.HO1) 
protein in E. coli. a SDS–PAGE gel of expressed protein after puri-
fication by Ni-affinity chromatography, 30  μg protein/well. lane M, 
marker proteins; lane 1, control (no IPTG induction); lane 2, inducted 
protein; lane 3, purified protein; lane 4, western blotting analysis of 
purified protein developed with anti-His. b Absorbance changes over 
time were monitored during the His-BnaC07.HO1 reaction with spec-
tra taken at 0, 1, 2, 5, 10 and 20 min after the addition of NADPH. 

Arrows indicate the directions of spectral changes during incuba-
tion. c Michaelis–Menten plot of the His-BnaC07.HO1 reaction 
for hemin concentrations of 2, 5, 10, 15, 20, and 50  μM. The rela-
tive activity of His-BnaC07.HO1 was calculated from BV formation. 
Inset: Lineweaver–Burk plot of the same data. Data shown are as 
mean ± SD from three independent measurements. d The pH depend-
ence of the His-BnaC07.HO1 reaction. e The temperature depend-
ence of the His-BnaC07.HO1 reaction.

Fig. 5  Expression levels of tetrapyrrole metabolism genes in the ygl 
mutant and the transgenic line TP10. Data are showed as the means 
of three biological replicates and error bars indicate SDs
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ygl mutant, these genes were up-regulated, as confirmed 
by the qPCR assay (Fig.  5). According to the function 
annotations in Arabidopsis, four of these genes (related to 
HEMA1 and HEMC) are involved in the common steps of 
tetrapyrrole biosynthesis, whereas eight genes (related to 
CHLI1, CHLI2, CHLM, and PCB2) are involved in the Chl 
biosynthesis, and one gene (related to MES16) is involved 
in Chl breakdown.

These up-regulated genes were tightly associated with 
Chl biosynthesis, so we examined the accumulation of the 
intermediates in Chl biosynthesis. The levels of ALA and 
the relative fluorescence of Proto IX, Mg-proto IX and Pch-
lide were analyzed in the mutant ygl and the transgenic line 
TP10. As shown in Fig. 6, the ygl mutant had significantly 
decreased levels of ALA, Proto IX, Mg-proto IX, and Pch-
lide, compared to the TP10 line. These data demonstrated 
that the loss of BnaC07.HO1 resulted in the reduction of 
Chl intermediates and led to the up-regulated expressions 
of the genes in Chl biosynthesis.

KEGG pathway enrichment analysis showed that 26 
DEGs genes associated with photosynthesis were all up-
regulated, which fit well with the qPCR assay (Fig.  7). 
These DEGs were related to 14 genes (PSB27, PSB28, 
PSBY, PPL1, PQL1, PQL2, FD1, FD2, PETE1, PETE2, 

ATPD, LHCA5, LHCA6, and LHCB4.3) in Arabidopsis 
(Supplemental Table S3). According to the function anno-
tations, PSB27, PSB28, PPL1 and LHCB4.3 were involved 
in the assembly and stability of the photosystem II (PSII) 
supercomplex, whereas PSB27 and PPL1 had additional 
features and functioned in the repair cycle of photodam-
aged PSII (Nixon et  al. 2010). PQL1, PQL2, LHCA5 and 
LHCA6 were required for the supercomplex formation of 
the chloroplast NADH dehydrogenase-like complex and 
photosystem I (NDH-PSI) (Peng and Shikanai 2011). FD1, 
FD2, PETE1, PETE2 and ATPD were associated with the 
photosynthetic electron transport chain (Dal Bosco et  al. 
2004; Hanke and Hase 2008; Pesaresi et al. 2009). Twenty-
one other pathways were affected in the ygl seeding leaves, 
including sulfur metabolism, nitrogen metabolism, carbon 
metabolism, carotenoid biosynthesis, and some amino acid 
metabolism (Supplemental Fig. S4).

lncRNA insertion in BnaA07.HO1 promoter 
down‑regulates the gene expression

As a tetraploid species, B. napus contains two homolo-
gous copies of the HO1 gene, namely BnaA07.HO1 and 
BnaC07.HO1, which are located on chromosomes A07 

Fig. 6  Levels for the tetrapyr-
role intermediates in the ygl 
mutant and the transgenic 
line TP10. a levels of ALA. b 
Relative fluorescence of Proto 
IX, Mg-proto IX, and Pchlide. 
Asterisks indicate significant 
differences at the given times 
(t-test, n = 3, *P < 0.05, 
**P < 0.01). Error bars indicate 
SDs

Fig. 7  Expression levels of the 
genes involved in photosynthe-
sis in the ygl mutant and the 
transgenic line TP10. Data are 
showed as the means of three 
biological replicates and error 
bars indicate SDs
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and C07, respectively. Based on the Darmor-bzh refer-
ence genome (Chalhoub et al. 2014), we designed specific 
primers (HOF, HOR, APF, APR, CPF, and CPR in Sup-
plemental Table S6) to identify the two homologous copies 
and their promoter sequences (1.6-kb sequence upstream 
of the initiation codon) from T6. Sequence analysis indi-
cated that the two copies have highly homologous coding 
DNA sequences, but their promoter sequences had major 
differences in nucleotides and length (Supplemental Fig. 
S2). Compared with the Darmor-bzh reference genome, 
we found that a 2246-bp fragment was inserted into the 
BnaA07.HO1 promoter 90  bp upstream from the initia-
tion codon in T6. This inserted fragment was predicted as 
a lncRNA in B. napus. Interestingly, this lncRNA was 
also found in the ZS11 cultivar reference genome. To 
evaluate how widespread the lncRNA insertion might be, 
421 rapeseed inbred lines were screened with a specific 
marker, IR (amplified by primers APF and 4R, Supplemen-
tal Table  S6). Approximately 59.4% of inbred lines had 
the lncRNA insertion. The transcriptional expression of 
BnaA07.HO1 was analyzed in two lines with the lncRNA 
insert (ZS11 and T6) and two lines without the insert 
(4942C-5 and Darmor). The transcript level of BnaA07.
HO1 was down-regulated in the lines with the lncRNA 
insert and up-regulated in the lines without the insert 
(Fig.  8). It is thus tempting to postulate that the lncRNA 
insertion in the BnaA07.HO1 promoter is widespread in B. 
napus and down-regulates the expression of this gene.

To investigate whether the down-regulation of BnaA07.
HO1 contributed to the ygl phenotype, the leaf pheno-
types of the filial generations from the cross between ygl 
and 4942C-5 were investigated. The  BC1 progenies at the 
seedling stage displayed an expected Mendelian inheritance 
ratio of 3:1 (green:yellow plants, χ2 < χ2

0.05 = 3.84; P > 0.05; 
Supplemental Table  S5). The green to yellow phenotype 
ratio in the  F2 population was approximately 15:1 (Supple-
mental Table S5), indicating that two loci controlled the ygl 

phenotype through Mendelian inheritance. These results 
implied that the Chl defect in the ygl mutant was caused 
by not only the loss of BnaC07.HO1 but also the lncRNA 
insertion in the BnaA07.HO1 promoter.

Discussion

BnaC07.HO1 plays an integral role in early 
development.

Light plays a major signaling role in plant development,and 
the phys family is one of important photoreceptors for light. 
Photochemically active phys require the coordination of 
two spatially separate pathways that synthesize the PHY 
polypeptides and the PΦB chromophore (Franklin and 
Quail 2010; Rockwell et al. 2006). The oxidative cleavage 
of heme by an HO is the committed step in PΦB synthesis 
in higher plants (Davis et al. 2001). In this study, we suc-
cessfully identified a heme oxygenase gene, BnaC07.HO1, 
from a chlorophyll-deficient mutant through a map-based 
cloning approach with the candidate gene strategy. The loss 
of the BnaC07.HO1 gene in ygl mutant resulted in a reduc-
tion of Chl levels in seedlings and produced a yellow-green 
phenotype. Chl a is required for the formation of the core 
complexes and light-harvesting complexes (LHCs) in pho-
tosystems, whereas Chl b is exclusively included in LHCs 
in photosystems. And the Chl b biosynthesis is critical for 
the regulation of the photosynthetic antenna size (Jansson 
1994; Tanaka et al. 2001). In the chlorophyll-deficient rice 
mutant ygl3, a complete set of the photosynthesis system 
components was detected, although the content of PSI and 
PSII core dimer complexes, LHCII trimer, and light har-
vesting pigment protein complex was significantly lower 
than that of the wild type (Tian et al. 2013). In the Arabi-
dopsis chlorophyll-deficient mutant atecb2, levels of the 
photosynthetic proteins were significantly reduced or barely 
detected, whereas transcripts of nuclear-encoded photo-
synthetic genes were up-regulated (Yu et al. 2009). In ygl 
mutant, the genes associated with photosynthesis were also 
up-regulated (Fig.  7 and Supplemental Table  S4). These 
indicated that the accumulation of photosynthetic proteins 
might be affected in the ygl and involved in the feedback 
regulation of photosynthesis gene expression levels.

Previous reports of the yellow-green leaf mutants related 
to Chl biosynthesis, indicated that a block in Chl biosynthe-
sis resulted in abnormal chloroplasts thylakoid membranes 
(Sakuraba et al. 2013; Wang et al. 2010; Wu et al. 2007). 
The mutant ygl also had fewer granal stacks and granal 
membranes in chloroplasts in seedlings (Zhu et  al. 2014). 
Several HO1 mutants (hy1, yg-2, pcd1, elm2, and se5) 
exhibited severe photomorphogenic defects at the seedling 
stage, but these defects became less pronounced at later 

Fig. 8  Expression levels of BnaC07.HO1 and BnaA07.HO1 from 
inbred lines of Darmor, 4942C-5, T6, and ZS11. Values are showed 
as the means of three biological replicates and error bars indicate 
SDs
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developmental stage (Davis et al. 2001; Izawa et al. 2000; 
Shi et  al. 2013; Terry and Kendrick 1996; Weller et  al. 
1996). In agreement with previous studies, the ygl mutant 
also showed Chl deficiency in seedlings and delayed green-
ing (Zhu et  al. 2014). Additionally, BnaC07.HO1 was 
highly expressed in seedling leaves (Fig. 3), and the loss of 
BnaC07.HO1 affected multiple metabolic pathways (Sup-
plemental Fig. S4). Thus, it is clear that BnaC07.HO1 plays 
an integral role in early development of B. napus.

Functional differentiation of BnaA07.HO1 and BnaC07.
HO1 in B. napus

Most orthologous gene pairs in B. rapa and B. oleracea 
remain as homeologous pairs in B.napus (Chalhoub et  al. 
2014). As two homologs of B. napus HO1, BnaA07.HO1 
and BnaC07.HO1 are highly similar in their CDS (Fig. 2). 
The expression pattern analysis showed that BnaC07.
HO1 and BnaA07.HO1 were highly expressed in seedling 
leaves (Fig. 3 and Supplemental Fig.S3). Therefore, it was 
proposed that BnaC07.HO1 and BnaA07.HO1 may play 
similar roles during early development. However, in stem 
leaves and flowers, BnaC07.HO1 expression levels were 
moderate, whereas BnaA07.HO1 expression levels were 
extremely low (Fig.  3 and Supplemental Fig. S3). Dif-
ferences in the expression patterns of BnaA07.HO1 and 
BnaC07.HO1 may be attributed to the discrepancy between 
their promoter sequences (Supplemental Fig. S2). In (A) 
thaliana, more than half of orthologous genes had diverged 
in expression (Blanc and Wolfe 2004). In (B) napus, 
orthologs of CCD4, SMG7 and ARF18 were also examined 
for differences in their expression patterns (Li et al. 2015; 
Liu et  al. 2015; Zhang et  al. 2015). Divergences in the 
expression states may have three outcomes: new expression 
patterns (neofunctionalization), subdivision of expression 
patterns (subfunctionalization), or loss of expression pat-
terns (pseudogenization) (Li et  al. 2005; Moghe and Shiu 
2014). We speculated that subfunctionalization might have 
occurred between BnaC07.HO1 and BnaA07.HO1 in B. 
napus.

The ygl phenotype is due to defects in BnaA07.HO1 
and BnaC07.HO1

An insertion in the promoter of a gene prevents or reduces 
the expression of the gene (Fu et  al. 2007; Guo and Gan 
2006; Mochizuki et al. 2008; Zipfel et al. 2004). In Arabi-
dopsis, a promoter insertion line (cyp38-1) expressed the 
CYP38 transcript at a significantly reduced level, while 
the chlm mutant with a T-DNA insertion in the promoter 
region down-regulated the CHLM mRNA level to 4–7% 
of the wild-type level (Fu et  al. 2007; Mochizuki et  al. 
2008). Moreover, in the fls2 mutant, a T-DNA insertion in 

the promoter prevented the expression of the FLS2 gene 
(Zipfel et al. 2004). In our study, a lncRNA insertion wide-
spread in B. napus was present in the T6 BnaA07.HO1 pro-
moter, reducing its expression (Fig.  7). It is worth noting 
that BnaA07.HO1 expression was higher than the BnaC07.
HO1 expression in seedling leaves of the lines without the 
lncRNA insertion, whereas the opposite trend was observed 
in the lines with the lncRNA insertion (Fig. 7). The genetic 
analysis of progeny from a cross of the mutant (with insert) 
and 4942  C-5 (without insert) provided evidence that the 
yellow-green phenotype was controlled by two independ-
ent recessive genes (Supplemental Table  S5). Altogether, 
these findings suggested that in B. napus lines without the 
insert, the loss of BnaC07.HO1 and the down-regulation of 
BnaA07.HO1 expression produced the ygl mutant chloro-
phyll defect.

BnaC07.HO1 regulated Chl biosynthesis by feedback 
inhibition

In A. thaliana, formation of ALA is limited by the activity 
of glutamyl tRNA reductase (GluTR) (Tanaka et al. 2011). 
Previous studies in barley have reported that heme directly 
binds to the N-terminal extension without the catalytic 
center of GluTR and inhibits its GluTR activity (Pontop-
pidan and Kannangara 1994; Vothknecht et  al. 1998). In 
the Arabidopsis mutant hy1, and tomato mutants au and 
yg-2, deficiencies in heme degradation caused excessive 
heme accumulation and suppressed GluTR activity (Gos-
lings et al. 2004; Parks and Quail 1991; Terry and Kend-
rick 1999). These studies showed that heme is a feedback 
inhibitor for ALA synthesis (Brzezowski et  al. 2015). In 
this study, our results showed that His-BnaC07.HO1 acted 
as a catalyst for the conversion of heme to BV IXα, dem-
onstrating that BnaC07.HO1 is involved in heme break-
down for the biosynthesis of phytochromobilin. Based 
on the RNA-seq analysis of the ygl mutant and the posi-
tive transgenic TP10 line, expression levels of four genes 
related to HEMA1 and HEMC (Arabidopsis proteins 
involved in common steps of tetrapyrrole metabolism) were 
up-regulated in the ygl mutant (Figs. 5, 8 and Supplemen-
tal Table S2). Additionally, in the Chl biosynthesis branch, 
eight genes related to CHLI1, CHLI2, CHLM, and PCB2 
were also up-regulated in the ygl mutant (Figs.  5, 8 and 
Supplemental Table  S2). Therefore, the loss of BnaC07.
HO1 in ygl presumably blocked the heme degradation, 
resulting in excessive heme accumulation, which repressed 
GluTR activity. The feedback inhibition of ALA formation 
reduced the tetrapyrrole intermediates in the Chl synthesis 
branch (Figs.  6, 8, 9). The reduction of Chl a and Chl b 
levels in the mutant also provided additional support for the 
hypothesis (Fig. 1). Expression levels of the genes encod-
ing the catalytic enzymes of Chl biosynthesis would be 
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up-regulated to compensate for deficiencies in the interme-
diates (Fig. 8, 9). These results indicated that BnaC07.HO1 
played a role not only in phytochromobilin biosynthesis but 
also in Chl biosynthesis in B.napus.
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