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was increased by cold exposure. However, different pheno-
types were observed in response to cold treatment between an 
atbi-1 mutant and a sld1sld2 double mutant. To elucidate the 
reasons behind the difference, we analyzed sphingolipids and 
found that unsaturated LCBs in atbi-1 were not altered com-
pared to wild type, whereas almost all LCBs in sld1sld2 were 
saturated, suggesting that AtBI-1 may not be necessary for 
the desaturation of LCBs. On the other hand, the sphingolipid 
content in wild type increased in response to low temperature, 
whereas total sphingolipid levels in atbi-1 were unaltered. In 
addition, the ceramide-modifying enzymes AtFAH1, sphin-
golipid base hydroxylase 2 (AtSBH2), acyl lipid desaturase 
2 (AtADS2) and AtSLD1 were highly expressed under cold 
stress, and all are likely to be related to AtBI-1 function. 
These findings suggest that AtBI-1 contributes to synthesis of 
sphingolipids during cold stress by interacting with AtSLD1, 
AtFAH1, AtSBH2 and AtADS2.

Keywords  Arabidopsis · BI-1 · Cold stress ·  
Cytochrome b5 · SLD · Sphingolipid

Abbreviations
ADS	�A cyl lipid desaturase
BI-1	� Bax inhibitor-1
BiFC	� Bimolecular fluorescence complementation
BLAST	� Basic local alignment search tool
CaMV	�C auliflower mosaic virus
Cb5	�C ytochrome b5

Cb5LD	�C ytochrome b5-like domain
Cer	�C eramide containing non-hydroxy fatty acid
COR	�C old-responsive
CYP83A1	�C ytochrome P450 83A1
ER	�E ndoplasmic reticulum
FAD	� Flavin adenine dinucleotide
FAH	� Fatty acid 2-hydroxylase

Abstract  Bax inhibitor-1 (BI-1) is a widely conserved 
cell death suppressor localized in the endoplasmic reticu-
lum membrane. Our previous results revealed that Arabi-
dopsis BI-1 (AtBI-1) interacts with not only Arabidopsis 
cytochrome b5 (Cb5), an electron transfer protein, but also a 
Cb5-like domain (Cb5LD)-containing protein, Saccharomy-
ces cerevisiae fatty acid 2-hydroxylase 1, which 2-hydroxy-
lates sphingolipid fatty acids. We have now found that AtBI-1 
binds Arabidopsis sphingolipid Δ8 long-chain base (LCB) 
desaturases AtSLD1 and AtSLD2, which are Cb5LD-con-
taining proteins. The expression of both AtBI-1 and AtSLD1 
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Introduction

Bax inhibitor-1 (BI-1) was first identified as a suppressor 
of cell death induced by Bax, a proapoptotic member of 
the Bcl-2 family in mammals, by screening a human cDNA 
library in yeast cells (Xu and Reed 1998). Although no 
orthologs of Bax have been found in plants, BI-1 is widely 
conserved in plants such as Arabidopsis, rice, tobacco and 
barely (Ishikawa et al. 2011). Plant BI-1 is an endoplasmic 
reticulum (ER) protein with approximately seven trans-
membrane domains; the coiled-coil domain at its C-termi-
nus is essential for its function (Kawai et al. 1999; Kawai-
Yamada et al. 2001, 2004). Overexpression of Arabidopsis 
BI-1 (AtBI-1) in tobacco BY-2 cells or rice confers resist-
ance to oxidative stresses such as hydrogen peroxide 
(H2O2) or menadione (Kawai-Yamada et  al. 2004; Ishi-
kawa et al. 2010, 2013). In addition, expression of AtBI-1 is 
increased by pathogen infection, and AtBI-1 participates in 
decreased susceptibility to Magnaporthe grisea elicitor, the 
fungal toxin fumonisin B1 and infection by Pseudomonas 
syringae possessing AvrRpt2 (Sanchez et  al. 2000; Mat-
sumura et al. 2003; Watanabe and Lam 2006; Kawai-Yam-
ada et  al. 2009). In barley, BI-1 is related to infection by 
pathogens such as Blumeria graminis f. sp. tritici, Botrytis 
cinerea, and powdery mildew (Eichmann et al. 2004, 2010 
; Imari et al. 2006). Furthermore, BI-1 controls responses to 
carbon starvation, freezing stress, heat shock, ER stress and 
methyl jasmonate-induced senescence (Bolduc and Brisson 
2002; Chae et  al. 2003, 2004 ; Watanabe and Lam 2006, 
2008; Yue et al. 2012). Therefore, BI-1 plays an important 
role in regulation of various abiotic and biotic responses in 

plants. However, studies explaining the molecular mecha-
nism of BI-1-mediated resistance are limited in plants.

To understand this machinery, we explored factors inter-
acting with AtBI-1. We first identified calmodulin as an 
interactor with AtBI-1, and found that AtBI-1 is involved 
in ion homeostasis (Ihara-Ohori et  al. 2007). Moreover, 
we revealed that AtBI-1 directly interacts with Arabidop-
sis cytochrome b5 (AtCb5) in the ER membrane (Nagano 
et  al. 2009). Cb5 is an electron transfer protein that pos-
sesses a heme-binding domain in its N-terminal cytosolic 
region and a single transmembrane domain at its C-termi-
nus (Zhao et al. 2003). In Arabidopsis, there are four Cb5s 
(AtCb5-B, -C, -D and -E) in the ER membrane and all of 
them bind to AtBI-1 (Maggio et  al. 2007; Nagano et  al. 
2009). Furthermore, we demonstrated that AtBI-1 inter-
acts with sphingolipid fatty acid 2-hydroxylases AtFAH1 
and AtFAH2 via AtCb5 (Nagano et  al. 2009, 2012). This 
ternary complex increases the synthesis of sphingolipids 
containing 2-hydroxy fatty acids, leading to the suppres-
sion of oxidative stress-induced cell death. On the other 
hand, a yeast counterpart of AtFAHs, Saccharomyces cer-
evisiae FAH1 (ScFAH1), possesses a Cb5-like domain 
(Cb5LD) at its N-terminus, and direct binding to AtBI-1 
has been confirmed using a split-ubiquitin yeast two-hybrid 
(suY2H) system (Nagano et  al. 2009). These results sug-
gest that AtBI-1 regulates the resistance to various stresses 
by interaction with not only Cb5-interacting proteins but 
also Cb5LD-containing proteins. In Arabidopsis, there are 
five Cb5LD-containing proteins, and we expect that AtBI-1 
also interacts with and regulates these proteins. Here we 
describe novel interactors, the sphingolipid Δ8 desaturases 
AtSLD1 and AtSLD2, and provide evidence for their par-
ticipation in sphingolipid synthesis during cold treatment 
through regulation of ceramide-modifying enzymes.

Materials and methods

Plant materials and cold treatment

The Columbia (Col-0) ecotype of Arabidopsis thali-
ana (L.) Heynh was used in this study. T-DNA insertion 
mutants were obtained from the Salk Institute (atsld1, 
SALK_010384) and the GABI-Kat collection (atsld2, line 
080E07; atbi1-1, line 117B05). Plants were cultivated in 
soil at 23  °C under continuous light (60 μmol/m2/s). For 
cold treatment, 3-week-old plants were transferred to 4 °C 
under continuous light and no decrease in fresh weight 
by water loss was detected in any lines 3  days after cold 
exposure. Rosette leaves were harvested, frozen in liquid 
nitrogen and stored at −80 °C until use. For measurement 
of root elongation, plants were cultured on half-strength 
Murashige and Skoog (MS) medium containing 1  % 
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sucrose. Plants were placed vertically at 23 °C under con-
tinuous light and transferred to 4 °C 7 days after germina-
tion. Root length was measured before and 10  days after 
cold treatment to evaluate relative root elongation.

suY2H system

Plasmid vectors and yeast cells were kindly provided by Dr. 
Ralph Panstruga and Dr. I. E. Somssich. The method using 
a suY2H system in this study was described in Nagano 
et  al. (2009). pMet-AtBI-1, used as bait vector, was con-
structed previously (Ihara-Ohori et  al. 2007). The coding 
regions of AtNIA1, AtNIA2, AtSLD1, AtSLD2 and RLF were 
cloned into vector pCup-NuI-myc to construct the prey vec-
tors. Wild-type yeast cells (W303 strain) were transformed 
with different combinations of bait and prey constructs, 
and His+Trp+ transformants were streaked on a minimal 
medium containing 0.1  % 5-fluoroorotic acid and were 
incubated at 30  °C for 4  days. The low Cub-affinity NuA 
prey variant served as a negative control (Kim et al. 2002).

BiFC analysis

Plasmids for BiFC analysis were kindly provided by Dr. 
Nakagawa (Shimane University). AtSLD1 and AtSLD2 open 
reading frames without their stop codons were combined 
with the BiFC destination vector cYFP-pUGW2 (Naka-
gawa et  al. 2007) by the Gateway system to generate the 
respective cYFP (amino acids 175–239) C-terminal fusion 
constructs, AtSLD1-cYFP and AtSLD2-cYFP. Similarly, 
an AtBI-1-nYFP fusion protein with nYFP (amino acids 
1–174) at its C-terminus was generated using the destina-
tion vector nYFP-pUGW2 (Nakagawa et  al. 2007). The 
plasmid DNA was introduced into onion epidermal cells by 
particle bombardment with a helium-driven particle accel-
erator (GIE-3 IDERA; Tanaka). The BiFC signal was ana-
lyzed using a confocal laser microscope (TCS-SP5; Leica). 
In this system, a 514-nm Ar laser was used for the excitation 
of YFP. A 543-nm He/Ne laser was also used for DsRed. 
Emission signals were detected using a 515/30-nm filter for 
YFP, and a 590/70 or 570-nm long-pass filter for DsRed.

FRET‑APB analysis

The coding regions of AtSLD1 and AtSLD2 were, respec-
tively, cloned into the pEarleyGate101 vector to construct 
AtSLD1-YFP and AtSLD2-YFP (Earley et al. 2006). AtBI-
1-CFP was constructed previously (Nagano et  al. 2009). 
CFP excitation is at 442 nm. Plasmid DNA was introduced 
into onion epidermal cells by particle bombardment with a 
helium-driven particle accelerator (GIE-3 IDERA; Tanaka).

Confocal microscopy was carried out with a Leica TCS-
SP5 microscope. FRET acceptor photobleaching was used 

for FRET measurements according to the instructions pro-
vided by the manufacturer. YFP was photobleached in a 
region 4–8 μm in diameter, by 2–5 scans with a 514  nm 
laser set at 100 % power. CFP fluorescence intensity was 
quantified before donor (d1) and after donor (d2) acceptor 
photobleaching along with the background fluorescence 
intensity (bk), and FRET efficiency was determined using 
the equation: [(d2 − bk) − (d1 − bk)]/(d2 − bk).

RT‑PCR analysis

Total RNA was extracted from Arabidopsis rosette leaves 
using an RNeasy Plant Mini Kit (Qiagen) and cDNA 
was synthesized using a High-Capacity cDNA Reverse 
Transcription Kit (Applied Biosystems) according to 
the instructions provided by the manufacturers. Primer 
sequences used for RT-PCR analyses are listed in Suppl. 
Table S1.

Lipid preparation

For LC–MS/MS analysis, sphingolipids were extracted 
from homogenized rosette leaves (300  mg fresh weight) 
and treated with methylamine to remove glycerolipids as 
described by Markham et al. (2006). During extraction, an 
internal standard mixture consisting of d18:1-c12:0 cera-
mide (0.1 nmol for Cer), d18:1-h12:0 ceramide (0.1 nmol 
for hCer), d18:1-c12:0 GlcCer (1  nmol for GlcCer) and 
d17:1-c12:0 sphingosyl phosphatidylethanolamine (2 nmol 
for GIPC) was added. All standard lipids were purchased 
form Avanti Polar Lipids. The dried extract was resus-
pended in 1  mL THF/methanol/water (2:1:2, by vol.) 
containing 0.1 % formic acid and 10 μL was analyzed by 
LC–MS/MS.

LC–MS/MS analysis of sphingolipids

Sphingolipids were quantified using an LCMS-8030 system 
(Shimadzu). Analytical conditions described by Markham 
and Jaworski (2007) were used with several modifications 
to fit our system. Chromatographic separation was car-
ried out using an XR-ODSII column (Shimadzu, 2.2 μm, 
2.0 mm ID, 75 mm) held at 40 °C with binary elution gra-
dients consisting of THF/methanol/10 mM ammonium for-
mate (3:2:5, by vol.) containing 0.1 % (v/v) formic acid as 
solvent A and THF/methanol/10  mM ammonium formate 
(7:2:1) containing 0.1 % (v/v) formic acid as solvent B at 
a flow rate of 200 μL/min. Each sphingolipid class (Cer, 
hCer, GlcCer and GIPC) was separately analyzed using 
solvent concentration gradients as follows: 40–100  % B 
for Cer and hCer; 30–90 % B for GlcCer; 20–65 % B for 
GIPC. The starting solvents were changed to the final one 
for 15  min in a linear fashion, which eluted all analytes. 
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After elution, the column was washed with 100  % B for 
1 min and reequilibrated with the appropriate starting sol-
vent for 3 min before the next run.

For quantification of sphingolipid species, transitions 
of precursor ions [M + H]+ into main product ions were 
used as precursor/product ion pairs in positive ionization 
multiple-reaction monitoring mode. For compensation of 
different MS responses of endogenous sphingolipid species 
and the internal standards added, sphingolipid classes were 
fractionated from Arabidopsis leaves and MS response 
factors of each internal standard to endogenous species 
were determined based on their LCB contents according 
to Markham and Jaworski (2007). The following condi-
tions were used: capillary voltage, 4.5 kV; desolvation gas 
flow, 10 L/min; nebulizer gas flow, 0.2 L/min; conversion 
diode voltage, 6 kV; source temperature, 300 °C; and colli-
sion gas flow, 230 kPa. m/z of precursor/product ions, colli-
sion energy and Q1/Q3 pre-bias voltage were optimized for 
each compound.

Accession numbers

Sequence data from this article can be found in the Arabi-
dopsis Genome Initiative or GeneBank/EMBL data-
bases under Suppl. Table S1 and the following accession 

numbers: AtNIA1, At1g77760; AtNIA2, At1g37130; RLF, 
At5g09680; AtCb5-B, At2g32720; AtBI-1, At5g47120.

Results

AtBI‑1 interacts with two Δ8‑sphingolipid desaturases

BLAST searches based on the amino acid sequence of 
AtCb5-B revealed that there are five proteins in Arabi-
dopsis possessing a heme-binding motif, HPGG, which 
is broadly conserved in the Cb5 family (Fig. 1a). The two 
nitrate reductases (AtNIA1 and AtNIA2) are key enzymes 
in nitrate assimilation, in which they catalyze the reduc-
tion of nitrate to nitrite in the cytosol. They contain several 
prosthetic group binding domains: a molybdenum-pterin 
cofactor (Moco)-binding domain, a heme-binding Cb5LD 
domain and a flavin adenine dinucleotide (FAD)-binding 
domain (Fig.  1b) (Mendel 2011). AtSLD1 and AtSLD2 
desaturate the Δ8 position of the long-chain bases (LCBs) 
of sphingolipids in the ER membrane, and include a 
Cb5LD at their N-terminus (Fig. 1b) (Sperling et al. 1995; 
Chen et al. 2012). In addition, one of the proteins, reduced 
lateral root formation (RLF), is a cytosolic Cb5LD-contain-
ing protein that is related to lateral root formation (Fig. 1b) 

Fig. 1   The features of Cb5-like 
domain-containing proteins in 
Arabidopsis. a Comparison of 
amino acid sequences of AtCb5-
B and the Cb5-like domain of 
AtNIA1, AtNIA2, AtSLD1, 
AtSLD2 and RLF. Asterisks 
indicate conserved amino acids 
of the Cb5 family. b Schematic 
structures of AtNIA1, AtNIA2, 
AtSLD1, AtSLD2 and RLF. 
Gray boxes indicate Cb5-like 
domains. MoCo molybdenum 
pterin cofactor, FAD flavin 
adenine dinucleotide, Des 
desaturase domain

a

b
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(Ikeyama et al. 2010). Next, we examined whether AtBI-1 
interacts with these Cb5LD-containing proteins using a 
suY2H system (Wittke et al. 1999). When AtBI-1 was used 
as bait or Cb5LD-containing proteins were used as prey 
in suY2H system, AtSLD1 and AtSLD2 interacted with 
AtBI-1 (Fig. 2a). In contrast, no interaction with AtNIA1, 
AtNIA2 or RLF was detected (Fig. 2a).

To confirm the interaction between AtBI-1 and AtSLDs 
in plant cells, a bimolecular fluorescence complementa-
tion (BiFC) assay was performed. AtBI-1 or AtSLD was 
fused with the N-terminal region of YFP (nYFP, amino 
acids 1-174) or with the C-terminal region (cYFP, amino 
acids 175–239) and driven by cauliflower mosaic virus 35S 
(CaMV35S) promoter. When AtBI-1-cYFP and AtSLD1-
nYFP were co-expressed in onion epidermal cells using 
particle bombardment, a strong BiFC signal was observed 
in the cell periphery and perinuclear regions (Fig. 2b, left). 
The same result was obtained for the combination of AtBI-
1-cYFP and AtSLD2-nYFP (Fig. 2b, middle). In contrast, 
no fluorescent signal was detected for the combination of 
nYFP and cYFP (Fig.  2b right). In these studies, DsRed 
driven by the CaMV35S promoter was used as an expres-
sion marker of particle bombardment. Taken together 

with previous studies demonstrating that both AtBI-1 and 
AtSLDs are localized in the ER membrane (Kawai-Yamada 
et  al. 2004; Chen et  al. 2012), these results indicate that 
AtBI-1 interacts with AtSLD1 and AtSLD2 in the ER.

To further verify these interactions in plant cells, we 
used a fluorescent resonance energy transfer (FRET)-
acceptor photobleaching (APB) analysis. When AtBI-1-
CFP was co-expressed with AtSLD1-YFP or AtSLD2-YFP 
in onion epidermal cells, the respective mean FRET effi-
ciency was 9.15 and 10.2 %, with negative controls (CFP 
and YFP) showing low FRET efficiency (0.45 %) (Fig. 2c). 
These data reinforce the results of BiFC assays and sug-
gest that the strength of interaction with AtBI-1 is almost 
the same for AtSLD1 and AtSLD2.

sld1sld2 double mutant is sensitive to cold stress, whereas 
atbi‑1 exhibits a different phenotype

Sphingolipids are a large family of lipids that are ubiqui-
tous in eukaryotes, and their diversity mainly arises from 
modifications such as desaturation and hydroxylation of 
the ceramide moiety, the backbone of sphingolipids con-
taining a LCB and a fatty acid (Markham et  al. 2013). 

Fig. 2   Interaction analyses 
between AtBI-1 and Cb5-like 
domain-containing proteins. 
a Interactions of AtBI-1 with 
Cb5-like domain-containing 
proteins in the suY2H system. 
Yeast cells containing bait and 
prey constructs were tested for 
binding on minimal medium 
containing 5-fluoroorotic acid 
(5-FOA). Shown are the growth 
of each line after 2 days of 
incubation without 5-FOA and 
3 days with 5-FOA at 30 °C. PC 
positive control (pMet-AtBI-
1/NuI-AtCb5-B), VC vec-
tor control (pMet/NuI), NC 
negative control (pMet-AtBI-
1/NuI). b BiFC visualization 
in onion epidermal cells with 
AtBI-1-nYFP/AtSLD1-cYFP, 
AtBI-1-nYFP/AtSLD2-cYFP 
and nYFP/cYFP. Images were 
examined by confocal laser 
microscopy. Scale bars 100 μm. 
c FRET-APB analysis in onion 
epidermal cells with CFP/YFP, 
AtBI-1-CFP/AtSLD1-YFP and 
AtBI-1-CFP/AtSLD2-YFP. 
Data are mean ± SD FRET 
efficiency of more than 30 
sample sites. Asterisks indicate 
significant differences compared 
to WT (**P < 0.01)

a

b

c
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Approximately, 90  % of Arabidopsis LCBs contain a cis 
or trans double bond at the Δ8 position, and their desat-
uration is catalyzed by AtSLD1 and AtSLD2 (Chen et  al. 
2012). Their amino acid sequences are approximately 79 % 
identical, and both proteins possess Δ8 desaturase activ-
ity toward sphingolipid LCBs in yeast cells (Sperling et al. 
1998; Chen et  al. 2012). In contrast, AtSLD1 is broadly 
expressed in all tissues, whereas the expression of AtSLD2 
is limited to flowers and siliques (Chen et  al. 2012). In 
addition, AtSLD1 contributes to Δ8 LCB desaturation in 
stems, flowers, leaves, siliques and roots, although AtSLD2 
has a small effect on desaturation in every tissue, even in 
flowers and siliques, where AtSLD2 is highly expressed. 
Thus, there are functional differences between AtSLD1 and 
AtSLD2, but they are considered the only enzymes related 
to Δ8 desaturation of sphingolipid LCBs in Arabidopsis.

Moreover, sld1 mutants and the sld1sld2 double 
mutant were hypersensitive to low temperature compared 
with wild-type (WT) plants (Chen et  al. 2012). Thus, we 
expected a functional relationship between AtSLDs and 
AtBI-1 in chilling tolerance. When we checked the expres-
sion of AtSLD1 and AtBI-1 at 4  °C, it was dramatically 
increased, whereas the expression of AtSLD2 gradually 
decreased (Fig. 3a). Next, we compared the effects of cold 
exposure on AtSLDs and AtBI-1 using knockout mutants. 
In the experiments described below, we used crosses of the 
sld1sld2 double mutants to sld1 (SALK_010384) and sld2 

(GABI-KAT 080E07), and a lack of expression of both was 
confirmed (Fig.  5). In addition, an atbi-1 mutant (GABI-
KAT 117B05) was reported in Watanabe and Lam (2006). 
Neither the atbi-1 nor the sld1sld2 mutant exhibited any 
obvious growth defects under normal conditions (data not 
shown), but when plants were treated at 4 °C for 4 weeks, 
sld1sld2 showed severe chlorosis and low accumula-
tion of anthocyanins, similarly to the result in Chen et al. 
(2012) (Fig. 3b, middle). However, no such phenotype was 
observed in the atbi-1 mutant (Fig. 3b, right). In addition, 
the growth of sld1sld2 roots was inhibited at 4 °C, whereas 
growth of the roots of atbi-1 was not inhibited or was even 
slightly stimulated compared with WT (Fig.  3c). These 
results suggest that although the expression of both AtSLD1 
and AtBI-1 responds to cold treatment and their effects on 
cold tolerance differ.

The amount of sphingolipids increases under low 
temperature, although the ratio of LCB desaturation is 
unaltered

To uncover the relationship between AtSLDs and AtBI-1 in 
sphingolipid synthesis and the difference in cold responses 
between sld1sld2 and atbi-1 mutants, we analyzed the 
sphingolipid content under low temperature. After WT, sld-
1sld2 and atbi-1 were treated at 4 °C for 0, 24 or 72 h, total 
sphingolipids were extracted from shoots of each according 

Fig. 3   Responses to cold treat-
ment in Arabidopsis sld1sld2 
and atbi-1 mutants. a Levels of 
expression of AtSLD1, AtSLD2 
and AtBI-1 during cold treat-
ment at 4 °C were analyzed by 
RT-PCR. Actin2 (ACT2) was 
used as an internal control. b 
Representative phenotype of 
rosette leaves of WT, sld1sld2 
and atbi-1 after cold treatment 
for 4 weeks at 4 °C. c Relative 
root elongation under low tem-
perature. Seven-day-old plants 
were treated for 10 days at 4 °C 
and root length was measured 
before and after treatment. Data 
are means ± SD (n = 9–11). 
Asterisks indicate significant 
differences between WT and 
each mutant line (*P < 0.05, 
**P < 0.01)

a c

b
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to Markham and Jaworski (2007). We analyzed four 
major classes of sphingolipids: ceramides containing non-
hydroxy fatty acids (Cers), ceramides containing 2-hydroxy 
fatty acids (hCers), glucosylceramides (GlcCers) and gly-
cosylinositolphosphoceramides (GIPCs) by liquid chroma-
tography–tandem mass spectrometry (LC–MS/MS) (see 
Suppl. Fig. S1; Summary in Fig. 4). In agreement with the 
sphingolipidome analysis under normal condition in Chen 
et al. (2012), a large portion of the LCBs were unsaturated 
in WT before cold exposure, whereas almost all LCBs 
were saturated in the sld1sld2 mutant (Table 1). The small 
amount of unsaturated LCBs detected in sld1sld2 was con-
firmed as d18:1Δ4 by analysis of liberated LCBs, since 
LC–MS/MS-based methods cannot distinguish between the 

double bond positions of d18:1Δ8 and d18:1Δ4. Unexpect-
edly, the ratio of unsaturated LCBs in WT was unchanged 
by low temperature, although the expression of AtSLD1 
was markedly increased (Table  1; Fig.  3a). Therefore, 
unsaturated LCBs may be necessary for basic resistance to 
cold rather than for induced tolerance after cold exposure. 
In contrast, the LCBs of each sphingolipid species in the 
atbi-1 mutant were largely unsaturated at a level similar to 
that of WT before and after cold treatment (Table 1). This 
result implies that AtBI-1 is not indispensable for the desat-
uration of sphingolipid LCBs. In addition, the large differ-
ence in extent of LCB desaturation between sld1sld2 and 
atbi-1 is likely responsible for their different phenotypes 
under cold stress.

Fig. 4   Sphingolipid content in 
sld1sld2 and atbi-1 during cold 
treatment. Sphingolipid content 
in cold-treated Arabidopsis 
shoots was determined by 
LC–MS/MS and is shown as 
total amount of each class (a 
ceramide, b hydroxyceramide, 
c GlcCer, d GIPC, e total 
sphingolipid). Asterisks indicate 
significant differences com-
pared to WT at each time point 
(Student’s t test; *P < 0.05, 
**P < 0.01, ***P < 0.001). 
See Figure S2 for amounts of 
individual lipid species

a b

c d

e
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On the other hand, the total amount of sphingolipids 
increased in WT with increasing GIPC level 24  h after 
cold treatment and the amount was maintained until 72 h, 
whereas GlcCer decreased at 72 h after a slight increase at 
24 h (Fig. 4). In sld1sld2, the GIPC level increased simi-
larly to WT at low temperature, although GlcCer remained 
at approximately one-third of the amount of WT (Fig. 4). 
This lower GlcCer level in sld1sld2 shows the importance 
of the desaturation of LCBs in the synthesis of GlcCers, as 
described in Chen et al. (2012). Interestingly, the amount of 
Cer with C16:0 fatty acid and saturated LCBs was dramati-
cally elevated in response to cold treatment in sld1sld2, 
although hCer also increased to some extent (Suppl. Fig. 
S1a; Fig. 4a, b). Cer induces programmed cell death (PCD) 
in plants as well as animals (Berkey et al. 2012), suggest-
ing that abnormal accumulation of Cer by cold treatment 
in sld1sld2 results in related phenotypes such as chlorosis 
(Fig.  3b). By contrast, the level of Cer, hCer and GlcCer 
in atbi-1 gradually decreased with cold treatment, and the 
increase in GIPC level was remarkably slow compared 
to WT (Fig.  4a–d). Therefore, the amount of each sphin-
golipid species in atbi-1 was significantly lower than that 
in WT after cold exposure (Fig. 4e), suggesting that AtBI-1 
contributes to the increase in total content of sphingolipids 
during cold stress.

AtFAH1, AtSBH2 and, AtADS2 as well as AtSLD1 were 
markedly expressed in response to cold treatment

To ascertain whether the changes in sphingolipid content 
in each line during cold treatment are caused by differ-
ent expression patterns of sphingolipid-related genes, we 

examined their levels of transcription at 4  °C. When we 
first checked the AtBI-1 interactors, AtSLDs and AtFAHs, 
by semi-quantitative RT-PCR, we observed that expres-
sion of AtSLD1 and AtFAH1 increased in response to cold 
treatment in WT, whereas AtSLD2 and AtFAH2 decreased 
(Fig.  5). In atbi-1 and sld1sld2, AtFAH1 was similarly 
expressed under low temperature, and AtSLD1 transcripts 
also increased in atbi-1 (Fig.  5). Because AtSLD1 and 
AtFAH1 are enzymes modifying a ceramide moiety, we 
also investigated the expression of the sphingolipid base 
hydroxylase (SBH) and acyl lipid desaturase (ADS) genes 
(Chen et al. 2008; Smith et al. 2013). As shown in Fig. 5, 
transcript levels of AtSBH2 and AtADS2 increased follow-
ing cold treatment in WT, sld1sld2 and atbi-1, whereas 
AtSBH1 and AtADS1 decreased. In contrast, almost no 
other genes encoding sphingolipid-related enzymes were 
upregulated in response to cold treatment in any of the lines 
(Suppl. Fig. S2). These results suggest that some ceramide-
modifying enzymes respond to low temperature and that 
neither AtSLDs nor AtBI-1 affects their levels of transcrip-
tion under cold treatment.

Our previous studies revealed that AtBI-1 interacts with 
AtFAH1 through its interaction with AtCb5 (Nagano et al. 
2009, 2012). In addition, AtBI-1 interacts with AtSLD1, 
which possesses a Cb5LD as shown in Fig.  2. Generally, 
Cb5 supplies electrons to hydroxylases and desaturases 
(Schenkman and Jansson 2003), so we hypothesized that 
AtBI-1 also interacts with AtSBH2 and AtADS2 through 
AtCb5. When we tested whether AtSBH2 and AtADS2 
interact with AtCb5 using our suY2H system, their inter-
action was confirmed (Fig.  6), leading to the possibility 
that AtBI-1 interacts with them through an interaction with 

Table 1   Desaturation of LCB 
moieties of sphingolipid classes 
during cold treatment

Values are mean ± SD (n = 4). 
Asterisks indicate significant 
differences (Student’s t test;  
* P < 0.05, *** P < 0.001). See 
Suppl. Fig. S2 for whole dataset 
of sphingolipid measurement

Class Plant Desaturation of LCB moiety (mol %)

0 h 24 h 72 h

Ceramide WT 71.3 ± 0.6 74.0 ± 0.9 70.0 ± 4.8

sld1sld2 1.0 ± 0.3*** 0.9 ± 0.1*** 0.9 ± 0.3***

bi-1 72.4 ± 0.9 75.3 ± 1.0 75.4 ± 0.9

Hydroxyceramide Col-0 88.6 ± 2.6 92.3 ± 1.3 92.2 ± 1.6

sld1sld2 0.6 ± 0.1*** 1.1 ± 0.2*** 1.1 ± 0.3***

bi-1 91.5 ± 0.7 94.4 ± 0.6* 95.1 ± 0.7*

GlcCer Col-0 98.1 ± 0.1 98.3 ± 0.1 98.3 ± 0.1

sld1sld2 0.6 ± 0.2*** 0.8 ± 0.1*** 0.8 ± 0.2***

bi-1 98.2 ± 0.2 98.3 ± 0.1 98.4 ± 0.1

GIPC Col-0 85.6 ± 0.2 85.1 ± 0.2 85.2 ± 0.6

sld1sld2 0.3 ± 0.1*** 0.5 ± 0.3*** 0.5 ± 0.3***

bi-1 86.1 ± 0.2* 84.3 ± 0.4* 85.3 ± 0.4

Total Col-0 89.0 ± 0.2 88.2 ± 0.2 87.6 ± 0.8

sld1sld2 0.4 ± 0.1*** 0.6 ± 0.2*** 0.6 ± 0.3***

bi-1 89.3 ± 0.2 88.0 ± 0.4 88.2 ± 0.4
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AtCb5 like AtFAH1. Taken together with the observed 
sphingolipids of atbi-1, it seems that AtBI-1 may contribute 
to the increase in sphingolipid content under cold stress by 
interacting with AtSLD1, AtFAH1, AtSBH2 and AtADS2.

Discussion

We previously demonstrated that AtBI-1 interacts with 
not only AtCb5s, but also a yeast Cb5LD-containing pro-
tein, ScFAH1 (Nagano et  al. 2009). We have now identi-
fied AtSLD1 and AtSLD2, which also possess Cb5LDs, 
as novel interactors with AtBI-1. Interestingly, Arabidop-
sis has three other Cb5LD-containing proteins, AtNIA1, 
AtNIA2 and RLF. These Cb5LDs of these proteins, which 
are cytosolic, had comparable sequence identity with 
AtCb5-B, almost the same as that of the AtSLDs, suggest-
ing that they also interact with AtBI-1. However, none of 
them interacted with AtBI-1 in the suY2H system. This 
may be due to their distinct functions. As described above, 
AtSLD1 and AtSLD2 are sphingolipid Δ8 LCB desatu-
rases. In addition, ScFAH1 is a fatty acid hydroxylase of 
sphingolipids, and its Arabidopsis counterparts lacking a 
Cb5-like domain, the AtFAHs, interact with AtBI-1 through 
AtCb5s (Nagano et  al. 2009, 2012). In contrast, AtNIA1 
and AtNIA2 are nitrate reductases, and RLF is a protein 
related to lateral root formation, not sphingolipid metabo-
lism. Therefore, AtBI-1 may predominantly interact with 
sphingolipid-modifying proteins that need to accept elec-
trons from a Cb5 or Cb5-like domain. On the other hand, 
a recent study has demonstrated from co-immunoprecipi-
tation-based mass spectrometry and FRET analyses that 
AtBI-1 interacts with cytochrome P450 83A1 (CYP83A1) 
in the ER membrane (Weis et  al. 2013). The CYP family 
is made up of a wide variety of monooxygenases contain-
ing a prosthetic heme group, and CYP83A1 is required for 
aliphatic glucosinolate biosynthesis (Bak and Feyereisen 
2001; Mizutani 2012). Therefore, AtBI-1 could be related 
to the synthesis of not only sphingolipids but also various 
metabolites. It will be interesting to determine in which 
metabolic pathways AtBI-1 is involved.

Chen et  al. (2012) reported that the sld1sld2 mutant 
exhibits leaf chlorosis, and we have now found that AtSLD1 
is highly expressed in response to low temperature and 
that root elongation of sld1sld2 is also affected by cold 

Fig. 5   Transcription of genes encoding sphingolipid LCB- or fatty 
acid-modifying enzymes during cold treatment. Levels of expression 
of AtSLD1, AtSLD2, AtSBH1, AtSBH2, AtFAH1, AtFAH2, AtADS1 
and AtADS2 in WT, sld1sld2 and atbi-1 at 4 °C were analyzed. ACT2 
was used as an internal control

Fig. 6   Interaction analysis of 
AtSBH2 and AtADS2 with 
AtCb5. Interactions of AtSBH2 
and AtADS2 with AtCb5 in the 
suY2H system. Yeast cells con-
taining bait and prey constructs 
were tested for binding on the 
minimal medium containing 
5-fluoroorotic acid (5-FOA). 
Shown are the growth of each 
line after 2 days of incubation 
without 5-FOA and 3 days with 
5-FOA at 30 °C
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exposure. This phenotype suggests that desaturation of 
sphingolipid LCBs is crucial to the plant cold response. 
However, our sphingolipidome analyses demonstrated that 
the ratio of unsaturated LCBs is not increased by low tem-
perature in WT plants at all, whereas total sphingolipid 
content is elevated. These results suggest that sphingolipids 
with unsaturated LCBs, which reach >90 % of total sphin-
golipids during normal growth, are essential for natural 
tolerance to low temperature rather than for induced resist-
ance after cold acclimation.

Fatty acid desaturation plays an essential role in cold 
resistance (Nishida and Murata 1996; Upchurch 2008). 
Low temperature decreases the entropy of membranes, 
resulting in their hardening. Although this membrane 
rigidification is important for the induction of expression 
of cold-responsive (COR) genes, it can also cause collapse 
of cells and organelles in the subsequent freezing season 
(Miura and Furumoto 2013). To prevent this, plant cells 
increase the proportion of polyunsaturated fatty acids such 
as C18:2 or C18:3 in membrane glycerolipids to recover 
membrane fluidity. Since sphingolipids are also membrane 
lipids including unsaturated double bonds in their acyl moi-
eties, their desaturation might participate in cold tolerance 
determined by membrane properties. In fact, both sld1sld2 
and ads2 mutants exhibited hypersensitivity to cold stress, 
as observed in this study and previous reports (Fig. 3; Chen 
et al. 2012; Chen and Thelen 2013). It is possible that mem-
brane fluidity is decreased by the depletion of sphingolipids 
with unsaturated LCBs, leading to decreased cold tolerance 
in sld1sld2. In addition, sphingolipidome analysis showed 
that the amount of C16-Cer was dramatically increased 
by low temperature in sld1sld2 mutant. Chen et al. (2008) 
reported that in the sbh1sbh2 mutant, which accumulates a 
large amount of C16-Cer even under normal growth con-
ditions, a severe dwarf phenotype was observed and the 
expression of PCD-associated genes was greatly enhanced. 
Furthermore, there are a number of reports that the accumu-
lation of Cers induces cell death in plants (Spassieva et al. 
2002; Liang et al. 2003; Townley et al. 2005). Thus, high 
accumulation of C16-Cer under cold stress in the sld1sld2 
mutant may cause serious damage. In contrast, the accumu-
lation of GlcCers in the sld1sld2 mutant was very low even 
in the absence of cold stress. This is, however, unlikely to 
be related to a cold response, because a decrease in GlcCer 
due to a reduction in expression of GlcCer synthase (GCS) 
reportedly does not affect the cold response in Arabidopsis, 
as described in Chen et al. (2012).

By contrast, the chilling tolerance phenotype of atbi-1 
was different from that of sld1sld2, although AtBI-1 inter-
acted with AtSLDs, and both AtBI-1 and AtSLD1 were 
highly expressed during cold exposure. This discrepancy 
can be explained by their sphingolipid composition. In 
atbi-1, the ratio of unsaturated LCBs was similar to WT 

regardless of temperature, in contrast to drastic changes in 
sld1sld2 (Table  1). This result suggests that AtBI-1 does 
not affect the ratio of unsaturated LCBs. However, whereas 
the amounts of sphingolipid species in WT were increased 
24 h after cold treatment, the total amount of sphingolipid 
did not increase in atbi-1, suggesting that AtBI-1 contrib-
utes to the increase in the amounts of sphingolipids under 
low temperature. Transcriptional analyses of sphingolipid-
related genes showed that their expression was almost 
unaffected by the deletion of AtBI-1. Therefore, under cold 
stress, AtBI-1 may regulate the activity of sphingolipid-
related enzymes, rather than the level of transcription of 
the corresponding genes. We also found that four genes 
encoding ceramide-modifying enzymes, AtFAH1, AtSBH2, 
AtADS2 and AtSLD1, were highly upregulated in response 
to low temperature (Figs.  3, 5). AtFAH1 2-hydroxylates 
sphingolipid fatty acids, especially very long chain fatty 
acids (VLCFAs), and is related to resistance to oxidative 
stress by its interaction with AtBI-1 via AtCb5. (Nagano 
et al. 2009, 2012). AtSBH2 is one of the enzymes that cata-
lyze the C4 hydroxylation of sphingolipid LCBs to synthe-
size trihydroxy LCBs such as t18:0 and t18:1 (Chen et al. 
2008). Although the level of expression of AtSBH2 is lower 
than AtSBH1, and the contribution of AtSBH2 to hydrox-
ylation is lower than that of AtSBH1, AtSBH2 also plays 
important roles in C4 hydroxylation and physiological 
functions because the sbh1sbh2 double mutant shows more 
a severe phenotype than the sbh1 single mutant (Chen et al. 
2008). AtADS2 is reported to function not only as a pre-
dominant desaturase of sphingolipid VLCFAs, especially 
for C24 and C26, but also as a palmitic acid desaturase of 
monogalactosyl diacylglycerol and phosphatidylglycerol 
(Smith et al. 2013; Chen and Thelen 2013). The elevation 
of AtADS2 expression during cold treatment was already 
described by Fukuchi-Mizutani et al. (1998), and Chen and 
Thelen (2013) recently demonstrated that an atads2 mutant 
showed growth defects under low temperature. Now, we 
have found that both AtSBH2 and AtADS2 interact with 
AtCb5-B similarly to AtFAH1. Taken together with ear-
lier reports that both AtSBH2 and AtADS2 are localized 
in the ER membrane (Chen et al. 2008; Smith et al. 2013; 
Chen and Thelen 2013), it is possible that both proteins 
also interact with AtBI-1 through AtCb5, like AtFAH1. The 
major sphingolipid species in Arabidopsis are composed of 
Δ8-unsaturated trihydroxy LCBs (t18:1) and 2-hydroxy-
lated VLCFAs that are often Δ9 unsaturated: these struc-
tures of the ceramide moiety are generated by collaboration 
of AtSLD, AtFAH, AtSBH and AtADS. Sphingolipidome 
analysis demonstrated that the amounts of most sphin-
golipid species containing this typical ceramide moiety 
were lower in cold-treated atbi-1 than WT, resulting in a 
significant decrease in total sphingolipid content (Fig.  4; 
Suppl. Fig. S1). These results suggest that AtBI-1 assists 
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in the synthesis of sphingolipids modified by AtSLD1, 
AtFAH1, AtSBH2 and AtADS2 under cold stress through 
the interaction with them.

However, the cold-induced increase of sphingolipids 
does not seem to directly contribute to cold tolerance, since 
the sphingolipid level of the atbi-1 mutant is not increased 
by low temperature, yet it was slightly more tolerant to 
cold stress than WT (Fig.  3). One speculation is that an 
increase in sphingolipid content causes a decrease in mem-
brane fluidity, because sphingolipids form a more rigid 
membrane than glycerolipids (Pata et  al. 2010), which is 
followed by a slight reduction in chilling tolerance in WT 
plants. Alternatively, the increase in sphingolipid content 
may affect the formation of membrane microdomains, so-
called membrane rafts, which are formed by sphingolipids 
and sterols mainly in the plasma membrane (Cacas et  al. 
2012). Because a lot of membrane and membrane-anchored 
proteins on rafts are considered important for cellular 
functions, it is possible that cold-responsive proteins are 
affected by the increase in sphingolipids. In addition, our 
sphingolipidome analysis showed that the amount of GIPC 
increased in WT during low temperature, whereas GlcCer 
had decreased in an opposite manner at 72 h. Although the 
decrease in GlcCer during cold treatment is consistent with 
previous studies (Uemura et al. 1995; Minami et al. 2010; 
Degenkolbe et  al. 2012), we have now found that GIPC 
synthesis is upregulated at an early stage of cold acclima-
tion in WT Arabidopsis plants, leading to an increase in 
total sphingolipid. This evidence indicates that the meta-
bolic flow of the ceramide modification pathway shifts to 
generate GIPC rather than GlcCer under cold stress, condi-
tions under which cold-induced upregulation of AtBI-1 and 
the Cb5-interacting enzymes would be involved. It will be 
interesting to understand why the predominant sphingolipid 
synthesized during low temperature is GIPC. Furthermore, 
AtBI-1 might also participate in regulating the sphingolipid 
level when plants are exposed to other stresses such as 
oxidative conditions, because AtBI-1 confers resistance 
to them (Kawai-Yamada et al. 2004; Ishikawa et al. 2010, 
2013). Thus, it will also be interesting to reveal the rela-
tionship between the regulation of sphingolipid metabolism 
by AtBI-1 and resistance to various stresses.
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