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Arabidopsis AtD27 catalyzes the reverse isomerization of all-trans-/9-cis-β-



EP

carotene and carotenes with unmodified -ionone ring.
Using pAtD27:NLS-GUS lines and qRT-PCR assays, we show that AtD27
expression is regulated by auxin, ABA and phosphate availability.
We provide evidence for the isomerization activity in planta and for a role of AtD27

CC



A

in determining shoots ABA content.

Abstract
Strigolactones (SLs) are carotenoid-derived plant hormones that influence various
aspects of plant growth and development in response to environmental conditions,
especially nutrients deficiency. SLs are synthesized via a strict stereo-specific core
pathway that leads to the intermediate carlactone, requiring the iron-containing

polypeptide DWARF27 (D27) and the carotenoid cleavage dioxygenases 7 (CCD7) and
8 (CCD8). It has been shown that the rice OsD27 is a -carotene isomerase catalyzing
the interconversion of all-trans- into 9-cis-β -carotene. However, data about the enzymatic
activity of D27 from other species are missing. Here, we investigated the activity and
substrate specificity of the Arabidopsis AtD27 by testing a broad range of carotenoid
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substrates. Both in vivo and in vitro assays show that AtD27 catalyzes the reverse
isomerization of all-trans-/9-cis-β-carotene. AtD27 did not isomerize 13-cis- or 15-cis-βcarotene, indicating high specificity for the C9-C10 double bond. The isomerization
reaction was inhibited in the presence of silver acetate, pointing to the involvement of an
iron-sulfur cluster. We further investigated the expression of AtD27, using Arabidopsis
transgenic lines expressing β-glucuronidase (GUS) under the control of AtD27 native

U

promoter. AtD27 is ubiquitously expressed throughout the plant with the highest

N

expression in immature flowers. In lateral roots, AtD27 expression was induced by

A

treatment with auxin and ABA, while the application of SL analogs did not show an effect.
Lower ABA levels in atd27 mutant indicated an interference with the ABA pathway.

M

Quantitative real-time RT-PCR showed that transcript levels of AtD27 and other SL
biosynthetic genes in roots are induced upon phosphate starvation. Taken together, our

D

study on AtD27 confirms the postulated enzymatic function of this enzyme, shows its strict

TE

substrate- and regio-specificity and indicates an important role in response to multiple
plant hormones and phosphate deficiency.

EP
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strigolactones

1.

Introduction

A

Carotenoids are ubiquitous, lipophilic, isoprenoid pigments synthesized by all
photosynthetic organisms and many fungi and non-photosynthetic bacteria [1-3]. In
plants, carotenoids play vital roles in protecting cells from photo-oxidative damage, as
light-harvesting pigments, and in stabilizing membranes [4, 5]. Carotenoids also occur in
non-green tissues, such as flowers and fruits, where they serve as visual cues in plantanimal communication [6]. In addition, carotenoids are precursors of biologically important

compounds, such as retinal [7, 8], many volatiles [9], pigments [10, 11], and hormones
and signaling molecules (for review, see, [12-14]. The vertebrate growth-regulator retinoic
acid [15], the fungal pheromone trisporic acid [16], and the plant hormones abscisic acid
(ABA) [17] and strigolactones (SLs) [18] are prominent examples for carotenoidderivatives.
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Carotenoids owe their color to an extended, conjugated double bond system that varies
in the number and stereo-chemistry (cis/trans configuration) of the double bonds [2, 14].
Moreover, carotenoids are divided based on the presence of oxygen into two different
groups; the oxygen-free carotenes, such as the best known carotenoid β-carotene, and
the oxygen-containing xanthophylls, such as lutein, zeaxanthin and neoxanthin [8, 14].
Plants carotenoid biosynthesis is located in plastids and starts with the condensation of

U

two geranyl-geranyl diphosphate (C20 chain length) molecules, catalyzed by phytoene

N

synthase that forms the colorless 15-cis-phytoene (C40 chain length) [19, 20]. The
conversion of 15-cis-phytoene into the red all-trans-lycopene occurs via a series of

A

dehydrogenation and isomerization reactions, which involves the enzymes phytoene

M

desaturase, ζ-carotene isomerase, ζ-carotene desaturase, and carotene isomerase [21,
22]. The red linear lycopene is converted into β and α branch carotenoids via cyclization

D

reactions. Lycopene-β-cyclase catalyzes the formation of β-carotene that parent

TE

carotenoid of the β-branch, which carries two β-ionone rings, while combined activity of
lycopene-β- and lycopene-ε-cyclase yields α-carotene that contains one β- and one εionone ring marking the α-branch [23, 24]. The hydroxylation of α-carotene and β-

EP

carotene leads to lutein and zeaxanthin, respectively, via mono-hydroxylated
intermediates, such as (β,β-cryptoxanthin) [25]. Zeaxanthin is further converted to

CC

violaxanthin by zeaxanthin epoxidase (ZEP) via antheraxanthin in a reversible
epoxidation reaction at the -ionone rings. Violaxanthin is the precursor of neoxanthin

A

which is the final product of the β-branch [26]. Violaxanthin and neoxanthin are isomerized
into 9-cis-violaxanthin and 9’-cis-neoxanthin, respectively, by yet unidentified cis/trans
isomerase(s). These cis-isomers of violaxanthin and neoxanthin are the precursors of the
plant hormone abscisic acid (ABA) [17, 27].
SLs are a group of plant hormones and signaling molecules [28-30] which are best known
for their role in determining shoot branching and are generally involved in shaping root

and shoot architecture in response to environmental conditions, especially phosphate
deficiency [18, 31]. In addition, SLs contribute to plant’s response to abiotic stress and
pathogen defense [32, 33]. SLs were initially isolated from root exudates as a seed
germination stimulant of root parasitic plants of the genera Striga and Orobanche [34,
35]. Later, it was shown that SLs stimulate the hyphal branching of arbuscular mycorrhizal
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fungi to mediate the establishment of mycorrhizal symbiosis that provides the host with
water and nutrients [36]. The around 25 natural SLs are characterized by the presence of
a butenolide ring (D ring) that is linked via an enol ether bridge to a structurally less
conserved second moiety [18, 31, 35]. The so-called canonical SLs, such as strigol and
orobanchol, contain a tricyclic lactone (ABC ring) as a second moiety that is replaced by
different structures in non-canonical ones, such as methyl carlactonoate and zealactone

U

[18, 31]. Based on the stereochemistry of the B/C ring junction, canonical SLs are divided

N

into strigol- and orobanchol-like SLs.

The identification of more branching/high-tillering mutants lacking SLs in different species

A

have enabled the elucidation of major steps of SL biosynthesis [18, 31]. The first

M

dedicated step in this metabolic process is mediated by an iron-binding enzyme
DWARF27 that was first identified in rice and later in Arabidopsis [37, 38]. In vitro studies

D

and expression in carotenoid accumulating E. coli strains suggested that the rice

TE

DWARF27 is an isomerase catalyzing the reverse interconversion of all-trans- into 9-cis-carotene [39, 40]. In the next step, the carotenoid cleavage dioxygenase 7 (CCD7) [41]
catalyzes the stereospecific cleavage of 9-cis--carotene at the C9’-C10’ double bond,

EP

leading to 9-cis--apo-10′-carotenal and -ionone [39, 42]. 9-cis--Apo-10′-carotenal is
the substrate of CCD8 that mediates a combination of reactions including isomerization,

CC

repeated deoxygenation and intramolecular rearrangement, which form carlactone (CL)
and ω-OH-(4-CH3)heptanal [39, 43]. However, CCD8 can also cleave all-trans--apo-10′-

A

carotenal, supposedly through classical dioxygenase cleavage reaction, into all-trans-apo-13-carotenone [44]. CL resembles SLs in the number of the C-atoms, the presence
of the D-ring and the enol ether bridge. This intermediate is considered as the precursor
of canonical and non-canonical SLs. In Arabidopsis, CL is converted by a cytochrome
P450 (CYP) enzyme of the 711 clade, which is encoded by More Axillary Growth 1
(MAX1) gene, into the non-canonical SL carlactonoic acid (CLA) that can, after

methylation to MeCLA, bind to the SL receptor D14 [45]. However, establishing of normal
branching in Arabidopsis also requires the enzyme Lateral Branching Oxidoreductase
(LBO) that introduces a hydroxyl-group into MeCLA [46]. In rice, the enzyme carlactone
oxidase (CO), a homolog of the Arabidopsis MAX1, introduces a B-C ring into CL, yielding
the canonical SL 4-deoxyorobanchol (4DO). 4DO is the direct precursor of orobanchol
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that is formed by the orobanchol synthase (OS), a further rice MAX1 homolog [18, 47,
48]. Recent studies indicate that the formation of carlactonoic acid is a common SL
metabolite in plants as communications in the rhizosphere [48, 49].

It has been shown that the rice OsD27 is a -carotene isomerase catalyzing reversible
isomerization of all-trans- into 9-cis-β-carotene. However, data about the enzymatic
activity of D27 from other species are still missing. In this study, we investigated the

U

activity and substrate specificity of Arabidopsis AtD27 by testing a range of possible

N

substrates. Further, we examined the expression pattern and regulation of AtD27 in

A

response to multiple plant hormones and phosphate deficiency.

Materials and Methods

2.1.

Plant material and growth conditions

M

2.

D

The wild-type Arabidopsis ecotype Columbia (Col-0) was used in this study. To quantify

TE

carotenoids in light, seedlings were grown on half-strength Murashige and Skoog basal
salt (MS) medium for 14 d at 22°C, 16-h-light/ 8-h-dark. To quantify carotenoids in dark,

EP

seedlings were first grown on half-strength MS medium for 21 d at 22°C, 16-h-light/8-hdark and then transferred into dark for another 2 d. To quantify ABA, seedlings were
grown on half-strength MS medium for two weeks at 22°C, 16-h-light/8-h-dark. Shoot and

CC

root tissues were separated and collected for ABA extraction.
For hormone treatments, Arabidopsis seedlings were grown on half-strength MS medium

A

for 14 d at 22°C, 16-h-light/8-h-dark and then transferred to half-strength Hoagland
nutrient solution for 6 h with treatments: mock (no additions), 1 μM synthetic auxin 1naphthaleneacetic acid (NAA), 50 μM ABA, 10 μM synthetic SL G24 and 10 μM synthetic
SL analog methyl phenlactonoate 3 (MP3) [50].
To evaluate transcript levels under phosphate deficient conditions, Arabidopsis wild-type
Col-0 seedlings were grown for four weeks in a box designed as described [51] with a

modified half-strength Hoagland nutrient solution. The nutrient solution consisted of
macronutrients in mM: 5.6 NH4NO3, 0.4 K2HPO4.2H2O, 0.8 MgSO4.7H2O, 0.18
FeSO4.7H2O, 0.18 Na2EDTA.2H2O, 1.6 CaCl2, 0.8 K2SO4; and micronutrients in µM: 23
H3BO3, 4.5 MnCl2.4H2O, 0.3 CuSO4.5H2O, 1.5 ZnCl2, and 0.1 Na2MoO4.2H2O with
adjusted pH value of 5.8. The nutrient solution replaced twice a week. After four weeks,
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the seedlings were transferred into 50 ml black tubes and grown further for another twoweeks. Then seedlings were subjected to phosphate deficiency for another week by
growing them in a phosphate (K2HPO4.2H2O)-free nutrient solution while control
seedlings were further grown in complete nutrient solution. Plants were grown in the
growth chamber (Percival) at 22°C, 10-h-light/14-h-dark, 55 % humidity and 100 µmol ms -1 light intensity.

Vector construction, plant transformation and GUS staining

N

2.2.

U

2

To generate pThio-Dan1-AtD27, the plasmid pUC57 which contains AtD27 cDNA (TIAR

A

accession: AT1G03055.1) without chloroplast Transit Peptide (-cTP) flanked by EcoRI

M

restriction enzyme, was synthesized (GenScript). The length of cTP was 47 amino acids
and AtD27 was 217 amino acids long starting from Alanine (48-264 amino acids). The

D

plasmid pThio-DanI-AtD27 was generated by excision of the coding region for AtD27 from

TE

AtD27-pUC57 with EcoRI and ligated into pThio-DanI vector [52]. The resulting plasmid
was used for expression in carotenoid accumulating E. coli cells, and for isolating of

EP

soluble protein fraction.

To generate AtD27 promoter:NLS-GUS lines, a 1.1 Kb DNA sequence upstream of the

CC

translation start site of AtD27 was amplified by PCR from Arabidopsis Col-0 genomic DNA
using primers AtD27-Pro-for/AtD27-Pro-rev (Supplementary Table S1). The obtained
fragment was digested with AscI and PacI (New England Biolabs), and ligated into

A

AscI/PacI digested pGII:NLS-GUS vector [53] to produce the pAtD27:NLS-GUS. The
resulting plasmid was transformed into wild-type Col-0 plants, mediated by
Agrobacterium strain GV3101 using the floral dip method [54]. More than three
independent T2 transformation lines were tested for GUS (β-glucuronidase) staining, and
a representative line was confirmed to be homozygous and used for subsequent analysis.
GUS staining was performed as described [55] and plant tissues were examined by a

microscope (Axioplan Observer.Z1, Carl Zeiss GmbH, Germany) with a digital camera
(Axio Cam MRC, Carl Zeiss Microimaging GmbH, Göttingen, Germany).

2.3.

Substrate preparation
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Synthetic all-trans, 9-cis, 13-cis, 15-cis-β-carotene, α-carotene, lutein, violaxanthin,
neoxanthin, 9-cis-β-apo-10’-carotenal, 9-cis-3-OH-β-apo-10’-carotenal, 9-cis-α-apo-10’carotenal and 9-cis-3-OH--apo-10’-carotenal were obtained from carotenature
(Lupsingen, Switzerland) or Buchem (The Netherlands). Zeaxanthin and lycopene were
isolated from engineered carotenoid accumulating E. coli strains [7]. Carotenoid
substrates were quantified with UV Spectrophotometer according to their molar extinction

In vivo assays

N

2.4.

U

coefficients deduced from [56].

A

Zeaxanthin, Lycopene and β-carotene accumulating E. coli strains were transformed

M

either with pThio-Dan1-AtD27 (-cTP) or with the void plasmid pBAD-THIO (Invitrogen).
Initially, positive clones were grown overnight at 37°C in 3 ml of Luria-Bertani (LB)
medium containing ampicillin. Then, 3 ml of overnight cultures were inoculated to 50 ml

D

of LB medium and incubated at 37°C till an OD600 of 0.5. Thioredoxin-AtD27 expression

TE

was induced by 0.2% of arabinose (w/v), and cultures were incubated further for 6 h at
28°C. During the whole growth duration, flasks of cultures were covered with aluminium

EP

foil to prevent isomerization that caused by light. Cultures were harvested by
centrifugation at 4000 rpm for 15 min, 5 ml of acetone were added to the harvested

CC

pellets, followed by sonication (3 times each 5 seconds). After centrifugation for 10 min
at 4000 rpm, the supernatants containing organic compounds were dried in a vacuum
centrifuge. Dried samples were dissolved in 1 ml chloroform (CHCl3), filtered through 0.2

A

μm filters and dried again using vacuum centrifuge. Dried samples were re-dissolved in
80 µl CHCl3 and subjected to HPLC analysis with system 1, system 2 and system 3.

2.5.

In vitro assays

The plasmid pThio-Dan1-AtD27(-cTP) was transformed into BL21 E.coli competent cells
containing the plasmid pGro7 (Takara Bio Inc.) that codes for chaperons. Positive clones

were grown overnight in 3 ml 2YT medium (containing 1.6 % (w/v) tryptone, 0.5 % (w/v)
NaCl, 0.2 % (w/v) glucose and 1 % (w/v) yeast extract), overnight cultures were inoculated
into 50 ml of 2YT medium and incubated at 37°C till an OD600 of 0.5. Cultures were
induced with 0.2% arabinose, then grown for 4 h at 28°C. Cells were harvested by
centrifugation for 15 min at 4000 rpm, and pellets were re-suspended with 1 ml of lysis
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buffer which contains 1mg/ml lysozyme, 0.1M PBS, 1mM DTT and 0.1% Triton X-100 and
incubated on ice for 30 min, then centrifuged for 10 min at 15000 rpm. The obtained
supernatant corresponds to the enzyme-containing soluble fraction (crude lysate). 50 µl
of the crude enzyme preparation was added to an in vitro assay incubation buffer.
Standard in vitro assay was performed in a total volume of 200 µl incubation buffer
containing 60 µM substrate, 0.4% (v/v) ethanolic Triton X-100, 0.22 mM FeSO4, 2 mM

U

TCEP, 200 mM HEPES pH 8, and 2 mg/ml catalase. Assays were incubated at 28°C for

N

30 min under shaking in dark. Two volumes of acetone were added to the assay for
extraction, followed by sonication (3 times each 5 seconds) and adding of two volumes

A

of petroleum/diethyl ether (4:1, v/v). After vortex and short centrifugation, the upper layer

M

corresponding to the organic phase was dried in a vacuum centrifuge. Dried samples
were dissolved in 1 ml CHCl3, filtered through 0.2 μm filters and dried again using vacuum

D

centrifuge. Dried samples were re-dissolved in 80 µl CHCl3 and subjected to HPLC

2.6.

TE

analysis with system 1, system 3 or system 4.

UHPLC analyses

EP

UHPLC analyses of carotenoids and apocarotenoids were carried out on UHPLC ultimate
3000 system equipped with UV detector and autosampler. The chromatographic

CC

separation of β-carotene and lycopene was performed on a reversed phase YMC C 30
column (150 × 3 mm, 5 μm, YMC Europa, Schermbeck, Deutschland) maintained at 30

A

°C with mobile phases consisting of MeOH/TBME (1:1, v/v, A) and MeOH/H2O/TBME
(5:1:1, v/v/v, B). The eluting gradient program for β-carotene was as follows: 0 - 20 min,
20% - 100% A, followed by washing with 100% A and the equilibration with 20% A
(separation system 1). The eluting gradient program for lycopene started from 70% A and
increased to 100% A within 20 min, followed by washing with 100% A and the equilibration
with 70% A (separation system 2). For the chromatographic separation of zeaxanthin, α-

carotene, lutein, violaxanthin, and neoxanthin; and apocarotenoids, a reversed phase
YMC C18 column (150 × 3 mm, 5 μm; YMC Europa, Schermbeck, Deutschland)
maintained at 30°C was used. Mobile phases were MeOH/TBME (1:1, v/v, A) and
MeOH/H2O/TBME (30:10:1, v/v/v, B). The column was used to separate zeaxanthin, αcarotene, lutein, violaxanthin, and neoxanthin with a gradient starting with 30% and
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increasing to 100% A within 24 min, washing of 1 min with 100% A, and equilibration with
30% A (separation system 3) for 8 min. Apocarotenoids were eluted from HPLC column
with a gradient from 0 % to 100 % A within 24 min, maintaining the final conditions for 1
min and equilibration of the column for 8 min (separation system 4). In separation system
5 (used for the total of carotenoids), separation was performed using a reversed phase
YMC C30 column (150 × 3 mm, 5 μm, YMC Europa, Schermbeck, Deutschland)

U

maintained at 30 °C with a gradient from 25 % to 100 % A (A, MeOH/TBME, 1:1, v/v; and

N

B, MeOH/H2O/TBME, 5:2:1, v/v/v) within 13 min, maintaining the final conditions for 1 min
and equilibration of column for 5 min. The flow rate was 0.6 ml/ min in all chromatographic

Chemical inhibition assay

M

2.7.

A

separation systems.

D

Silver acetate was used as an inhibitor for iron-sulfur cluster as described [57]. Silver

TE

acetate was dissolved in water, and a total of 2 µl was added to in vitro assays to give a
final concentration of 100 µM. Inhibitor was pre-incubated with AtD27 enzyme for 10 min
before adding 9-cis-β-carotene substrate. Inhibition was calculated from peak areas

Carotenoid extraction for analysis of carotenoids

CC

2.8.

EP

determined by integration compared to control assays.

Arabidopsis tissues were lyophilized overnight and grounded. About 10 mg of dry weight

A

tissues was used for extraction. Initially, 2 ml acetone was added, and samples were
vortexed, sonicated for 5 min and centrifuged for 10 min at 3800 rpm. Then, supernatant
was transferred to a new tube, and extraction was repeated for the pellets. The combined
supernatants were dried with the vacuum centrifuge. Dried samples were dissolved in 1
ml CHCl3, filtered through 0.2 μm filters and dried using vacuum centrifuge. Dried samples

were re-dissolved in 200 µl CHCl3 and subjected to HPLC analysis with system 5. Relative
carotenoid amounts were calculated from peak areas determined by integration.

2.9.

Quantification of ABA

Arabidopsis seedlings were lyophilized and ground in a bead beater (Biospec Products,
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Bartlesville, Okla., USA). About 5 mg dry weight of powdered tissues was extracted with
600 μl of 10% methanol containing 1% acetic acid and internal standard (1 ng of 2H6ABA, purchased from OlchemIm Ltd., Olomouc, Czech Republic) in the bead beater for
1 min, followed by the incubation on ice for 45 min. After centrifugation at 13,000 rpm for
8 min at 4°C (Eppendorf centrifuge 5424, Hamburg, Germany), the supernatant was
transferred to new tubes. The supernatants were filtered through 0.22 µm PTFE filters,

U

before LC-MS/MS analysis. Analysis of ABA was performed by using an Agilent 1200

N

HPLC (Agilent Technologies, Waldbronn, Germany) coupled to an Q-TRAP 5500 MS
(AB SCIEX, MA, USA) with an electrospray source. Chromatographic separation was

A

carried out on a ZORBAX Eclipse Plus C18 (150×2.1 mm, 3 μm) column with mobile

M

phases of water/acetonitrile (95/5, v/v; A) and acetonitrile (B) at 35°C. The gradient used
was 0-15 min, 5%-100% B; 15-20 min, 100% B; 20-21 min, 100%-5% B; 21-28 min, 5%

D

B. The MS was operated in negative ionization mode. The MS conditions were as follows:

TE

temperature, 500°C; ion source gas 1, 20 psi; ion source gas 2, 30 psi; ion spray voltage,
-4500 V; curtain gas, 40 psi; collision gas, medium; declustering potential, -25 V; entrance
potential, -9; collision energy, -17; and collision cell exit potential, -2. Multiple Reaction

EP

Monitoring (MRM) of ion pairs for labeled and endogenous ABA using the following mass
transitions: [2H6] ABA 269.2>159.1, ABA 263.2>153.1. Data were acquired and analyzed

CC

using Analyst 1.4 software (Applied Biosystems).

A

2.10. RNA isolation and quantitative real-time PCR analysis
Total RNA was extracted from plant tissues using the TRI-Reagent with Direct-zol RNA
MiniPrep Kit (Zymo Research, R2072) according to the manufacturer’s instructions. The
quantity and quality of the RNA was checked using NanoDrop 1000. The first-strand
cDNA was synthesized from 1 µg of total RNA with the iScript™ cDNA synthesis Kit.
Quantitative real-time PCR analysis (qRT-PCR) analysis was performed using the

SsoAdvanced™ Universal SYBR® Green Supermix following the manufacturer’s
instruction, and running the StepOnePlus™ Real-Time PCR System. The Actin gene was
used as an endogenous control, and quantitative relative expression values were
calculated according to the 2−ΔΔCt method and presented as the fold change [58]. Primer

3.

Results

3.1.

AtD27 isomerizes β-carotene in vivo
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sequences used for qRT-PCR are listed in Supplementary Table S1.

Carotenoid accumulating E. coli strains have been frequently used to investigate the
activity of carotenoid modifying enzymes [7, 41]. This system was also employed to

U

identify the enzymatic activity of the rice OsD27 and to determine its substrate specificity

N

[40]. Hence, we expressed AtD27 in fusion with thioredoxin in β-carotene, zeaxanthin or
lycopene accumulating E. coli strains (for chemical structures see Fig. 1), to investigate

A

the activity of the encoding enzyme. The introduction of thioredoxin-AtD27 in β-carotene-

M

accumulating E.coli cells led to an increase in 9-cis:all-trans-β-carotene ratio compared
to the control strain transformed with the void plasmid. In addition, we also detected an

D

increase in the content of 13-cis-, and to a larger extent, of 15-cis-β-carotene (Fig. 2A and

TE

B). The expression of AtD27 in all-trans-lycopene accumulating E.coli cells unraveled a
less pronounced activity resulting in a relative increase in the content of two cis-isomers,
which presumably correspond to 9-cis- (peak VI) and 15-cis-lycopene (peak VII)

EP

(Supplementary Fig. S1A and B). In contrast to -carotene and lycopene-accumulating
strains, we did not observe any isomerization activity upon the expression of thioredoxin-

CC

AtD27 in zeaxanthin background (Supplementary Fig. S2).

A

3.2.

AtD27 isomerizes β-carotene in vitro

Next, we studied the enzymatic activity of thioredoxin-AtD27 fusion in vitro. For this
purpose, we expressed the enzyme in BL21 E. coli cells together with the chaperone
system encoded by the plasmid pGro7, which is supposed to increase correct folding,
and incubated soluble supernatants of these cells with different carotenoid and
apocarotenoid substrates. Incubation with all-trans--carotene increased the amount of

9-cis--carotene that was almost absent in the control assay (Fig. 3A and C). In contrast
to the in vivo system, we did not observe an isomerization towards 13-cis-β- or 15-cis-βcarotene. To test whether the enzyme also catalyzes the reverse reaction, we incubated
it with 9-cis-β-carotene (for chemical structures see Fig. 1). UHPLC analysis showed the
conversion of 9-cis- into all-trans-β-carotene (Fig. 3B and D). We also detected a slight
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increase in the relative amount of 13-cis-β-carotene, but not of that of 15-cis-β-carotene.
Next, we checked whether the enzyme also acts on 13-cis- and 15-cis-β-carotene.
However, we did not observe any significant conversion of these two isomers
(Supplementary Fig. S4A). All isomers were identified based on comparison with
synthetic, authentic standards.

As silver (I) acetate is confirmed to destroy the iron-sulfur cluster [57, 59], next we treated

U

the crude AtD27 protein with silver acetate to test whether AtD27 contains an iron-sulfur

N

cluster. Addition of silver acetate to the in vitro assay of AtD27 showed an inhibition of 9-

A

cis-β-carotene isomerization, as confirmed by HPLC analysis (Supplementary Fig. S3),

3.3.

M

which suggests that AtD27 is an iron containing protein.
AtD27 isomerizes bicyclic substrates with one unmodified β-ionone ring

D

Next, we checked the in vitro activity of AtD27 on xanthophylls and further carotenes,

TE

including all-trans-violaxanthin, -neoxanthin, -lutein, -β,β-cryptoxanthin and –α-carotene
(for structures, see Fig. 1). We did not observe any activity with all-trans-violaxanthin, neoxanthin or –lutein (Supplementary Fig. S4C). Incubation with all-trans-β,β-

EP

cryptoxanthin (I) yielded a very slight amount of 9-cis-β,β-cryptoxanthin (III) [60], which
carries the cis-double bond next to the non-hydroxylated-β-ionone ring (Supplementary

CC

Fig. S5). Similarly, the enzyme showed slight formation of 9′-cis-α-carotene [61], with the
cis-double bond close to the -ionone ring, when incubated with all-trans-α-carotene

A

(Supplementary Fig. S6).
We also investigated whether this enzyme can isomerize apocarotenoids, i.e. 9-cis-βapo-10’-carotenal (I) and 9-cis-3-OH-β-apo-10’-carotenal (II), 9-cis-α-apo-10’-carotenal
(III) and 9-cis-3-OH-α-apo-10’-carotenal (IV) (for chemical structures see Fig. 1).
However, we did not detect any activity (Supplementary Fig. S4B). These results point to
a preference for intact carotenoids with unmodified -ionone ring.

3.4.

atd27 mutant shows altered all-trans-/9-cis--carotene ratio and lower

shoots ABA content
The activity of AtD27 in changing the all-trans-/9-cis--carotene ratio might not only
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provide a precursor for SL biosynthesis but also generally affect the distribution of these
two isomers in plants. To test this hypothesis, we examined the carotenoid pattern in twoweek-old atd27 mutant plants grown under light and in the dark, to avoid light-dependent
isomerization (Supplementary Fig. S7). Compared to the wild-type control, we observed
a tendency of the decreased 9-cis-β-/all-trans-β-carotene ratio in seedlings of atd27
mutant under both conditions. However, this decrease was only significant in the dark
(Fig. 4A; Supplementary Fig. S7). Recent work indicated that OsD27 may contribute to

U

ABA biosynthesis in rice [62]. Therefore, we quantified the ABA content in two-week-old

N

atd27 mutant plants by UHPLC-MS/MS. As shown in Fig. 4B, atd27 shoots contained

A

around 20% less ABA, compared to those of the wild-type, while we did not detect a

3.5.

M

significant difference in root samples (data not shown).

Tissue specific expression patterns of AtD27

D

Next, we investigated the spatial-temporal expression pattern of the AtD27. For this

TE

purpose, we generated three independent Arabidopsis lines expressing the reporter gene
GUS with nuclear localized signal (NLS), driven by a 1.1 Kb DNA fragment of

EP

the ATD27 promoter and analyzed the GUS activity in various tissues of T2 lines. As
shown in Fig. 5, the AtD27 promoter was active throughout the 7-day-old seedlings with
prominent GUS activity in young leaves (panel a), stomata (panel b), the primordia of

CC

lateral roots (panel d), and radicle of immature seed (panel e). In contrast, we detected
very low expression in primary roots (panel c). In the reproductive stage (5-week-old

A

plant) strong GUS signals appeared in trichomes of leaves and stem (panel f), internodes
(panel g), and petals, style, stigma and peduncle of the immature flowers (panel h).
However, GUS expression was relatively reduced in the mature flowers (panel i).

3.6.

AtD27 expression is induced by ABA, auxin and phosphate deficiency

Since the expression of SL biosynthesis genes AtMAX3 and AtMAX4 is tightly regulated
by auxin and GR24, suggesting the involvement of negative feedback mechanism [30,
63], we investigate whether AtD27 are responsive to plant hormones. We treated 14-dayold pAtD27:NLS-GUS seedlings with 1 μM synthetic auxin 1-naphthaleneacetic acid
(NAA), 50 μM ABA, and 10 μM GR24, which were included in half-strength Hoagland
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nutrient solution. After 6 h incubation, we analysed the GUS activity in primary and lateral
roots, and shoots. In addition, we also tested the SL analog methyl phenlactonoate 3
(MP3) that resembles non-canonical SLs [50]. No changes of the GUS staining was
observed in the tissues of shoot, suggesting hormone treatment did not modulate the
GUS activity in shoot tissues. In lateral roots, application of the SL analogs GR24 and
MP3 did not lead to noticeable changes in GUS activity. In contrast, treatment with ABA

U

and, more pronounced, with NAA resulted in an increase in GUS activity in primordia of

N

lateral roots (Fig. 6A). In primary roots, we observed the same tendency as in lateral roots,
however at a generally lower GUS activity (Supplementary Fig. S8). These hormonal

A

effects on AtD27 expression were further confirmed by qRT-PCR. The expression of

M

AtD27 was significantly induced in the whole roots of 14-day-old wild-type Col-0 seedlings
upon NAA and ABA treatment, while GR24 and MP3 did not show an effect (Fig. 6B).

D

The role of AtD27 in SL biosynthesis indicates that the expression of this gene may be

TE

affected by Pi availability. To test this assumption, we analyzed the transcript levels of
AtD27 in roots of phosphate starved wild-type Arabidopsis plants using qRT-PCR. For
this purpose, we exposed 6-week-old wild-type plants grown in normal nutrient solution

EP

(+Pi) to phosphate deficient (-Pi) medium for 1-week. As shown in Fig. 7, phosphate
deficiency caused about 3.5-fold increase in AtD27 transcript levels in roots compared to

CC

+Pi. Similarly, Pi-starvation also led to an up-regulation of transcripts of the other SL
biosynthesis genes AtMAX3 (15-fold), AtMAX4 (about 5-fold), AtMAX1 (about 5.5-fold),

A

LBO (12-fold), and also of AtD14 (about 5.5-fold) that encodes the SL receptor (Fig. 7).

4.

Discussion

β-Carotene is the major pro-vitamin A source for human diet [64]. This carotene is present
in plants in different stereo-configurations including all-trans and 9-cis. Several reports
showed that increased 9-cis-β-carotene content in diet is acting as a shield against

cardiovascular disease and cancer [65]. In plants, 9-cis-β-carotene is an integral
component of the photosynthetic cytochrome b6f complex [66, 67]. Furthermore, it is the
precursor of SLs that are synthesized via a stereospecific pathway involving the 9-ciscarotenoid cleavage enzyme CCD7 [39]. The discovery of the stereo-selectivity of CCD7,
i.e. the exclusive cleavage of 9-cis-configured carotenoids, led to the assumption of the
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presence of an enzyme that forms 9-cis--carotene from the predominant all-trans-form
by a specific cis/trans-isomerization reaction [39]. However, such an enzymatic
isomerization activity had not been described before. OsDWARF27 (OsD27) was initially
identified as an iron-binding protein with unknown function, which is required for SL
biosynthesis in rice [37]. Hence, it was tempting to assume that OsD27 can mediate the
isomerization of all-trans--carotene into 9-cis--carotene. Indeed, expression in

U

carotenoid-accumulating E. coli strains and in vitro assays performed with

N

heterogeneously produced enzyme demonstrated that OsD27 is the carotene isomerase

A

required to initiate SL biosynthesis [39, 40]. The physiological role of D27 with respect to
its shoot branching and gene regulation has been characterized in several species,

M

including Medicago truncatula [68], Arabidopsis thaliana [38] and Dendranthema
grandiflorum [69]. The exact mechanism of D27-catalyzed β-carotene isomerization is still

D

not clear, although the inhibition of AtD27, shown here, and OsD27 by silver acetate

TE

indicates the involvement of FeS cluster in the catalysis. Here, we characterized the
activity and substrates specificity of AtD27 and investigated its expression pattern and

EP

regulation by plant hormones and phosphate deficiency.
First, we showed in vitro and in vivo that AtD27 catalyzes the isomerization of all-trans/9-cis-β-carotene in both directions. We also demonstrated, for the first time, the role of

CC

D27 in determining the all-trans/9-cis--carotene ratio in planta. Analysis of dark-grown
atd27 mutant seedlings unraveled a relatively lower 9-cis--carotene content, compared

A

to wild-type control. The absence of this difference in light-grown seedlings may be
explained by light-dependent isomerization process. Upon expression of the enzyme in
-carotene accumulating strains, we also observed a slight increase in 13-cis- and 15cis-β-carotene content, indicating an isomerization activity of AtD27 at two further double
bonds. However, our in vitro assays ruled out this possibility, because we did not see the
direct conversion of 13-cis- and 15-cis--carotene into all-trans-β-carotene and vice

versa. This suggests that AtD27 activity is restricted to the C9–C10-double bond and to
all-trans- and 9-cis--carotene among the four natural -carotene isomers, which is in line
with our recent study about OsD27 [40]. It can be speculated that the increase in 13-cisand 15-cis-β-carotene content in E.coli cells may be due to non-enzymatic, secondary
isomerization of 9-cis-β-carotene. The in vivo test unraveled a weak activity that led to an
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increase in two lycopene isomers that were tentatively identified as 9-cis- and 15-cislycopene. However, we cannot make a clear conclusion on the suitability of this substrate
due to lack of standards.

Recently, analysis of the substrate specificity of OsD27 in vitro showed that this enzyme
is active with bicyclic substrates which carry at least one unmodified -ionone ring,
including -carotene,-cryptoxanthin and -carotene [40]. However, it has been shown

U

that CCD7 also cleaves a wide range of 9-cis-configured carotenoids, including 9-cis--

N

cryptoxanthin, --carotene, -zeaxanthin and –lutein, into the corresponding 9-cis-

A

configured apocarotenoids in vitro [33, 42]. Very recently, we have also shown that CCD8
enzymes convert 9-cis-3-OH-β-apo-10’-carotenal into 3-OH-carlactone, a natural

M

metabolite and putative precursor of yet unidentified SLs, which is supposed to contribute
to SL diversity [70]. This activity raised the question of whether D27 can provide CCD7

D

with different 9-cis-configured substrates. Therefore, we tested the activity of AtD27 with

TE

a series of carotenoids. Our results show that AtD27, similar to OsD27 [40], converts alltrans-α-carotene and --cryptoxanthin but does not isomerize zeaxanthin or lutein. We

EP

also tested the isomerization of lycopene in vivo and in vitro. Isomerization of
apocarotenoids, particularly the SL biosynthesis intermediate 9-cis-β-apo-10’-carotenal

CC

[39, 42] would indicate that AtD27 might be involved in SL biosynthesis also after CCD7.
Therefore, we checked the conversion of several 9-cis-configured apocarotenoids.
However, we did not observe any activity.

A

Considering the all-trans/9-cis isomerase activity of D27 and the reported altered ABA
level in rice d27 mutant [62], we speculated that AtD27 may also contribute to ABA
biosynthesis that requires 9-cis-configured carotenoid precursors, namely 9-cisviolaxanthin or 9’-cis-neoxanthin [17]. Interestingly, phylogenetic analysis of SL
biosynthesis and perception genes in the plant kingdom showed that D27 is highly
conserved and already present in some cyanobacteria, whereas CCD7, CCD8 and SL

perception genes are less conserved in the Chlorophytes division [71, 72]. In addition,
Hartung (2010) reported that ABA is a common metabolite throughout the green lineage
[73]. Combined, this suggests an alternative role for D27, possibly in ABA biosynthesis.
However, our data exclude a direct role of AtD27 in the formation of ABA precursors, 9cis-violaxanthin or -neoxanthin, consistent with the reported OsD27 activity [40].
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Nevertheless, we observed reduced ABA content in shoots of Arabidopsis atd27 mutant,
compared to wild-type Col-0, suggesting that AtD27 positively impact ABA levels by a still
unknown mechanism.

It is well known that phosphate deficiency triggers SL content in roots of several plants
via the induction of SL biosynthesis and transporter genes [31, 74, 75]. However, in
Arabidpsis the expression pattern of SL-synthesis and -signaling genes in response to

U

phosphate starvation is less investigated. In this work, we showed that transcript levels

N

of Arabidopsis SL biosynthesis genes AtD27, AtMAX3, AtMAX4 and AtMAX1, and the
recently discovered LBO gene, as well as the SL signaling gene AtD14, increased

A

significantly upon phosphate starvation (-Pi). This suggests that the induction of SL

M

biosynthesis and perception in response to phosphate-limitation is conserved in
Arabidopsis.

D

The tissue expression pattern by pAtD27:NLS-GUS showed that AtD27 is specifically

TE

expressed in the primordia of lateral roots rather than in the primary roots, consistent with
the role of SL in inhibiting lateral root emergence [76]. Auxin could upregulate transcript
levels of SL genes AtMAX3 and AtMAX4 in the root tissues to regulate root architecture

EP

by a feedback-regulation mechanism [63, 77]. Consistently, pAtD27:NLS-GUS and qRTPCR assays show the clear induction of AtD27 expression in roots upon treatment with 1

CC

μM NAA. Recently, it was shown that DgD27 gene in Dendranthema grandiflorum is upregulated by exogenous auxin [69]. Furthermore, Ha et al (2014) demonstrated that

A

expression of AtMAX3 and AtMAX4 is induced almost 4-fold and 8-fold, respectively in
leaves of wild-type after 10 h treatment with ABA [32]. We also observed
that AtD27 expression in roots is significantly increased after 6 h ABA application in
both pAtD27:NLS-GUS and qRT-PCR experiments, suggesting that AtD27 or SLs are
involved in ABA-regulated stress responses or lateral root development [78].

In conclusion, this study illustrates the role of AtD27 in response to phosphate starvation
and multiple plant hormones. Further studies are necessary to understand the role of
AtD27 in ABA biosynthesis and how AtD27 expression is regulated by auxin and ABA.
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Fig. 1. Chemical structures used in vivo and in vitro assays.

Fig. 2. HPLC analysis of in vivo AtD27 activity.

D

HPLC analysis of all-trans-β-carotene accumulating cells transformed with pThio-AtD27 (ThioAtDWARF27) and the corresponding void plasmid (pThio-control). (A) AtD27 enzyme converts

TE

all-trans–β-carotene (I) to 9-cis–β-carotene (II) and other isomers of 13-cis-β-carotene (III) 15cis–β-carotene (IV) was detected. (B) Percentage of different cis isomers was significantly

EP

increased when all-trans–β-carotene was incubated with AtD27 enzyme. A designation of ** = p
< 0.01, *** = p < 0.001 (t-test). n = 3 independent biological replicate experiments. Error bars

A

CC

represent SD.

Fig. 3. HPLC analysis of in vitro AtD27 activity.
(A) pThio-AtD27 converts all-trans-β-carotene (I) to 9-cis-β-carotene (II) when all-transβ-carotene was used as substrate. (B) pThio-AtD27 (Thio-AtDWARF27) yielded all-transβ-carotene (I) and 13-cis-β-carotene (III) when 9-cis-β-carotene (II) was used as
substrate. (C) Percentage of 9-cis–β-carotene was significantly increased when all-trans–
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β-carotene was incubated with AtD27 enzyme. A designation of *** = p < 0.001 (t-test). n
= 3 independent biological replicate experiments. Error bars represent SD. (D)
Percentage of all-trans–β-carotene was significantly increased when 9-cis–β-carotene
was incubated with AtD27 enzyme. A designation of ** = p < 0.01, *** = p < 0.001 (t-test).
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n = 3 independent biological replicate experiments. Error bars represent SD.

CC

Fig. 4. Carotenoid and ABA content in atd27 mutant.
(A) 9-cis/all-trans-β-carotene ratio in wild type-Col-0 and atd27 of two-week-old seedlings

A

grown both in light and dark conditions. Ratio is calculated based on peak area of 9-cisβ-carotene to all-trans-β-carotene in the chromatogram. (B) ABA content in shoot of
Arabidopsis Col-0 and atd27. Seeds were grown on half-strength MS medium for twoweeks and ABA was measured by UHPLC-MS/MS. Bars represent means ± SD, n=3.
Asterisks represent significance * p ˂ 0.05, ** p ˂ 0.01 (t-test).
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Fig. 5. Histochemical localization of AtD27-GUS expression in transgenic Arabidopsis.
The expression of AtD27 in (a) young leaves (YL) of 7-day-old seedlings, (b) stomata

M

(ST) in leaves of 7-day-old seedlings, (c) primary root (PR) of 7-day-old seedlings, (d) the
primordia in the lateral roots (LR) of 7-day-old seedlings, (e) radicle (RA) of immature

D

seed. (f) trichomes (TR) of leaves and stem of 5-week-old plant, (g) internodes (IN) of 5-

TE

week-old plant, (h) peduncle (PED), style (STY) and stigma (STI) of the mature flowers,
(i) peduncle (PED), style (STY), stigma (STI) and petal (PET) of the immature flowers,
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Scale bars: (a) 20 μm; (b, c, d) 50 μm; (e, f, g, h, i) 500 μm.
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Fig. 6. Effect of different plant hormones on AtD27 expression.
(A) pAtD27:NLS-GUS expression in the primordia of the lateral roots. (B) AtD27

M

expression in wild-type Col-0 roots. The expression levels in the mock were normalized
to 1 and the expression levels were detected by qRT-PCR. Actin was used as a reference

D

gene. Bars represent mean ± SD (n=3). Asterisks indicate significant differences (t-test,

TE

* p < 0.05). The seedlings were grown for 14 d on half-MS plates, then transferred to halfstrength Hoagland nutrient solution for 6 h with treatments: mock (no additions), 1μM
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NAA, 50 μM ABA, 10 μM G24 and 10 μM MP3. Scale bar (20 μm).
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Fig. 7. The relative expression levels of SL biosynthesis and signaling genes in wild-type
Col-0 under phosphate starved roots in Arabidopsis.
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The expression levels in the normal phosphate supply (+Pi) conditions were normalized
to 1 and the expression levels were detected by qRT-PCR. Actin was used as a reference
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** p< 0.01, *** p< 0.001).
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gene. Bars represent mean ± SD (n=3). Asterisks indicate significant differences (t-test,
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