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Abstract

Key message p-Cyclodextrin—-hemin complex-induced
tomato lateral root formation was associated with nitric
oxide and heme oxygenase 1 by modulating cell cycle
regulatory genes.

Abstract  B-Cyclodextrin-hemin complex (B-CDH), a
complex by combining B-cyclodextrin (-CD) with hemin,
a heme oxygenase 1 (HO1) inducer, was a trigger of
cucumber adventitious root formation by enhancing HO1
gene expression. In this report, our results identified the
previously unknown function of B-CDH in plants: the
inducer of tomato lateral root (LR) formation. B-CDH-
triggered LR formation is hemin-specific, since B-CD
failed to induce LR development. Because nitric oxide
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(NO) is involved in LR formation, the correlation of
B-CDH with NO and HO1 was investigated. Our analysis
suggested that B-CDH induced an increase in endogenous
NO production, followed by up-regulation of tomato HO!
gene and LR formation, all of which were mimicked by
hemin and two NO-releasing compounds (SNP and
GSNO). The induction of HOI gene expression and LR
formation triggered by B-CDH or hemin were significantly
blocked by an inhibitor of HO1. Further results revealed
that both B-CDH- and SNP-stimulated HOI gene expres-
sion and thereafter LR formation were sensitive to the
removal of NO with a potent NO scavenger, and the
responses of SNP were significantly blocked by an inhib-
itor of HO1. Molecular evidence illustrated that represen-
tative cell cycle regulatory genes, including SICDKAI,
SICYCA3;1, SICYCA2;1, and SICYCD3;1, were signifi-
cantly up-regulated by B-CDH and SNP, but obviously
blocked when seedlings were co-treated with the scavenger
of NO or the inhibitor of HO1. In summary, our physio-
logical and molecular evidence demonstrated that both NO
and HO1 were involved in the B-CDH-induced LR for-
mation with, at least partially, HO1 acting downstream of
NO signaling.

Keywords [-Cyclodextrin—hemin complex - Cell cycle
regulatory gene - Heme oxygenase 1 - Lateral root
formation - Nitric oxide - Solanum lycopersicum L.

Abbreviations

B-CD B-Cyclodextrin
-CDH B-Cyclodextrin—hemin
CO Carbon monoxide

GSNO S-Nitrosoglutathione
HO1 Heme oxygenase 1
LR Lateral root
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LRP Lateral root primordia
NO Nitric oxide

NONOate Diethylamine NONOate

PTIO 2-Phenyl-4,4,5,5-tetramethylimidazoline-1-
oxyl-3-oxide

SNP Sodium nitroprusside

ZnPP Zinc protoporphyrin IX

Introduction

Lateral root (LR) formation is one of the auxin-regulated
developmental processes (Blakely et al. 1988; Casimiro
et al. 2001, 2003). It was well known that auxin activates
xylem pole pericycle cells for asymmetric cell division.
Besides auxin, other phytohormones and environmental
stimuli, including heavy metal exposure and salinity stress,
could induce LR development (Potters et al. 2007; Cao
et al. 2011). Further evidence revealed that some signaling
molecules/systems, including reactive oxygen species
(ROS; Montiel et al. 2013; Cao et al. 2014), nitric oxide
(NO; Correa-Aragunde et al. 2004; Chen et al. 2012; Chen
and Kao 2012), heme oxygenase/carbon monoxide (HO/
CO; Xu et al. 2011b; Han et al. 2012), hydrogen sulfide
(H,S; Fang et al. 2014a, b), and cyclic GMP (cGMP; Li
and Jia 2013) are individually or simultaneously involved
in the induction of LR. It was well known that NO in plants
is produced by nitrate reductase (NR), and nitric oxide
synthase (NOS)-like protein. Meanwhile, polyamine-med-
iated NO production and non-enzymatic synthesis of NO
were also suggested (Gupta et al. 2011; Simontacchi et al.
2013). Further characterization of molecular events, espe-
cially the activation of cell cycle regulatory genes,
including cyclin-dependent kinases (CDKs) as well as their
interacting regulatory components triggered during the
early phase of LR development, is an initial step toward
understanding this developmental process (Casimiro et al.
2001; Himanen et al. 2002; Vanneste et al. 2005). Related
works revealed that there are four stages that precede the
cell division in the pericycle, characterized by G, cell cycle
block, auxin perception and signal transduction, followed
by progression over G;/S transition and G,/M transition
(Himanen et al. 2004).

B-Cyclodextrin (B-CD), a cyclic oligosaccharide of
seven o-(1,4) linked glucose units, can improve the solu-
bility of lipophilic medicinal and biological molecules
(Fetzner et al. 2004). For instances, a complex by com-
bining B-CD with hemin (ferroprotoporphyrin IX, a potent
inducer of HO1, a major and inducible isoform of HO),
called as B-cyclodextrin—hemin (3-CDH), could improve
the solubility of hemin in neutral aqueous solution. The
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induction of adventitious root development in cucumber
explants (Lin et al. 2012a) and the alleviation of cadmium
(Cd) toxicity in alfalfa seedlings (Fu et al. 2011) were
previously observed when B-CDH was exogenously
applied. Stirringly, above mentioned physiological roles
induced by B-CDH were more efficiently than its prosthetic
group model hemin. Similar results were reported previ-
ously in the comparison with the effectiveness of peroxi-
dase activity on the o-phenylenediamine (OPDA)-
hydrogen peroxide (H,0,) system catalyzed by B-CDH and
hemin (Zhang et al. 2000). However, whether 3-CDH can
induce LR formation is still unclear.

In this paper, first, we examined and compared the
effects of B-CDH and its two constituent components,
B-CD and hemin, on LR formation to elucidate another
novel physiological role of B-CDH in plants. Previous
results showed that HO1 mediates 3-CDH response during
the adventitious rooting process in cucumber (Lin et al.
2012a). However, the crosstalk between HO1 and NO in
root organogenesis triggered by B-CDH still remains to be
elucidated. The subsequent findings reported here are the
results of research on this hypothetical link in tomato LR
formation. From this study, we found that both NO and
HOI1 were involved in f-CDH-induced LR formation with,
at least partially, HO1 acting downstream of NO signaling.

Materials and methods
Chemicals

All chemicals were purchased from Sigma (St Louis, MO,
USA) unless stated otherwise. The preparation of -CD-
hemin (B-CDH) was according to Liu et al. (1999) and
Dentuto et al. (2007). Hemin (H, an inducer of HO1; Xu
et al. 2011a; Lin et al. 2012b; Jin et al. 2013) and B-CD
with a suitable molar ratio were mixed by grinding for
60 min after the addition of de-ionized water. The mushy
mixture was then freeze-dried, and all products were sieved
and used. The brown powder was named as f-CD-hemin
(B-CDH). Afterwards, a stock standard solution 1074 M,
calculated based on the concentration of hemin) was pre-
pared by simply dissolving 1.63 g of B-CDH (0.1 %
hemin) in 25 mL of de-ionized water. The stock solution
was diluted and used immediately. The corresponding
hemin (1 nM) or B-CD (500 nM) was, respectively,
regarded as the control of 1 nM B-CDH (a complex of
1 nM hemin and 500 nM B-CD), which displayed the
maximal inducible effect in the induction of LR formation.
Meanwhile, the indicated concentrations of hemin or 3-CD
were also applied in our pilot test. Three NO-releasing
compounds sodium nitroprusside (SNP), S-nitrosogluta-
thione (GSNO), and diethylamine NONOate (NONOate)
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were used at a concentration of 200 uM (Ederli et al. 2006;
Xie et al. 2008, 2013; Chen et al. 2010), or the indicated
concentrations. Both bilirubin (BR) and Fe-EDTA (Fe*™)
were used as the catalytic by-products of HO1 at a con-
centration of 10 uM. Zinc protoporphyrin IX (ZnPP), a
specific inhibitor of HO1 (Xuan et al. 2008; Cao et al.
2011; Han et al. 2014), was used at 50 uM. 2-Phenyl-
4.,4,5,5-tetramethylimidazoline- 1-oxyl-3-oxide (PTIO)
chosen as a NO scavenger (Tipsmark and Madsen 2003;
Kovacik et al. 2014), was used at 200 puM.

Additionally, the Old SNP/NONOate solutions were,
respectively, used as the negative controls by maintaining
the separated solution of SNP/NONOate for at least
10 days in the light in a specific open tube to eliminate the
entire NO (Di Fulvio et al. 2003; Tossi et al. 2009; Xie
et al. 2013; Han et al. 2014).

CO aqueous solution preparation

The preparation of CO aqueous solution was carried out
according to the method described previously (Xuan et al.
2008). The saturated stock solution (100 % saturation) was
diluted immediately with distilled water to the specific
concentration with a maximal inducible response (30 % of
saturation [v/v]).

Plant material and growth conditions

Tomato (Solanum lycopersicum L.) seeds “baiguogiangf-
eng” were purchased from Jiangsu Academy of Agricul-
tural Sciences. Selected seeds with nearly identical size,
shape and color were surface-sterilized with 2 % NaClO
for 10 min, rinsed extensively and germinated in distilled
water at 25 £ 1 °C in the dark for 2 days. Afterwards,
seedlings were transferred to an illuminating incubator and
maintained at 25 £ 1 °C with a 14-h photoperiod at
200 pmol m~2 s™! for 1 day. Then, the selected identical
seedlings with radicles of 2-3 mm were incubated with
4 ml of the various solutions as indicated in the legends for
the indicated time points. At least three independent
experiments were performed for each treatment, and 15
seedlings were included in each experiment. All solutions
were renewed each day to maintain identical concentration
of active constituent. Afterwards, photographs were taken.
The number of emerged lateral roots (LRs; >1 mm) per
seedling and the length of primary root (PR), as well as the
emerged LR density (the number of LR per cm primary
root; LRs/cm) were quantified with Image J software. LR
primordia (LRP) per seedling were also observed after
3 days of treatments by root squash preparations and
quantified by a light microscope (model Stemi 2000-C;

Carl Zeiss, Germany). According to the previous methods
(Himanen et al. 2002; Correa-Aragunde et al. 2006; Fang
et al. 2014a), the root apical meristems of tomato seedlings
at the indicated time points were cut off and the shoots
were removed by cutting below the root-shoot junction to
obtain samples of only lateral root-inducible segments for
the following biochemical and molecular determinations.

Western blot analysis for tomato HO1

Rabbit polyclonal antibody was made against the mature
tomato HO1 (mSIHO1) with a molecular mass of 26 kDa.
Homogenates obtained for corresponding HO activity
assays (Xu et al. 2011b) were also analyzed by western
blotting. Forty micrograms of protein from homogenates
were subjected to SDS-PAGE using a 12.5 % acrylamide
resolving gel (Mini Protean II System, Bio-Rad, Hertz,
UK), according to the method described in our previous
report (Xuan et al. 2008). Separated proteins were then
transferred to polyvinylidene difluoride (PVDF) mem-
branes and non-specific binding of antibodies was blocked
with 5 % non-fat dried milk in phosphate buffered saline
(PBS, pH 7.4) for 2 h at room temperature. Membranes
were then incubated overnight at 4 °C with primary anti-
bodies diluted 1:3,000 in PBS plus 1 % non-fat milk.
Immune complexes were detected using horseradish per-
oxidase (HRP)-conjugated goat anti-rabbit IgG. The color
was developed with a solution containing 3,3'-diam-
inobenzidine tetrahydrochloride (DAB) as a HRP substrate.

NO content determination by using Greiss reagent
assay

Nitric oxide content was determined using the previous
methods (Xu et al. 2005; Zhou et al. 2005; Xuan et al.
2012) with some modifications. Samples were ground in a
mortar and pestle in 1 ml of 50 mM cool acetic acid buffer
(pH 3.6, containing 4 % zinc diacetate). The homogenates
were centrifuged at 10,000 x g for 15 min at 4 °C. Then, the
supernatant was collected. The pellet was washed by 1 ml
of extraction buffer and centrifuged as before. The two
supernatants were combined and 0.1 g of charcoal was
added. After vortex and filtration, the filtrate was leached
and collected. The mixture of 1 ml of filtrate and 1 ml of
the Greiss reagent was incubated at room temperature for
30 min. Meanwhile, after various treatments, the identical
seedlings which were preincubated in 200 uM PTIO (the
scavenger of NO), for 30 min, were regarded as the blank
samples. Absorbance was assayed at 540 nm. NO content
was calculated by comparison to a standard curve of
NaNOQ.
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Confocal determination of NO production

Endogenous NO level was assayed by confocal microscopy
using a fairly specific NO fluorescent probe 4-amino-5-
methyl-amino-2’,7'-di-fluorofluorescein  diacetate (DAF-
FM DA) (Graziano and Lamattina 2007; De Michele et al.
2009; Han et al. 2014). Tomato seedlings were collected at
the indicated times and loaded with 10 uM DAF-FM DA
for 30 min before washing in 20 mM HEPES buffer (pH
7.8) three times for 5 min each time, and then immediately
analyzed using Zeiss LSM 700 confocal microscope (Carl
Zeiss, Oberkochen, Germany, excitation at 488 nm, emis-
sion at 500-530 nm for NO analysis). All manipulations
were performed at 25 + 1 °C. Photographs are represen-
tative of identical results obtained after the processing and
analysis of ten seedlings for each condition in three inde-
pendent experiments. Data are presented as relative units of
pixel intensities calculated by the ZEN software.

Real-time RT-PCR analysis

Total RNA was isolated using the Trizol reagent (Invit-
rogen, Gaithersburg, MD, USA), according to the manu-
facturer’s instructions. The RNA samples were treated
with RNAase-free DNase (TaKaRa Bio Inc., Dalian,
China) to eliminate traces of DNA, followed by the
quantification using the NanoDrop 2000 (Thermo Fisher
Scientific, Wilmington, DE, USA). Afterwards, total RNA
(2 ng) was reverse-transcribed using an oligo d(T) primer
and M-MLV reverse transcriptase (BioTeke, Beijing,
China). Real-time quantitative RT-PCR reactions were
performed using a Mastercycler® ep realplex real-time
PCR system (Eppendorf, Hamburg, Germany) with
SYBR® Premix Ex Tag™ (TaKaRa Bio Inc, China),
according to the manufacturer’s instructions. The primer
sequence information was listed in Supplementary Table
S1. Relative expression levels of SIHOI (accession no.
AF320028), SICDKAI (accession no. Y17225),
SICYCA2;1 (accession no. AJ243452), SICYCA3;1
(accession no. AJ243452), SICYCD3;1 (accession no.
AJ245415), SIRSI-1 (accession no. NM_001247737.1),
and SIARF7 (accession no. EF121545.1), were presented
as values relative to the control samples at the indicated
time points, after normalization with SlActin (accession
no. BT012695) transcript levels.

Data analysis
Where indicated, results were expressed as the mean val-
ues £ SE of at least three independent experiments with

similar results. Statistical analysis was performed using
SPSS 17.0 software. For statistical analysis, ¢ test
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(P<0.05 or P<0.01) or Duncan’s
(P < 0.05) was chosen as appropriate.

multiple test

Results

Effects of B-CDH, hemin, SNP, GSNO, and 3-CD
on tomato LR formation

Several parameters of root development, namely lateral
root (LR) density and number, the number of lateral root
primordia (LRP) and primary root (PR) length per seed-
lings, in tomato seedlings upon the indicated concentra-
tions of B-CDH, hemin (an inducer of HO1), SNP, and
GSNO (two NO-releasing compounds), were analyzed and
compared. The results in Fig. 1 showed that exogenously
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Fig. 1 Effects of p-cyclodextrin-hemin (B-CDH) and its two
constituent components, hemin (H), and B-cyclodextrin (3-CD), as
well as sodium nitroprusside (SNP), old sodium nitroprusside (Old
SNP) and S-nitrosoglutathione (GSNO) on lateral root (LR) forma-
tion. Three-day-old tomato seedlings were treated with 0, 0.1, 1, 10,
10> and 10°> nM B-CDH, 10*nM hemin, 2 x 10° nM SNP,
2 x 10°nM Old SNP, 2 x 10° nM GSNO, 500 nM B-CD for
4 days. Afterwards, the number of emerged LRs (>1 mm) per
seedling and the emerged LR density (a), the number of emerged
lateral root primordia (LRP) and the length of primary root (PR) per
seedling (b) were analyzed. Mean and SE values were calculated from
at least three independent experiments (n = 45). Within each set of
experiments, bars denoted by the same letter did not differ
significantly at P < 0.05 according to Duncan’s multiple range test
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applied B-CDH between the concentrations of 0.1 and
1,000 nM was able to promote LR formation in a dose-
dependent fashion, with a maximal response at 1 nM -
CDH (a complex of 1 nM hemin and 500 nM B-CD), but to
a lesser extent respect to the inducing responses of 200 uM
SNP and 200 uM GSNO (especially compared in the LR
density; Supplementary Fig. S1). A decrease in PR length
was observed when 1 nM B-CDH was used. Under the
similar experimental conditions, the addition of hemin with
the concentrations ranging from 1 to 100 uM differentially
influenced LR formation, and a maximal inducing response
in LR formation appeared when 10 tM hemin was used
individually, but also to a lesser extent respect to the
responses of 1 nM B-CDH (Supplementary Fig. Slc). In
comparison with the control samples, however, no differ-
ence in LR formation was individually observed in tomato
seedlings treated with hemin at concentrations not more
than 0.1 pM.

To assess the nature of the f-CDH-induced LR forma-
tion, the changes in LR formation upon different concen-
trations of B-CD were further compared. In fact, the
inhibition of LR formation was differentially observed in
B-CD-treated samples (Supplementary Fig. Sl1b).

-+ B-CDH -¥ Hemin

4/

a o HO

-+ SN+ BCD -0 GSNO

I W

LR
number-seedling™
N

-

72 84 %

Relative amount of

Compared to the control samples, a significant inhibition of
LR density was observed when 500 nM B-CD was applied
(Fig. 1). Meanwhile, the PR was increased. In the sub-
sequent work, 1 nM B-CDH was used throughout our
experiments.

Time-course analyses of NO production, SIHO1
expression and thereafter LR formation in response
to B-CDH, hemin, B-CD, SNP, and GSNO

The results of the experiment given in Fig. 2b showed that,
1 nM B-CDH, 200 uM SNP and GSNO treatments for 96 h
could time-dependently increase LR number per seedling,
respect to the similar weaker responses in the control and
500 nM B-CD-treated alone samples. With 10 pM hemin,
the induction of emerged LR formation was moderate, but
also sustained for 96 h. We also observed that in compar-
ison with the control and B-CD-treated samples, the treat-
ments with -CDH, hemin, SNP, and GSNO could increase
LRP formation, presenting an accelerated anatomic struc-
ture (Fig. 2a).

Both NO and HO1 were suggested to be required for the
LR formation in tomato seedlings (Correa-Aragunde et al.

12

NO content
(nmol-g™'FW)

SIHO1 transcripts

12 18 24 30 36 42 48

Treatment time (h)

Fig. 2 NO production, SIHO! transcript, and thereafter LR formation
were progressively induced by B-CDH, hemin, SNP, and GSNO, but
not B-CD. Three-day-old tomato seedlings were incubated with H,O,
1 nM B-CDH, 10 uM hemin, 200 pM SNP, 500 nM B-CD, and
200 uM GSNO. After various treatments for 3 days, photographs
showing the representative morphology of lateral root primordia
(LRP; about 80 % of LRP at the shown stages) under the indicated

treatments were taken (a). Bar 1 mm. Meanwhile, the time-course of
the emerged LR number per seedling (n = 45; b), endogenous NO
content (spectrometer method; ¢), and SIHO! transcript (real-time
RT-PCR; d) was investigated. Mean and SE values were calculated
from at least three independent experiments. Within the same treated
time points, bars with asterisks were significantly different between
H,0 and B-CDH treatment at P < 0.05 or P < 0.01 according to  test
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2004; Xu et al. 2011b). To further investigate the contri-
bution of NO and HOI! during LR formation, the time-
course changes of intracellular NO production and SIHO1
transcripts during the similar time periods were analyzed.
As expected, the NO production determined spectropho-
tometrically peaked at 6 h after the treatments of SNP and
GSNO (in particular), and B-CDH, then gradually
decreased till 48 h but still higher than the control and B-
CD alone (Fig. 2¢). Comparatively, hemin alone triggered
NO levels as early as 3 h after treatments followed by the
rapid decrease and returned to the basal level at 12 h.

Expression of tomato HO! gene was determined by real-
time RT-PCR (Fig. 2d). In comparison with a weaker
increase in the levels of SIHOI transcript during the early
period of control treatment, the up-regulation of SIHOI
mRNA was strengthened within 48 h of exposure to
B-CDH, SNP and GSNO (in particular), hemin, but not B-
CD, peaking at 12 h (B-CDH, SNP, and GSNO) or 24 h
(hemin) after treatments. We also noticed that the
enhancement of NO synthesis and SIHOI transcript
induced by B-CDH apparently preceded LR formation,
indicating a possible interrelationship between NO and
HO1 in B-CDH responses.

Both B-CDH- and hemin-induced HO! gene expression
and thereafter LR formation were sensitive to zinc
protoporphyrin IX, an inhibitor of HO1

The role of HO1 in B-CDH-induced responses was further
examined. Co-treatment of tomato seedlings with the
potent inhibitor of HO1, zinc protoporphyrin IX (ZnPP) at
50 uM, a concentration confirmed to be effective in our
pilot test, showed pronounced and statistically significant
effects on B-CDH- and hemin-elicited responses. For
example, both B-CDH- and hemin-caused obvious
increases in the amount of SIHOIl protein levels and
corresponding transcripts, and thereafter LR formation,
were, respectively, blocked by the presence of ZnPP
(Fig. 3). In addition, a treatment of tomato seedlings with
ZnPP alone significantly resulted in the down-regulation
of HOI gene expression and the inhibition of LR devel-
opment. The ZnPP-mediated response in LR formation
was sensitive to CO aqueous solution, which was previ-
ously confirmed to be the inducer of LR development in
rapeseed (Cao et al. 2007) and Brassica napus (Cao et al.
2011). The moderate induction of tomato HOI gene
expression and LR formation triggered by CO alone was
also observed in our experimental conditions. However,
similar to previous report in Arabidopsis (Ma et al. 2014),
no such induction in LR formation appeared in tomato
seedlings supplemented with other two catalytic products
of HOI, including BR and Fe®" (Supplementary Fig.
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S2a). Above pharmacological evidence also confirmed
that HO1 and its catalytic product CO could induce LR
development.

Both B-CDH- and two NO-releasing compounds-
induced intracellular NO production and thereafter LR
formation were sensitive to PTIO, a scavenger of NO

To further elucidate the possibility that NO is required for
the B-CDH-elicited LR formation as described above,
tomato seedlings were treated with PTIO, which is con-
sidered as a scavenger of NO (Tipsmark and Madsen 2003;
Kovacik et al. 2014). As two positive controls, the exog-
enous application of SNP and GSNO (two NO-releasing
compounds; Dautov et al. 2013; Xie et al. 2013; Han et al.
2014) obviously increased NO content detected by LSCM
and Greiss reagent in tomato seedlings, followed by the
obvious induction of LR formation (Fig. 4). Similar
responses were observed in [-CDH-treated plants. By
contrast, Old SNP and Old NONOate, which were,
respectively, used as the corresponding negative controls
by maintaining the separated solution of SNP/NONOate for
at least 10 days in the light in a specific open tube to
eliminate the entire NO, had no such inducible effects in
the induction of LR formation (Fig. 1; Supplementary Fig.
S2b). These results clearly indicated that NO, but not any
other by-products of SNP/NONOate degradation, is
responsible for the corresponding responses. Therefore,
besides GSNO, SNP could be used as an NO donor
thereafter in our experimental conditions.

Further comparison showed that both intracellular NO
accumulation and LR formation stimulated by B-CDH,
SNP or GSNO (both in particular) were greatly impaired
by PTIO (Fig. 4). Meanwhile, PTIO alone also inhibited
NO production and LR development. Above results clearly
indicated that NO production is, at least partly, involved in
B-CDH-induced LR formation.

HO1 might be related to B-CDH-induced NO-mediated
LR formation

A subsequent work was to investigate the possibility of an
interaction between HO1 and NO in B-CDH-induced LR
formation. The results showed that, similar to the inhibitory
responses of ZnPP, the application of PTIO dramatically
blocked the up-regulation of SIHOI transcript in tomato
seedlings triggered by B-CDH (Fig. 5a). Afterwards, -
CDH-induced LR formation evaluated by LR density and
number was, respectively, impaired (Fig. 5b). Similar
inhibitory responses were observed when the combination
of SNP together with ZnPP or PTIO. It is noteworthy that,
when applied alone, ZnPP and PTIO could differentially
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Fig. 3 LR formation, tomato HO1 protein levels, and SIHOI
transcripts in response to B-CDH, zinc protoporphyrin IX (ZnPP, a
specific inhibitor of HO1), carbon monoxide (CO) aqueous solution,
and hemin. Three-day-old tomato seedlings were incubated with H,O,
1 nM B-CDH, 30 % saturated CO aqueous solution, 10 pM hemin,
50 uM ZnPP alone or their combinations. After 4 days of treatments,
corresponding photographs were taken (a). Bar 1 cm. The number of
emerged LRs (>1 mm) per seedling and the emerged LR density
(b) were calculated (n = 45). Meanwhile, tomato HO1 protein level
(¢) and SIHOI transcripts (e) were determined after 12 h of different

inhibit SIHOI transcript, both of which were consistent
with the decreased LR development, with respect to the
control samples. These results suggested that HO1 might
be related to B-CDH-induced NO-mediated LR formation.

To confirm above possibility, Arabidopsis wild-type
(WT), nial/2 and hyl-100 mutants which exhibit defects in
NR and HYI (Xie et al. 2013; Han et al. 2014) were used.
As shown in Supplementary Fig. S3, the increased LR
formation was observed in WT when subjected to GSNO
(in particular) and B-CDH. In comparison with the wild-

treatments. The number below the band (c¢) indicates the relative
abundance of the corresponding tomato HO1 protein level compared
with that of the control sample. Coomassie Brilliant Blue-stained gels
are present to show that equal amounts of proteins were loaded (d).
Relative SIHO1 transcripts were also presented relative to the control
sample (e). Mean and SE values were calculated from at least three
independent experiments. Within each set of experiments, bars
denoted by the same letter did not differ significantly at P < 0.05
according to Duncan’s multiple test

type, a slight inhibition of LR formation was observed in
nial/2 and hyI-100 mutants as evaluated by LR number,
rather than LR density since shorter primary roots were
observed in two mutants. When plants were fed with
exogenous GSNO and B-CDH, similar or strong inducing
effects in LR number and density were observed in nial/2
mutant with respect to the wild-type, indicating that
besides nitrate reductase (NR), there may be other NO
synthetic pathway(s) involved in B-CDH-induced NO-
mediated LR formation. Compared with the inducing
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Fig. 4 LR formation and endogenous NO production in response to
B-CDH, two NO-releasing compounds (SNP and GSNO), and a NO
scavenger (PTIO). Three-day-old tomato seedlings were incubated
with H,O, 1 nM B-CDH, 200 uM SNP, 200 uM GSNO, 200 uM
PTIO alone or their combinations. After 4 days of treatments,
corresponding photographs were taken (a). Bar 1 cm. The number
of emerged LRs (>1 mm) per seedling and the emerged LR density
(n = 45; b) were also calculated. After various treatments for 6 h, the

responses in nial/2 mutant, impaired LR formation eval-
uated by LR density was observed in AyI-100 mutant when
treated with GSNO and -CDH.

Expression profiles of cell cycle regulatory genes
and auxin signaling genes

Previous results suggested that cell cycle regulatory genes
are targets during NO- and HOI-mediated LR formation
(Correa-Aragunde et al. 2006; Han et al. 2012). Our next
work was to investigate the time-course changes of cell
regulatory genes assessed by real-time RT-PCR during the
48 h after various treatments.
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DAF-FM fluorescence in seedling roots was detected by LSCM, and
corresponding confocal images were provided (¢). Bar 100 pm. The
relative DAF-FM fluorescence presented as values relative to control
samples (left), and NO contents (right) detected by using Greiss
reagent, were also given (d). Mean and SE values were calculated
from three independent experiments. Within each set of experiments,
bars denoted by the same letter did not differ significantly at P < 0.05
according to Duncan’s multiple test

The results of the experiment given in Fig. 6 revealed
that, both B-CDH and hemin up-regulated SICDKAI,
SICYCA3;1; SICYCA2;1 and SICYCD3;1 transcripts during
the first 24 h of treatment, separately peaked at 12 h
(except 6 h in SICYCA2;1), in comparison with the mod-
erate increases or the basal levels of above mentioned
transcripts observed in the control samples and B-CD
alone. Most importantly, above up-regulation in corre-
sponding transcripts elicited by B-CDH were differentially
impaired when SIHO! mRNA or intracellular NO pro-
duction was decreased by ZnPP or PTIO (Figs. 4, 5, 7).
Similar responses were observed when SNP was added
together with ZnPP or PTIO. These patterns of induction or
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Fig. 5 Effects of B-CDH, SNP, ZnPP and PTIO on relative amount
of SIHOI transcripts and LR formation. Three-day-old tomato
seedlings were incubated with H,O, 1 nM B-CDH, 200 uM SNP,
50 uM ZnPP, 200 uM PTIO alone or their combinations. After 12 h
of treatments, SIHO1 transcripts were analyzed by real-time RT-PCR,
and presented relative to the control sample (a). After 4 days of
treatments, the number of emerged LRs (>1 mm) per seedling and the
emerged LR density were also calculated (n = 45; b). Mean and SE
values were calculated from at least three independent experiments.
Within each set of experiments, bars denoted by the same letter did
not differ significantly at P < 0.05 according to Duncan’s multiple
test

repression exhibited good agreement with the phenotypic
observations of LR development (Fig. 5b). Differential
inhibitions in representative cell cycle regulatory genes
(Fig. 7) and LR formation (Fig. 5b) were consistently
observed in ZnPP or PTIO applied alone samples.
Comparatively, another two auxin signaling genes
related to root organogenesis, SIRSI-1 and SIARF-7,
exhibited the similar tendencies (Supplementary Fig. S4).

Discussion

Induction of lateral root formation: a new function
of B-CDH in plants

Previous research discovered that B-CDH triggered
cucumber adventitious rooting (Lin et al. 2012a). In this

report, by using a pharmacological approach, we provide
evidence that B-CDH was able to dose-dependently induce
LR formation in tomato seedlings (Fig. 1), one of the
phenotypes of root organogenesis. The maximal inducing
response was observed in 1 nM B-CDH-treated tomato
plants. The induction of LR formation by B-CDH was in
the same way that three NO-releasing compounds SNP,
GSNO, and NONOate treatments did (Supplementary Figs.
S1, S2; Correa-Aragunde et al. 2004).

The comparison results of the experiments given in
Fig. 1 and Supplementary Fig. S1 further illustrated that p-
CDH-triggered LR formation is hemin-specific, since -
CD, another component of B-CDH, failed to induce LR
development. Besides, in view of the transcription changes
of two auxin signaling genes, SIRSI-1 and SIARF-7, which
might be related to LR formation in plants (Supplementary
Fig. S4; Taylor and Scheuring 1994; Lee et al. 2009; Wu
et al. 2011b), the possible roles of auxin signaling in -
CDH response should be further elucidated. Together, our
above results, combined with those reported previously
(Lin et al. 2012a), led us to deduce that B-CDH might be a
novel inducer responsible for root organogenesis, as does
NO and HOI1, which were previously confirmed in plants
(Correa-Aragunde et al. 2004, 2006; Bai et al. 2012; Chen
et al. 2012; Chen and Kao 2012; Cao et al. 2014). Since the
beneficial role of B-CDH in the alleviation of Cd toxicity
was also reported in alfalfa seedlings (Fu et al. 2011), we
subsequently deduced that exogenously applied B-CDH
might play key roles not only in the induction of root
architecture, but also in plant responses against abiotic
stress. In fact, the formation of LR belongs to stress-
induced morphogenic response (SIMR; Potters et al. 2007).

Stirringly, compared with the maximal effect of 10 uM
hemin, 1 nM B-CDH exhibited a 10,000-fold more potent
in the induction of LR formation. Although no mechanism
regarding to this phenomenon was investigated in our
present research, this observation might be explained by
the higher efficient increase in the solubility and stability of
hemin, compared to that of hemin applied alone in neutral
aqueous solution, which has been confirmed in pharma-
ceutical research (Nitalikar et al. 2012).

The roles of NO and HO1 in B-CDH-induced LR
formation

The synergistic effects of NO and HO1/CO, two important
signaling molecules in plants (Delledonne 2005; Shekha-
wat and Verma 2010; Wu et al. 2011a), have been well
defined in the regulation of some physiological processes
such as plant adaption against salinity in wheat seedlings
(Xie et al. 2008, 2013), cucumber adventitious root
development (Xuan et al. 2008, 2012), and stomatal closure
in Vicia faba (Cao et al. 2007). Ample evidence also
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confirmed that NO is involved in LR formation (Simon-
tacchi et al. 2013). However, the crosstalk between NO and
HOI in LR formation is not fully elucidated. In a sub-
sequent study, we focused on the contribution of HO1 and
NO during B-CDH-induced LR development, and our data
suggested that besides their individual roles in B-CDH-
elicited LR formation, a possible lineal signal transduction
cascade involving NO production and subsequently HO/
up-regulation was downstream of B-CDH action.

The following results support above conclusion. First, -
CDH-induced NO production and thereafter HO1 gene
expression exhibited a time-dependent fashion in tomato
seedlings (Fig. 2). Afterwards, corresponding LR forma-
tion was observed. These phenomenons were mimicked by
the application of hemin, SNP, and GSNO. A plausible
explanation for these results is that NO might operate
downstream of B-CDH promoting tomato LR formation
through the up-regulation of HOI.

To prove this supposition, we firstly examined the
requirement of NO in B-CDH-induced LR formation.
Similar to previous reports (Correa-Aragunde et al. 2004,
2006; Chen and Kao 2012; Wang et al. 2013), two NO-
releasing compounds SNP and GSNO treatments not only
increased NO production, but also notably triggered LR
formation (Fig. 4). These inducible effects in LR formation
were not observed in seedlings treated with Old SNP/
NONOate (Supplementary Fig. S2b), both of which were,
respectively, used as a negative control of SNP or
NONOate (Di Fulvio et al. 2003; Tossi et al. 2009; Xie
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Treatment time (h)

et al. 2013; Han et al. 2014). Subsequent work revealed
that the NO scavenger PTIO significantly counteracted
B-CDH-mediated NO production and subsequent LR for-
mation, with similar inhibiting effects seen following the
application of SNP or GSNO together with PTIO (Fig. 4).
Above results clearly indicated that NO might be a
downstream messenger in the B-CDH-promoted LR
formation.

In mammalian systems and recently in plants, one of the
most investigated downstream targets of NO signaling is
HO1 (Noriega et al. 2007; Pae et al. 2010; Santa-Cruz et al.
2010; Chen et al. 2012; Wu et al. 2013). Previous results
suggested the contribution of HO1 in B-CDH-induced
adventitious rooting in cucumber explants (Lin et al.
2012a). To further assess the possible involvement of HO1
in B-CDH-induced NO-mediated LR formation, we
examined the changes of SIHOI transcription and corre-
sponding protein level using pharmacological agents to
manipulate endogenous NO levels. Our results indicated
that, similar to the positive control, hemin, the SIHOI
mRNA and/or its protein level were up-regulated by
B-CDH and SNP, respectively (Figs. 3, 5). Besides these
trends were strongly impaired by the presence of the HO1
inhibitor, ZnPP, the increased SIHOI transcripts were also
separately blocked by the inhibition of NO production
when PTIO was co-treated (Fig. 5). Importantly, the above
changes of tomato HO1 protein or its transcriptional levels
triggered by B-CDH and SNP were matched with the
changes of LR formation, showing that the reduction of
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Fig. 7 Effects of p-CDH, SNP, ZnPP and PTIO on SICYCD3;1,
SICDKAI, SICYCA2;1, and SICYCA3;I transcripts. Three-day-old
tomato seedlings were incubated with H,O, 1 nM B-CDH, 200 pM
SNP, 50 uM ZnPP, 200 uM PTIO alone or their combinations for
12 h. Afterwards, the amount of corresponding transcripts was
analyzed by real-time RT-PCR, and presented relative to the control
sample. Mean and SE values were calculated from three independent
experiments. Within each set of experiments, bars denoted by the
same letter did not differ significantly at P < 0.05 according to
Duncan’s multiple test

HOI1 gene expression inhibits LR formation, while the
increase of this leads to the induction of LR development
(Figs. 3, 5). These results confirmed the involvement of
HO1 in B-CDH-induced LR development, and suggested
that tomato HO1 gene acts downstream of NO signaling.
Further genetic evidence in Arabidopsis (Supplementary
Fig. S3) partly supported this conclusion. Additionally,
since nial/2 could not fully decrease all NO levels in
Arabidopsis (Han et al. 2014), we admitted that the
crosstalk between NO and HOI1, or NO/HOI acting in
parallel, in B-CDH-induced Arabidopsis LR formation
could not be fully ruled out. These possibilities should be
investigated in the near future.

Molecular evidence and microarray data suggested that
the modulation of multiple cell cycle regulatory genes is
the important molecular event during LR formation trig-
gered by auxin (Himanen et al. 2002, 2004). Supporting

NO
HO1

Cell cycle regulatory genes

- LR formation

& " n I La
>

0 12 24 36 48
Hours after treatment

Fig. 8 Time scale of events following treatment with 1 nM B-CDH.
The intensity of the shading of the bars corresponds to the levels of
NO, HOI transcription, the expression of cell cycle regulatory genes,
and the beginning of LR formation. The rectangle represents
corresponding time courses

this conclusion, another important observation in this study
is the activation of representative cell cycle regulatory
genes, including SICDKAI, SICYCA3;1; SICYCA2;1, and
SICYCD3;1, during the beginning of LR formation driven
by B-CDH, hemin or SNP (Figs. 6, 7). During LR forma-
tion, an increase in tomato CYCA2;1, CYCA3;1, CYCD3;1,
CDKA transcripts, as well as coordinated down-regulation
of the Kip-Related Protein KRP2 mRNA, was previously
reported in tomato seedlings supplemented with SNP
(Correa-Aragunde et al. 2006) or cobalt, another inducer of
LR formation (Xu et al. 2011b). Remarkably, further
molecular evidence suggested that the above mentioned
up-regulation of representative cell cycle regulatory genes
was significantly blocked when seedlings were co-treated
by PTIO or ZnPP together with B-CDH (Fig. 7). A similar
reduction in the above transcripts was also observed in the
combination with SNP and PTIO or ZnPP. These coun-
teracting responses corroborated a reduction in LR density
and number (Fig. 5b), suggesting that NO-mediated HO1
favors LR formation by the modulation of cell cycle reg-
ulatory genes. The observation that tomato seedlings trea-
ted with PTIO or ZnPP alone displayed reduced transcript
levels of these genes combined with the inhibition of LR
formation further supports the above notion. However, it is
careful to note that although the possible linearity in
B-CDH-governing NO and HOI1 signaling has been pri-
marily observed in LR formation, we cannot exclude the
possibility that a NO-independent pathway might contrib-
ute to the B-CDH-triggered HO1-mediated LR formation.

Together, our study discovers a main branch of B-CDH-
regulated LR formation, in which the increased intracel-
lular NO production, subsequent SIHOI activation and
modulation of multiple cell cycle regulatory genes, were
causally involved, at least in our experimental conditions
(Fig. 8). Thus, our findings not only broadened the physi-
ological roles of B-CDH exogenously applied in plants, but
also obtained the detailed molecular mechanism: the
interaction between HO1 and NO, which was not yet
reported. The ongoing investigation of the roles of the
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other B-CDH target genes responsible for LR formation
should open new windows in the understanding of the
biological roles of B-CDH in plants. Additionally, our work
not only identifies the previously unknown function of B-
CDH in LR formation, but also raises the possibility of the
potential field utilization of this compound for improving
root development.
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