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D E V E L O P M E N T A L  B I O L O G Y

Anchorene is a carotenoid-derived regulatory 
metabolite required for anchor root  
formation in Arabidopsis
Kun-Peng Jia1, Alexandra J. Dickinson2, Jianing Mi1, Guoxin Cui3, Ting Ting Xiao4,  
Najeh M. Kharbatia5, Xiujie Guo1, Erli Sugiono6, Manuel Aranda3, Ikram Blilou4, 
Magnus Rueping7, Philip N. Benfey2, Salim Al-Babili1*

Anchor roots (ANRs) arise at the root-shoot junction and are the least investigated type of Arabidopsis root. Here, 
we show that ANRs originate from pericycle cells in an auxin-dependent manner and a carotenogenic signal to 
emerge. By screening known and assumed carotenoid derivatives, we identified anchorene, a presumed carotenoid- 
derived dialdehyde (diapocarotenoid), as the specific signal needed for ANR formation. We demonstrate that 
anchorene is an Arabidopsis metabolite and that its exogenous application rescues the ANR phenotype in carotenoid- 
deficient plants and promotes the growth of normal seedlings. Nitrogen deficiency resulted in enhanced anchorene 
content and an increased number of ANRs, suggesting a role of this nutrient in determining anchorene content 
and ANR formation. Transcriptome analysis and treatment of auxin reporter lines indicate that anchorene triggers 
ANR formation by modulating auxin homeostasis. Together, our work reveals a growth regulator with potential 
application to agriculture and a new carotenoid-derived signaling molecule.

INTRODUCTION
Carotenoids are common isoprenoid pigments synthesized by all 
photosynthetic organisms and many heterotrophic bacteria and fungi 
(1–4). They are essential constituents of the photosynthetic apparatus 
(5), as well as a source for biologically important compounds such 
as retinoids (6), the phytohormones abscisic acid (ABA) (7) and 
strigolactone (SL) (8), and the recently discovered plant regulatory 
metabolite zaxinone (9). All of these derivatives arise by virtue of the 
extended, conjugated double bond system that makes carotenoids 
prone to oxidative cleavage (10). This reaction yields carbonyl 
products called apocarotenoids (2, 3) and can be catalyzed by enzymes 
from the carotenoid cleavage dioxygenase (CCD) family, which 
break defined C-C double bonds by inserting molecular oxygen (10). 
Arabidopsis CCDs are divided into nine-cis-epoxycarotenoid cleavage 
dioxygenases (NCED2, NCED3, NCED5, NCED6, and NCED9) that 
form the ABA precursor xanthoxin from the cleavage of 9-cis- 
epoxycarotenoids, and CCDs with different substrate and regiospe-
cificities (10, 11). The latter group includes CCD1, which forms a 
plentitude of C13, C10, and C8 volatiles from different apocarotenoids 
and C40-carotenoids (12); CCD4, which cleaves all-trans--carotene 
into -ionone (C13) and -apo-10′-carotenal (C27) (13); the SL bio-
synthesis enzyme CCD7 (MAX3), which breaks 9-cis-- carotene into 
-ionone (C13); and CCD8 (MAX4), which converts 9-cis--apo-

10′-carotenal into the SL biosynthesis intermediate carlactone (8). 
CCD8 can also cleave all-trans--apo-10′-carotenal into the ketone 
-apo-13-carotenone (d’orenone) but with low activity (14). Non-
enzymatic cleavage, which occurs at each double bond in the carotenoid 
backbone, is another important route for apocarotenoid formation 
(15). This process is triggered by reactive oxygen species (ROS) and 
can also yield signaling molecules, such as the plant stress signal 
-cyclocitral, which is formed by singlet oxygen (1O2), mediating 
gene responses to ROS (16) and plant root growth (17). In addition 
to monocarbonyls, carotenoid cleavage can yield dialdehyde products 
(diapocarotenoids), as shown for several plant and cyanobacterial 
CCDs that cleave multiple double bonds within carotenoids or target 
apocarotenoids (18, 19). The question of whether diapocarotenoids 
are also regulatory metabolites has not yet been answered.

Plant root systems provide anchorage and are the primary site for 
water and nutrient uptake (20, 21). Arabidopsis is an ideal model 
plant to study root development because of its genetic tractability 
and its fast-growing and relatively simple root system. Arabidopsis 
has three highly characterized types of roots: (i) a primary root 
initiated in embryogenesis; (ii) lateral roots (LRs) that form from 
the primary root and other LRs; and (iii) adventitious roots, which 
emerge from non-root tissues, such as stem, leaves, and hypocotyl 
(20, 21). Anchor roots (ANRs) (22) constitute a fourth type of roots. 
They emerge from the collet (23), a region located just below the 
root- hypocotyl junction, and have remained largely uncharacterized.

The development of LRs occurs in a series of well-documented 
stages. They are positioned through a process that involves gene 
expression oscillation (24) mediated by an unidentified carotenoid- 
derived signal (25). In Arabidopsis, LRs initiate from xylem pole 
pericycle cells, which form the cell layer between the vascular bun-
dle and the endodermis. These cells divide to produce LR primor-
dia, which continue to grow until the new roots emerge by pushing 
through the outer layers of the originating root (26). The plant 
hormone auxin plays a central role in root development (27, 28). 
For instance, the auxin signaling component MP/ARF5 regulates 
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embryonic root development (29), and the auxin-related transcrip-
tion factors ARF7 and ARF19 are pivotal for LR initiation (30).

In addition to auxin, the carotenoid-derived phytohormones, 
SL and ABA, have been shown to regulate different aspects of root 
development (31, 32). To explore the biological functions of dia-
pocarotenoids and to identify new carotenoid derivatives involved 
in Arabidopsis root development, we tested the activity of diapo-
carotenoids, which had either been previously identified as CCD 
products or were structurally predicted to result from carotenoids. 
We discovered that ANR formation requires carotenoid biosynthesis 
and is triggered by a previously unidentified diapocarotenoid that 
we called “anchorene.” To characterize the role of anchorene, we 
present the first comprehensive analysis of ANR development.

RESULTS
Anchorene is a specific regulator of ANR development
To identify new carotenoid-derived signals involved in root devel-
opment, we checked the activity of six previously identified or pre-
dicted diapocarotenoids with carbon numbers ranging from C9 to 
C15 (Diapo1 to Diapo6; fig. S1A). Diapo1 (C9) is the expected product 
formed upon CCD8 cleavage of all-trans--apo-10′-carotenal (14). 
Diapo2 (C10) results from cleaving the C7, C8 and C15, C15′ double 
bonds in different carotenoids and is produced by cyanobacterial 
retinal-forming enzymes from C30 apocarotenoids (19). Diapo3 (C10) 
is a structural isomer of Diapo2 and a predicted cleavage product 
that can be formed by cutting the C11, C12 and C11′, C12′ bonds in 

almost all plant carotenoids (Fig. 1A and fig. S1B). Diapo4 (C12) 
results from cleaving the C7, C8 and C13′, C14′ bonds in many 
carotenoids and is formed by CCD1 from apo-10′-lycopenal (22). 
Diapo5 (C15) results from cleaving the C7, C8 and C11′, C12′ bonds 
in many carotenoids and is formed by CCD1 from apo-10′-lycopenal 
(22). Diapo6 (C14) is a common CCD1 product formed by cleaving 
the C19, C10 and C9′, C10′ bonds in many carotenoids (18). We 
treated seedlings with either 5 or 25 M each compound and deter-
mined the length of primary roots 7 days post-stratification (dps). 
At lower concentrations, we did not observe notable effects with 
any of the compounds. At the higher concentration, application of 
Diapo2 and Diapo5 led to a severe decrease (approximately 80%) in 
primary root growth (fig. S2A). Diapo1, Diapo3, and Diapo4 showed 
weak inhibition of primary root length; however, the most notable 
effect of Diapo3 was the promotion of ANR formation (fig. S2A). 
On the basis of this activity, we named Diapo3 anchorene.

Excision of the root apical meristem (RAM) triggers ANR formation 
(fig. S2B) (22). To test the effect of anchorene under these conditions, 
we applied different concentrations of this compound to Arabidopsis 
seedlings with or without RAM excision. About 9% of control Col-0 
seedlings developed ANRs under normal conditions compared to about 
50% upon RAM excision (Fig. 1B). The effect of 5 M anchorene was 
comparable to that of RAM excision, triggering the formation of ANRs 
in 55% of the seedlings. Higher anchorene concentrations (10 and 
20 M) enhanced this ratio to 97 and 100%, respectively (Fig. 1B). 
There was also an increase in the number of seedlings that developed 
two ANRs from 0% in the control to approximately 80% upon 

Fig. 1. Anchorene promotes ANR formation. (A) Proposed production of anchorene (AR) (12,12′-diapocarotene-12,12′-dial) from -carotene by oxidative cleavage; 
all-trans--carotene is taken as an example for the C-atom numbering. (B) AR promotes ANR formation in a concentration-dependent manner. Bottom: Representative 
seedlings treated with the indicated AR concentration. Scale bar, 1 cm. Top: Quantification of ANR no. as percentage (means ± SD) of seedlings with zero, one, or two 
ANRs (three independent replicates) corresponding to the treatments in the bottom panel. UC, uncut root apical meristems (RAMs); C, cut RAMs. (C) Two opposing 
ANRs are formed at the collet. White and red arrows in the right panel indicate primary ANRs and secondary ANRs (or LRs), respectively. (D) ANRs are initiated from 
the pericycle cells of the root. pDR5::nls-YFP was used for confocal microscopy imaging. The yellow fluorescent protein (YFP) signal is indicated by green, and SCRI 
Renaissance 2200 staining is indicated by purple. Ep, epidermis; C1, cortex layer 1; C2, cortex layer 2; En, endodermis; P, pericycle; ARI, ANR initiation site; ARP, ANR 
primordia; RH, root hair. Photo credit: K.-P.J. and S.A.-B., KAUST (B and C) and T.T.X. and I.B., KAUST (D). 
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application of 20 M anchorene (Fig. 1B). Using a wide range of 
concentrations, we established a dose-response curve in the presence 
and absence of the RAM. The effect of anchorene was dose dependent 
in both cases (fig. S2C). Next, we investigated the effect of anchorene 
on LR formation and primary root length using different con-
centrations. As shown in fig. S2 (D and E), anchorene inhibited the 
growth of primary roots in a concentration-dependent manner 
but did not affect the number of LRs. To determine whether the 
anchorene effect on ANRs is caused by inhibiting primary root 
growth, we applied the compound locally either on shoots and 
collets or on root tips (fig. S2F). As shown in fig. S2 (G to I), appli-
cation of anchorene on shoots and collets, but not on root tips, pro-
moted ANR formation. By contrast, the inhibitory effect on primary 
root growth required local application and was not observed upon 
treating collets with anchorene. Together, these results indicate 
that anchorene effects on ANR formation and primary root growth 
are independent.

To test the specificity of anchorene, we evaluated the effect of 
structurally similar compounds on ANR formation. The application 
of Diapo2, a structural isomer of anchorene (fig. S1A) with a different 
position of one of the two methyl groups, gave only a modest increase 
in ANR formation, even at the relatively high concentration of 25 M 
(fig. S2J). However, this concentration caused a pronounced inhibition 
of primary root growth, which may be the reason for the stimulatory 
effect on ANR formation. Modification of anchorene’s structure by 
reducing the aldehyde groups to alcohols or converting the aldehydes 
into acids or acid-ethyl esters resulted in a loss of activity (figs. S1C 
and S2J). These data suggest that anchorene promotion of ANR for-
mation requires specific structural features found only in anchorene, 
among the compounds tested.

To understand how anchorene exerts its activity, we characterized 
its effect on ANR development using stereo and confocal microscopy. 
ANRs arise in the collet region characterized by the presence of dense 
root hairs (Fig. 1C) (23). Arabidopsis seedlings form one or two ANRs 
opposite each other, mirroring the positions of the cotyledons (Fig. 1C). 
In contrast, LRs emerge in much higher numbers at alternating po-
sitions (33). ANRs themselves can branch, forming secondary ANRs 
or LRs (Fig. 1C). The cellular pattern of ANR primordia in the collet 
indicates that they originate, similar to LRs, from the xylem pole 
pericycle. Analysis of the yellow fluorescent protein (YFP) signal in a 
pDR5::nlsYFP auxin reporter line (34), which has been used to localize 
LR initiation sites, indicated the pericycle origin of ANRs (Fig. 1D).

To track ANR development, we used a pDR5::LUC line, which 
marks LR prebranch sites (24, 25). We observed a clear LUC signal 
in the collet as early as 3 dps (fig. S3A), suggesting that this line can 
also be used to visualize ANR primordia. Consistent with anchorene 
effect on ANR formation, the application of this compound intensi-
fied the LUC signal in the collet (fig. S3B). To acquire more knowl-
edge about ANR development and the role of anchorene in this 
process, we evaluated the green fluorescent protein (GFP) signal 
in a pDR5rev::GFP marker line in the presence and absence of 
anchorene from 2 to 6 dps. Both mock- and anchorene-treated 
seedlings developed clear GFP signals in the collet at 3 dps (fig. S3C). 
In the following 2 days, this signal faded in mock pDR5rev::GFP 
seedlings and disappeared completely at 6 dps, which indicates 
that these seedlings establish ANR primordia but the ANRs do 
not emerge. In contrast, anchorene-treated pDR5rev::GFP seedlings 
maintained a strong GFP signal in the collet, and ANRs emerged at 
6 dps (fig. S3C).

A carotenoid-derived metabolite is required for normal  
ANR formation
To understand the role of carotenoids in ANR development, we 
monitored ANR formation under carotenoid-deficient conditions. 
Arabidopsis seedlings grown on media frequently do not form emerged 
ANRs, which impeded the characterization of factors affecting ANR 
formation. Therefore, we monitored ANR numbers after RAM ex-
cision (ANR-RE) to stimulate ANR development (fig. S2B) (22). We 
used these measurements as an indicator of ANR formation capacity. 
We first measured ANR formation upon treatment with norflurazon 
(NF) and 2-(4-chlorophenylthio)-triethylamine hydrochloride (CPTA) 
(4), which block phytoene desaturation and lycopene cyclization, 
respectively (Fig. 2A). We also investigated the effect of D15, a CCD 
inhibitor (25). These three compounds have been shown to reduce 
LR initiation (Fig. 2, B and C) (25), suggesting that a CCD product 
is required for LR development. Both NF and CPTA strongly re-
duced ANR-RE, while D15 promoted this process (Fig. 2, B and C). 
These results suggest that carotenoids are necessary for proper ANR 
and LR development but that each root type is regulated by a specific 
apocarotenoid. To test this hypothesis, we asked whether anchorene 
can restore LR capacity in D15-treated seedlings. Anchorene had no 
significant effect on LR formation after D15 treatment. Furthermore, 
it inhibited LR capacity in untreated seedlings (fig. S4A), providing 
evidence that anchorene is not the carotenoid-derived signal required 
for LR capacity. The positive effect of D15 on ANR-RE may be caused 
by increased carotenoid levels or by its inhibitory effect on primary 
root growth (25). Confirming the carotenoid dependency of ANR 
formation, the carotenoid-deficient mutants, ispH1 (35) and psy (4), 
disrupted in plastid isoprenoid and phytoene biosynthesis, respec-
tively (Fig. 2A), exhibited a great reduction in ANR-RE compared 
to wild type (Fig. 2, D and E).

CPTA inhibits the synthesis of both - and -carotene, the pre-
cursors for the two separate branches of plant carotenoid bio-
synthesis (Fig. 2A) (36). The mutants lut1 (37) and lut2 (38) that are 
affected in -carotene and lutein formation, respectively, were 
indistinguishable from wild type with regard to ANR-RE (fig. S4B). 
This indicates that the -branch is not the primary source for the 
ANR signal. Next, we asked whether ABA or SL is the apocarotenoid 
signal required for ANR formation. We observed an increase in 
ANR-RE in the SL-deficient ccd8/max4 (39) and max1 (40) mutants 
and an inhibitory effect of the SL analog GR24 on ANR-RE (fig. S4, 
C and D), indicating a negative role of SL in ANR formation. How-
ever, we did not observe this increase in SL-deficient ccd7/max3 
seedlings (fig. S4C). We did not detect a difference in ANR-RE in 
the ABA-deficient mutants, aba1 (41) and aba3 (42), or upon ABA 
application (fig. S4, E and F), excluding a role of ABA in ANR 
development. We also examined ANR-RE in nced and other ccd 
mutants—i.e., nced2, nced3, nced5, nced6, nced9, ccd1, and ccd4—
but did not observe a significant difference in ANR-RE (fig. S4G), 
indicating that the corresponding enzymes are unnecessary or work 
redundantly in this regard.

To determine at which developmental stage the apocarotenoid 
signal regulates ANR development, we examined the effect of NF 
on the pDR5::LUC marker line. In NF-treated plants, we detected a 
clear collet LUC signal (fig. S3B), suggesting that carotenoids are 
not required for ANR initiation. This assumption is corroborated 
by the detection of ANR primordia in pWOX5::GFP (43) seedlings 
upon treatment with NF and in the carotenoid-deficient psy mutant 
(Fig. 2, F and G).
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Anchorene is an endogenous signal that rescues ANR 
formation under carotenoid deficiency
To determine whether anchorene is the carotenoid-derived metabolite 
required for ANR formation, we asked whether it can rescue the ANR-
RE reduction caused by inhibiting carotenoid biosynthesis. Seedlings 
cotreated with anchorene and either NF or CPTA were similar to 
untreated seedlings and did not show a reduction in ANR-RE, as 
observed upon treatment with NF or CPTA alone (Fig. 3, A and B). 
Similarly, anchorene application completely restored wild-type ANR-
RE in the psy mutant (Fig. 3, C and D). These results indicate that 
anchorene is sufficient to promote ANR formation under carotenoid- 
deficient conditions and exclude the possibility that reduction in 
ANR-RE observed in carotenoid-deficient seedlings is an indirect 
consequence of albinism. We also examined the effect of NF alone 
and in combination with anchorene on pDR5rev::GFP seedlings. We 
did not see a significant reduction in GFP signal after NF application; 
however, the combined NF/anchorene treatment clearly enhanced 
the GFP signal (fig. S5), suggesting that anchorene stimulated growth 
of ANR primordia after initiation.

To determine whether anchorene is a natural plant metabolite, we 
developed an extraction, derivatization and liquid chromatography– 
mass spectrometry (LCMS) protocol for carotenoid-derived dia-

pocarotenoids. We identified endogenous anchorene from Arabidopsis 
root and shoot tissues based on its precise match with the mass, chro-
matographic retention time, and product ion spectrum of the authentic 
anchorene standard (Fig. 3, E and F). We also detected two potential 
anchorene isomers identified by their exact mass and product ion 
spectra (Fig. 3E and fig. S6, A and B). The relative amounts of the 
three isomers differ between roots and shoots, with the anchorene 
peak being the most pronounced peak in roots (fig. S6A). This pattern 
is consistent with anchorene’s role in root development. Quantitative 
analysis showed about fourfold higher anchorene content in shoots 
compared to roots (0.08 ± 0.003 pmol/mg versus 0.02 ± 0.001 pmol/mg 
dry weight) (fig. S6C). Confirming its carotenoid origin, anchorene 
content decreased continuously after NF application (fig. S6, D and 
E). The formation of anchorene from carotenoids requires the cleavage 
of the C11═C12 and C11′═C12′ double bonds (Fig. 1A). This process 
could be initiated by NCEDs that cleave the C11═C12 double bond 
in 9-cis-epoxycarotenoids and 9-cis-zeaxanthin (7), leading to 9-cis-
apo-11-carotenoids (C15), e.g., the ABA precursor xanthoxin, and 
all-trans-apo-12′-apocarotenoids, such as all-trans-3-OH--apo-12′-
carotenal (OH-Apo12′; C25; fig. S7A). To test whether all-trans-apo-12′-
apocarotenoids are further cleaved at the C11═C12 bond to form 
anchorene in planta, we measured anchorene content and quantified 

Fig. 2. Carotenoid deficiency leads to reduced ANR formation. (A) Schematic of plant carotenoid biosynthesis. The gray dotted arrow indicates the upstream steps; 
mutants are shown in gray italics; reactions inhibited by NF and CPTA are depicted in red. Representative seedlings (B) and quantification data (C) show the effect of NF, 
CPTA, and D15 treatment on ANRs and LRs formation in Col-0 seedlings. ANRs and LRs no. were quantified after RAM excision; data are presented as means ± SD (three 
independent replicates). *P < 0.05, **P < 0.01, and ***P < 0.001, by two-tailed paired Student’s t tests. (D) Comparison of ANR formation between Col-0 and psy and ispH1 
mutants. (E) ANR-RE quantification in Col-0, psy, and ispH1 seedlings. Data are presented as means ± SD (three independent replicates); ***P < 0.001, by two-tailed paired 
Student’s t test. Representative 5 dps NF-treated pWOX5::GFP (F) or psy mutant (G) seedlings have initiated ANR primordium. Photo credit: K.-P.J. and S.A.-B., KAUST (B and D) 
and A.J.D. and P.N.B., Duke University (F and G).

 on D
ecem

ber 9, 2019
http://advances.sciencem

ag.org/
D

ow
nloaded from

 

http://advances.sciencemag.org/


Jia et al., Sci. Adv. 2019; 5 : eaaw6787     27 November 2019

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

5 of 12

ANRs in Arabidopsis seedlings after feeding with OH-Apo12′ or 
the longer apocarotenoid all-trans-3-OH--apo-10′-carotenal (OH-
Apo10′; C27), which we used as a control (fig. S7B). Arabidopsis 
seedlings fed with OH-Apo12′ contained much higher anchorene 
levels and developed more ANRs compared to untreated or OH-
Apo10′ fed seedlings (fig. S7, C and D). These results suggest that 
all-trans-apo-12′-apocarotenoids, which can be formed by NCEDs, 
are likely precursors of anchorene in planta (fig. S7A).

Anchorene promotes ANR formation by modulating  
auxin distribution
Anchorene’s promotion of the GFP signal in the DR5 marker line 
suggested the involvement of auxin in ANR formation. Therefore, 
we investigated the role of ARF7 and ARF19, two auxin-responsive 
transcription factors required for LR initiation (28, 30). The arf7arf19 
double mutant did not form any ANRs after anchorene application, 
even after RAM excision (Fig. 4A and fig. S8A). Moreover, confocal 
microscopy examination revealed that arf7arf19 double mutant lacks 
ANR primordia (Fig. 4B), suggesting that ARF7 and ARF19 are 
crucial for ANR initiation. Next, we investigated the effect of the 
auxin analog 1-naphthaleneacetic acid (NAA) and the auxin efflux 
transport inhibitor 1-N-naphthylphthalamic acid (NPA) on ANR 
formation. As shown in Fig. 4C and fig. S8B, treatment with NAA 

greatly increased ANR formation under normal conditions and upon 
RAM excision, while NPA treatment completely blocked ANR-RE. 
These results demonstrate that auxin signaling is required for ANR 
initiation and that auxin transport is essential for ANR formation.

To determine whether anchorene acts by modulating auxin 
transport, we first evaluated its effect in the presence of NPA. 
Anchorene partially rescued the negative impact of NPA on ANR-
RE (Fig. 4D and fig. S8C). Furthermore, anchorene largely rescued 
the loss of gravitropism caused by disruption of auxin transport 
in NPA-treated seedlings (fig. S8, D and E). Using the pPIN3::PIN3-GFP 
marker line, we also investigated the effect of anchorene on the auxin 
efflux carrier PIN3, which plays an important role in LR initia-
tion and emergence (26). Application of anchorene led to a signif-
icant increase in PIN3 levels (fig. S8, F and G). However, the pin3 
mutant did not show altered ANR-RE (fig. S8H), which is likely due 
to redundancy of the PINs in regulating auxin transport. Next, we 
used the auxin transporter marker line pLAX3::LAX3-YFP, which 
has been described to have a role during LR emergence (44, 45), 
to monitor the effect of anchorene on auxin influx. As shown in 
Fig. 4E, anchorene increased the expression levels of pLAX3::LAX3- YFP 
in root vascular tissues neighboring the ANR initiation site. Further-
more, the lax3 mutant (45) was less responsive to anchorene treat-
ment as compared to wild type (Fig. 4, F and G). These results 

Fig. 3. AR is an endogenous metabolite. Representative seedlings (A) or ANR-RE quantification (B) of NF- and CPTA-treated seedlings exposed to AR. Representative 
seedlings (C) or ANR-RE quantification (D) of psy mutant seedlings treated with AR. “−” and “+” in (A) and (C) indicate the absence or presence of AR; in (B) and (D), data 
are presented as the percentage (means ± SD) of seedlings with zero, one, or two ANRs (three independent replicates). NF (1 M), CPTA (100 M), and AR (20 M) were 
used. Scale bars, 1 cm. (E) Liquid chromatography mass spectrometry (LCMS) identification of endogenous AR in Arabidopsis root extract. Extracted ion chromatograms 
of AR from Arabidopsis root extract (top), AR standard (AS; middle), and Arabidopsis root extract spiked with AS (bottom). Peak II indicates endogenous AR (top) or 
endogenous AR spiked with AS (bottom). Peaks I and III represent AR isomers. (F) Endogenous AR (peak II) from Arabidopsis root extract and AS displayed identical pattern 
of product ion spectra. m/z, mass/charge ratio. Photo credit: K.-P.J. and S.A.-B., KAUST (A and C).  on D

ecem
ber 9, 2019

http://advances.sciencem
ag.org/

D
ow

nloaded from
 

http://advances.sciencemag.org/


Jia et al., Sci. Adv. 2019; 5 : eaaw6787     27 November 2019

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

6 of 12

suggest that anchorene promotes ANR formation by modulating 
both auxin influx and efflux.

Next, we performed RNA sequencing (RNA-seq) on collet tis-
sues isolated from seedlings after treatment with anchorene, NPA, 
or RAM excision. NPA and anchorene treatment affected the 
expression level of 3355 overlapping genes and exerted the opposite 
effect on 2791 (83%) of them (fig. S9, A and C, and dataset S1). This 
is consistent with the opposite effects of NPA and anchorene on 
ANR development. In contrast, RAM excision and anchorene treat-
ment led to a similar response in the expression level of 1459 genes 
and caused opposite effects in only 36 genes (fig. S9, B and D, and 
dataset S1), which is in line with their common role in triggering 

ANR development. Biological process (BP) Gene Ontology term 
analysis showed that many genes up-regulated by both anchorene 
treatment and RAM excision are related to auxin metabolism (fig. 
S9E and dataset S2), providing further evidence for a role of auxin 
in ANR development, and that anchorene regulates ANR develop-
ment mainly by modulating auxin homeostasis. For example, TAA1 
and YUC7, two genes up-regulated by anchorene, are key enzymes 
involved in tryptophan-dependent auxin biosynthesis (fig. S9F) 
(46). Many genes that were up-regulated by anchorene and down- 
regulated by NPA are related to RNA methylation and RNA modi-
fication (fig. S9E and dataset S2), which indicates that anchorene 
may also regulate gene activity at a posttranscriptional level.

Fig. 4. AR promotes ANR formation by regulating auxin distribution. (A) Effect of AR on ANR-RE in Col-0 and arf7arf19 seedlings. (B) Confocal microscopy imaging of 
the collet region in a representative arf7arf19 seedling. (C) Effect of NAA and NPA on ANR-RE. (D) AR partially rescued ANR-RE in NPA-treated seedlings. (E) A representa-
tive confocal microscopy image of the collet region to show the AR effect on pLAX3::LAX3-YFP expression during ANR primordia formation. The YFP channel is shown in 
green, and the SCRI Renaissance 2200 staining is shown in purple. ANR quantification (F) and a representative picture (G) to show the seedlings of Col-0 and lax3 under 
normal (mock), RAM excision (RE), and AR application conditions. In (A), (C), and (F), data are presented as means ± SEM from one representative experiment. In (A) (n = 49, 
51, 44, and 50), different letters denote significant differences (one-way ANOVA with Tukey’s multiple comparisons test, P < 0.05). In (C) (n = 25, 27, 31, 28, 25, and 27) and 
(F) (n = 43, 44, 39, 45, 43, and 48), ***P < 0.001 by two-tailed Student’s t test. In (D), data are presented as means ± SD (three independent replicates); **P < 0.01, by two-
tailed paired Student’s t test. Photo credit: A.J.D. and P.N.B., Duke University (B); T.T.X. and I.B., KAUST (E); and K.-P.J. and S.A.-B., KAUST (G).
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ANR formation and anchorene contents are regulated by 
nutrient availability
Plants modulate architecture and growth of their roots according to 
soil texture and nutrient availability. To explore the effect of soil on 
ANR formation, we compared the number of ANRs in seedlings 
grown in organic or sandy soil. A total of 63 ± 17.5% of seedlings 
grown in sand formed ANRs at 8 dps compared to only 4 ± 3.5% of 
those grown in organic soil (Fig. 5, A and B). Next, we analyzed the 
elemental composition of the sandy and organic soil and found that 
they have quite different levels of many nutrients, including phos-
phorus and nitrogen (table S1). Therefore, we determined the effect 
of phosphorus and nitrogen deficiency on ANR formation. Lack of 
phosphorus did not affect ANR formation. In contrast, exposing 
Arabidopsis seedlings to nitrogen deficiency led to an obvious in-
crease in the average of ANR number per plant (Fig. 5, C and D). 
Nitrogen deficiency also led to much higher amounts of anchorene 
(Fig. 5E), indicating that nitrogen availability regulates the level of 
anchorene, which points to a role of this metabolite in Arabidopsis 
response to nitrogen deficiency.

Last, we investigated the effect of anchorene treatment on plant 
growth by measuring root and shoot biomass in 17-day-old 

anchorene-treated seedlings. Treatment with anchorene for 1 week 
led to increased ANR number, a wider root system, and enhanced 
root (about 50%) and shoot (about 30%) fresh biomass (Fig. 5F and 
fig. S10A). We also tested the effect of anchorene on rice roots and 
observed a notable induction in root length (fig. S10, B to D), indi-
cating the potential of this metabolite in promoting plant growth.

DISCUSSION
In this study, we investigated the development of ANRs, the least 
characterized Arabidopsis root type, and demonstrate that their 
formation is triggered by a carotenoid-derived signal. Moreover, we 
show that anchorene is the signal that regulates ANR development. 
To our knowledge, anchorene is the first reported diapocarotenoid 
with a specific regulatory function. Because of their instability 
and reactivity, diapocarotenoids have attracted little attention 
and have mainly been studied as precursors of pigments, such as 
crocin (47). Hence, the identification of anchorene is expected to 
facilitate the discovery of further diapocarotenoid-based plant 
regulatory compounds and unravel new functions of carotenoid- 
derived metabolites.

Fig. 5. AR and ANR formation are triggered by nitrogen deficiency. (A) Representative 8-day-old sand- or soil-grown seedlings. White and red arrows indicate collets 
and ANRs, respectively. (B) ANR formation rate of seedlings grown in sand and soil. Representative seedlings (C) and ANR no. counting (D) of 10-dps Col-0 seedlings grown 
in agar plates with Hoagland (mock), phosphorus deficiency (−P), or nitrogen deficiency (−N) media. (E) AR contents of the root tissues of seedlings grown in the plates 
with Hoagland or −N media. (F) AR treatment increases root and shoot biomass of Arabidopsis seedlings. Seventeen-day-old seedlings with or without AR treatment were 
used for biomass analysis. In (B), (D), and (F), data are presented as means ± SD from three, four, and three independent experiments, respectively, and paired two-tailed 
Student’s t test was used; in (E), data are presented as means ± SEM from one representative experiment, and unpaired two-tailed Student’s t test was used (n = 6 and 3). 
*P < 0.05, **P < 0.01, and ***P < 0.001. Photo credit: K.-P.J. and S.A.-B., KAUST (A and C).
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Anchorene is a specific inducer of ANR formation, as shown by 
the inactivity of its isomer and derivatives, i.e., the corresponding 
dialcohol, diacid, and diethyl ester (fig. S1, A and C). Unlike LRs, 
ANRs originate from the collet, which emerges from embryonic tissue. 
Therefore, ANR development is fundamentally different from that 
of LRs, which initiate in the differentiation zone nearer the root tip 
(23). Although both ANRs and LRs originate from the pericycle, the 
collet pericycle forms only one or two ANRs located opposite each 
other (Fig. 1, C and D), while the primary root pericycle continu-
ously develops alternating LRs. Anchorene also significantly inhibits 
primary root growth. However, local application of anchorene 
demonstrated that the effects of anchorene on ANR formation and 
primary root growth are independent processes.

Anchorene is a synthetic compound that could arise in planta 
from carotenoid cleavage. Our work demonstrates that ANR devel-
opment requires a carotenoid-derived signal (Fig. 2) and that 
anchorene exerts the function of this signal in carotenoid-deficient 
seedlings (Fig. 3, A to D). Further, we show that anchorene is a natural 
Arabidopsis metabolite and that the content of this compound 
decreased upon application of the carotenoid biosynthesis inhibitor 
NF (Fig. 3, E and F, and fig. S6, D and E). However, the question of 
how anchorene is produced from carotenoids remains elusive. 
Theoretically, anchorene can arise by cleaving C11═C12 and C11′═C12′ 
double bonds in all carotenoids starting from -carotene in the 
carotenoid biosynthesis pathway (fig. S1B). In contrast to ABA and 
SL, which derive from specific 9-cis-carotenoids (7, 8), anchorene 
can be formed from all carotenoids with a continuously conjugated, 
trans-configured central moiety (C11 to C11′; Fig. 1A).

Several CCDs from plants (18), fungi (48), and cyanobacteria 
(19) produce diapocarotenoids, either by repeated cleavage of 
carotenoid substrates or by specifically targeting apocarotenoids. 
However, enzymatic studies on Arabidopsis CCDs do not support 
the formation of anchorene by a single CCD. None of the Arabidopsis 
CCDs are capable of performing cleavage at both of the C11═C12 
and C11′═C12′ double bonds in vitro (3). Nevertheless, NCEDs 
could catalyze a first step in anchorene formation since they cleave 
the C11═C12 double bond in 9-cis–configured epoxycarotenoids 
and zeaxanthin (7). This cleavage activity leads to all-trans-apo-12′-
carotenoids that can be immediate precursors of anchorene. Our 
feeding experiment indicates that OH-Apo12′ may be a specific 
precursor of anchorene in Arabidopsis (fig. S7). However, we did 
not detect a reduction in ANR-RE in any single nced or ccd mutant 
(fig. S4, C and G), which might be due to functional redundancy of 
the five NCEDs and four CCDs present in Arabidopsis. Carotenoids 
are also cleaved nonenzymatically and catalyzed by ROS (16). If this 
is the case, then the specificity of anchorene activity may be regulated 
by a receptor rather than by anchorene biosynthesis.

Our study reveals a central role of auxin in ANR development. 
The auxin-responsive transcription factors ARF7 and ARF19, which 
are key regulators of LR initiation (28, 30), are also indispensable 
for ANR initiation (Fig. 4, A and B). Moreover, the auxin analog 
NAA strongly increases ANR-RE, while the auxin transport inhibi-
tor NPA impedes the formation of ANRs (Fig. 4C), suggesting that 
auxin content and distribution are both important for ANR-RE.
Using auxin-responsive marker lines, we showed that the applica-
tion of anchorene increased the levels of auxin reporters both in 
ANR primordia and the surrounding tissue (figs. S3 and S5), sug-
gesting that anchorene triggers ANR formation by modulating auxin 
transport and levels. Anchorene treatment resulted in a significant 

increase at the protein level of PIN3 and LAX3, auxin efflux and 
influx transporters, respectively (Fig. 4E and fig. S8, F and G). Con-
sistent with these results, transcriptome analysis showed that anchorene 
application increased the transcript levels of many auxin biosynthesis 
genes, including the two key genes in tryptophan-dependent auxin 
biosynthesis, TAA1 and YUC7 (fig. S9).

Root systems are important not only for anchoring plants in soil 
but also for absorbing water and nutrients. We observed an increase 
in ANR number upon using nutrient-poor sandy soil (Fig. 5, A and B). 
Moreover, we found higher anchorene levels and increased ANR 
formation under nitrogen-deficient conditions (Fig. 5, C to E), sug-
gesting that anchorene production can be regulated by nutrient 
availability. In addition, we observed a growth-promoting effect of 
this metabolite in both Arabidopsis and rice (Fig. 5F and fig. S10). 
These results indicate that ANRs may improve nutrient uptake and 
indicate a potential of anchorene for applications in agriculture or 
horticulture. It is worth mentioning that anchorene is a commer-
cially available compound used as a building block for the manufac-
turing of different carotenoids on an industrial scale (49), which 
makes its application quite feasible.

MATERIALS AND METHODS
Chemicals
Diapo1, Diapo2, Diapo4, Diapo5, and Diapo6 were synthesized by 
Buchem (The Netherlands). Diapo3 (anchorene) was first custom- 
synthesized by Buchem (The Netherlands) and was later synthesized 
together with D6-anchorene and anchorene derivatives according 
to the protocol (see below). All diapocarotenoids were dissolved in 
acetone to make 10 mM stock solutions. For the screening experi-
ments, each chemical was diluted in half-strength Murashige and 
Skoog (MS) media [with 0.5% sucrose + 1% agar and MES (0.5 g/liter) 
(pH 5.7)] to reach indicated concentrations of 25 and 5 M. Stock 
solutions for D15 (100 mM), NF (10 mM) (Chem Service), and 
CPTA (50 mM) [obtained from the laboratory of L. E. Sieburth at 
the University of Utah (Salt Lake City, UT)] were prepared in 
dimethyl sulfoxide. D15 (125 M), NF (1 M), and CPTA (100 M) 
working solutions were obtained by diluting the corresponding stock 
solutions in the aforementioned MS medium. GR24 (Chiralix, The 
Netherlands) was prepared in acetone. ABA, NAA, and NPA were 
purchased from Sigma-Aldrich, and their stock solutions were all 
prepared in water at 1 mM concentration.

Plant materials and growth conditions
Col-0 was used as wild type, unless otherwise noted. Mutants 
psy, isph1, lut1, lut2, ccd1, ccd4, ccd7, ccd8, nced2, nced3, nced5, 
nced6, nced9, aba1, and aba3 were described previously (25). The 
mutants pin3 to pin4 were acquired from Arabidopsis Biological 
Resource Center stock center. The arf7arf19 (CS24625) mutants 
were acquired from the European Arabidopsis Stock Centre and as 
descripted previously (30). pDR5::nlsYFP (34), pWOX5::GFP (43), 
pDR5::LUC (24), pDR5rev::GFP (50), pPIN3::PIN3-GFP (51), and 
pLAX3::LAX3-YFP (45) transgenic marker lines were all as described 
previously. All mutants and transgenic line information can be 
found in table S2.

Sterilized Col-0 and mutant seeds were kept at 4°C in darkness for 
3 days to stimulate seed germination and then sown on half-strength 
MS [with 0.5% sucrose + 1% agar and MES (0.5 g/liter) (pH 5.7)] 
plates supplemented with the indicated compounds. Plates were 
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vertically grown in Percival growth chambers under long day (16-hour 
light/8-hour dark; 22°C; 60% relative humidity; light density, 4000 lux) 
light-emitting diode (LED) white light [Hyperikon 16W LED Light 
Bulb A21, 16 W (100 W equivalent), CRI92, 1620 lumens, and 4000 K 
(daylight glow)] conditions. Light fluorescence rates were measured 
using a digital lux meter (PeakTech 5025).

ANR, LR, and primary root phenotyping assays
ANRs were counted in seedlings vertically grown on half-strength MS 
[with 0.5% sucrose + 1% agar and MES (0.5 g/liter) (pH 5.7)] media 
8 dps using a dissection microscope. To investigate ANR-RE, RAM of 
seedlings was excised using sterile scalpels at 5 dps and then grown for 
another 3 days before counting protocol for quantifying LR capacity 
has been described previously (25). Specifically, RAM of seedlings 
were excised at 8 dps and then grown for another 3 days before 
counting the number of emerged LRs. For determining the effect of 
anchorene on LRs, the number of emerged LRs was counted using a 
dissection microscope at 8 dps. Primary root length was measured 
using the publicly available ImageJ software (http://rsbweb.nih.gov/ij/) 
after taking digital photographs.

For the quantification of ANR formation under OH-Apo10′ and 
OH-Apo12′ treatment conditions, the sterilized Arabidopsis seeds 
were first exposed to light for 24 hours and then plated to half-
strength MS [with 0.5% sucrose + 1% agar and MES (0.5 g/liter) 
(pH 5.7)] media plates with indicated chemicals; the plates were 
kept under darkness (22°C) for another 2 days and then exposed to 
long day light conditions (16-hour light/8-hour dark; 22°C; 60% 
relative humidity; light density, 4000 lux) for another 7 days to 
count the ANR emergence.

Confocal microscopy
To characterize ANR initiation and primordium, the ClearSee 
protocol was applied as described previously (52). Briefly, seedlings 
exposed to various treatments were fixed using 4% paraformalde-
hyde dissolved in phosphate-buffered saline (PBS) for 30 min. Fixed 
seedlings were washed twice with PBS and then immersed in ClearSee 
solution [10% (w/v) xylitol, 15% (w/v) sodium deoxycholate, and 
25% (w/v) urea in water]. After incubating the seedlings in ClearSee 
solution in the dark at room temperature for 2 to 3 days, laser scan-
ning confocal microscopy (Zeiss LSM 510 microscope) was used to 
visualize the roots. To determine pDR5Rev::GFP fluorescence at the collet 
region, live seedlings were directly used for laser scanning confocal 
microscopy (Zeiss LSM 510 microscope) examination.

For fluorescence intensity quantification of pDR5Rev::GFP and 
pPIN3::PIN3-GFP marker lines, ImageJ software (http://rsbweb.nih.
gov/ij/) was used after taking confocal microscopy photos. All cal-
culations are background subtracted.

To monitor ANR emergence, 3 to 4 dps pDR5::nlsYFP and 
pLAX3::LAX3-YFP Arabidopsis seedlings were embedded in 8% 
agarose and sectioned with a vibratome (Leica VT1000S vibratome). 
Sections were immediately stained with SCRI Renaissance 2200 
(53) for 5 min to visualize cell walls. Images were acquired using a 
Zeiss LSM 880 with Airyscan using an Objective C-Apochromat 
40×/1.2 DIC M27 water immersion. YFP fluorescence was excited 
with a 514 nm laser and detected with 519- to 620-nm wavelength, 
and the emission was recorded at 570 nm. For SCRI Renaissance, 
fluorescence was excited with a 405 nm laser and detected at 410- to 
507-nm, and the emission was recorded at 459 nm. Images were 
processed with Zeiss ZEN software and Adobe Photoshop.

Luciferase assay
Luciferase activity was assayed as previously described (24). Briefly, 
1 ml of 5 mM potassium luciferin (Gold Biotechnology) dissolved in 
water was directly applied to pDR5::LUC seedlings grown vertically 
on half-strength MS plates. The luciferin solution was allowed to 
dry for 5 to 10 min in the dark at room temperature. Seedlings were 
then imaged using a Lumizone CA automated Chemiluminescence 
system. Seven-minute exposure times were used.

Qualitative and quantitative identification of anchorene 
using LCMS
Freeze-dried and ground Arabidopsis seedlings tissues (30 to 40 mg) 
were extracted using 1 ml of acetonitrile with antioxidant (0.1% 
butylated hydroxytoluene) for 15 min in an ultrasonic bath (Branson 
5510EDTH; 25°C), followed by centrifugation for 8 min at 13,000 rpm 
at 4°C. The collected supernatant was dried using a concentrator 
(Labconco RapidVap System). The extract was derivatized (fig. S11B) 
according to the protocol described previously with minor modifica-
tion (54). Derivatization solution (50 l) containing derivatization 
reagent (10 mg/ml) (N2,N2,N 4,N 4-tetraethyl-6-hydrazineyl-1,3,5-
triazine- 2,4-diamine) (Chemspace) in 1% formic acid methanol was 
added in the extract for the incubation at 37°C for 15 min. Then, the 
sample solution was diluted to 150 l with 1% formic acid in meth-
anol and filtered by a 0.22-m filter before LCMS analysis.

The qualitative analysis of derivative anchorene were performed 
on Ultra High Performance Liquid Chromatography (UHPLC) Q 
Exactive Plus MS. Chromatographic separation was achieved on an 
Acquity UPLC BEH C18 column (100 mm by 2.1 mm; 1.7 m; Waters) 
using a mobile phase consisting of water:acetonitrile (90:10, v:v; A) 
and acetonitrile:isopropanol (90:10, v:v; B), both containing 0.2% 
formic acid. A gradient was applied, starting with 20% B and in-
creasing to 100% B over 15 min. A concentration of 100% B was 
maintained for 3 min. To equilibrate the column before the next 
run, the mobile phase was adjusted back to 20% B in 1 min, and this 
concentration was maintained for 3 min before the next sample 
injection. A flow rate of 0.2 ml/min and a column temperature 
of 35°C were maintained throughout the run. The eluent of the 
column was introduced to the mass spectrometer using heated- 
electrospray ionization in positive mode. The injection volume was 
15 l. The conditions of the mass spectrometer were set as follows: 
resolution, 280,000; automatic gain control, 3 × 106; maximum in-
jection time, 150 ms; sheath gas flow, 40 arbitrary units; auxiliary gas 
flow, 10 arbitrary units; spray voltage, 4.0 kV; capillary temperature, 
350°C; and auxiliary gas heater temperature, 400°C. The quantitative 
analysis of derivative anchorene was carried out on HPLC QTRAP 
tandem MS. Chromatographic separation was achieved on an Acquity 
UPLC CSH C18 column (50 mm by 2.1 mm; 1.7 m; Waters) using 
a mobile phase consisting of water:acetonitrile (95:5, v:v; A) and 
pure acetonitrile (B), both containing 0.2% formic acid. A gradient 
was applied, starting with 10% B and increasing to 40% B over 5 min. 
Then, 15% B was increased within 10 min, followed by an increase 
of 45% B over 2 min. Next, 100% B was maintained for 10 min. To 
equilibrate the column before the next run, the mobile phase was 
adjusted back to 10% B in 1 min, and this concentration was main-
tained for 8 min before the next sample injection. A flow rate of 
0.15 ml/min and a column temperature of 40°C were maintained 
throughout the run. The eluent of the column was introduced to 
the mass spectrometer using turbo spray ion source in positive 
mode. The injection volume was 10 l. The conditions of the mass 
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spectrometer were set as follows: curtain gas, 30; ionspray voltage, 5 kV; 
temperature, 400°C; ion source gas 1, 30; ion source gas 2, 40; de-
clustering potential, 55; entrance potential, 10; collision energy, 25; 
and collision cell exit potential, 10. For derivative anchorene, Q1 mass 
(Da), 635.5 and Q3 mass (Da), 239.2 were used; for derivative D6- 
anchorene, Q1 mass (Da), 641.5 and Q3 mass (Da), 239.2 were used.

RNA-seq material preparation and data analysis
For anchorene and NPA treatment, Col-0 seedlings were vertically 
grown on half-strength MS [with 0.5% sucrose + 1% agar and MES 
(0.5 g/liter) (pH 5.7)] plates supplemented with 20 M anchorene 
or 1 M NPA for 5 days. RAM excision treatment was applied by 
excising the RAM from 4.5 dps Col-0 seedlings, and samples were 
collected 12 hours after excision. Col-0 seedlings treated with acetone 
were used as mock. About 2-mm-long sections at the collet region 
were sampled, and sections from approximately 50 seedlings were 
used for each RNA sample. Total RNA was extracted using Direct-zol 
RNA MiniPrep Plus (200 preps) with Zymo-Spin (Zymo Research). 
One hundred nanograms of total RNA was used for RNA HiSeq 
4000. For each treatment, we collected three RNA samples isolated 
from three independent experiments.

Before the analysis of RNA-seq data, the adaptor sequences and 
low-quality ends of sequenced reads were trimmed using Trimmomatic 
v0.32 (55) and quality-checked using FastQC v0.11.3 (56). To quantify 
the expression level of genes, the remaining reads were pseudo- 
aligned to the publicly available TAIR10 Arabidopsis thaliana 
transcriptome (release 34) using Kallisto v0.43.0 (57). The estimated 
read counts and calculated transcripts per million were subsequently 
passed to sleuth v0.28.1 (58) for differential expression analysis. 
Significantly differentially expressed genes were identified on the 
basis of a cutoff of fold change > 1.5 and q value < 0.05. Gene ontology 
and enrichment analysis was conducted using clusterProfiler (59). 
RNA-seq data can be accessed at National Center for Biotechnology 
Information (NCBI) via BioProject ID PRJNA489360.

ANR phenotyping in sand and soil
Silver sand (VWR) and soil (Asdcofert.com) were used for ANR 
phenotyping experiments. Col-0 seeds were kept in 4°C for 3 days 
to ensure uniform germination and then sown in pots with sand or 
soil. The pots were kept under long-day photoperiod conditions 
(16-hour light/8-hour darkness, 22°C, and 60% humidity) for 8 days. 
Then, forceps were used to gently take the seedlings from the sand 
or soil. Seedlings were then washed using water before counting the 
ANRs under a microscope.

Nutrient element analysis in sand and soil
For micronutrient elements analysis, inductively coupled plasma 
optical emission spectrometry (ICP-OES) was used to measure 
elemental levels of Fe, K, Mg, Mn, P, and Zn. Specifically, homogenized 
dry soil (50 to 100 mg) and sand (100 to 200 mg) samples were 
dissolved in the vessels with 8 ml of nitric acid together with 
negative control, which only include nitric acid and samples spiked 
with all the standard (6 ml of nitric acid + 2 ml of standards mixture). 
Samples were digested using microwave digestion. After the diges-
tion, ddH2O was added for a final volume of 25 ml. Samples were 
centrifuged, and the supernatant was collected for ICP-OES analysis. 
For the C, H, N, and S elemental analysis, 5 to 20 mg of homogenized 
dry soil and sand samples were analyzed with a CHNS Elemental 
Analyzer (LECO), and sulfanilamide was used as a standard.

Phosphorus- and nitrogen-deficient growing conditions 
for Arabidopsis
Col-0 seedlings were grown vertically in Hoagland medium (60) 
[with 0.5% sucrose + 1% agar and MES (0.5 g/liter) (pH 5.7)] plates 
for 10 or 12 dps in Percival growth chambers under long day 
(16-hour light/8-hour dark; 22°C; 60% relative humidity; light 
density, 4000 lux) LED white light [Hyperikon 16W LED Light 
Bulb A21, 16 W (100-W equivalent), CRI92, 1620 lumens, 4000 K 
(daylight glow)] conditions. Ten-dps seedlings were used for ANR 
phenotyping, and 12-dps seedling root tissues were used for 
anchorene measurement. For phosphorus-deficient medium, we 
removed the KH2PO4 and added equal content of potassium by 
adding KCl in Hoagland solution; for nitrogen-deficient medium, we 
removed the NH4NO3 in Hoagland solution.

Anchorene bioassay on Arabidopsis and rice growth
Col-0 seedlings were grown in vertical half-strength MS [with 0.5% 
sucrose + 1% agar and MES (0.5 g/liter) (pH 5.7)] plates with or 
without anchorene application (20 M) for 1 week. We selected well- 
growing mock (without anchorene treatment) and anchorene-treated 
seedlings and transferred them to new half-strength MS agar media 
plates. Twelve seedlings per plate were grown vertically for another 
10 days. After 10 days, roots and shoots were separately collected as 
one technical replicate from each plate. Four technical replicates for 
each treatment were quantified in each experiment, and three inde-
pendent experiments were conducted.

Sterilized Nipponbare rice seeds were kept at 30°C in darkness 
for 1 day to stimulate germination and transferred to Petri dishes 
with half-strength MS media [with MES (0.5 g/liter) (pH 5.7)] and 
autoclaved filter paper. Petri dishes were incubated in darkness for 
another 2 days at 26°C and then exposed to light for 1 day in Per-
cival growth chamber (12-hour light/12-hour dark, 26°C, 55% 
humidity, and 500 mol m−2 s−1). Uniform rice seedlings were 
transferred to hydroponic culture (Hoagland) supplied with acetone 
(mock) or 20 M anchorene. Seedlings were grown under the same 
growth conditions for another 6 days, and solutions (mock; 20 mol 
of anchorene) were replaced every 2 days.

Statistical analyses
For ANR no. and ANR-RE quantification, data are presented as 
means ± SD when they are from three biological replicates, and 
data are presented as means ± SEM when they are from one repre-
sentative experiment. The analyses were conducted using GraphPad 
Prism 5 and Microsoft Excel 2013. Statistical significance was de-
termined by paired or unpaired two-tailed Student’s t tests when 
only comparing two groups or by one-way analysis of variance 
(ANOVA) with Tukey’s posttest where multi groups are need to be 
compared. Differences between groups were considered significant 
at P < 0.05.
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