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Summary

� Hydroxy- and carboxyblumenol C-glucosides specifically accumulate in roots and leaves of

plants harboring arbuscular mycorrhizal fungi (AMF).
� To explore blumenol function in AMF relationships, we silenced an early key-gene in blu-

menol biosynthesis, CCD1 (carotenoid cleavage dioxygenase 1), in the ecological model

plant, Nicotiana attenuata, and analyzed whole-plant performance in comparison with con-

trol and CCaMK-silenced plants, unable to form AMF associations.
� Root blumenol accumulations reflected a plant’s Darwinian fitness, as estimated by capsule

production, and were positively correlated with AMF-specific lipid accumulations in roots,

with relationships that changed as plants matured when grown without competitors. When

grown with wild-type competitors, transformed plants with decreased photosynthetic capa-

city or increased carbon flux to roots had blumenol accumulations that predicted plant fitness

and genotype trends in AMF-specific lipids, but had similar levels of AMF-specific lipids

between competing plants, likely reflecting AMF-networks.
� We propose that when grown in isolation, blumenol accumulations reflect AMF-specific

lipid allocations and plant fitness. When grown with competitors, blumenol accumulations

predict fitness outcomes, but not the more complicated AMF-specific lipid accumulations.

RNA-seq analysis provided candidates for the final biosynthetic steps of these AMF-indicative

blumenol C-glucosides; abrogation of these steps will provide valuable tools for understand-

ing blumenol function in this context-dependent mutualism.

Introduction

Arbuscular mycorrhizal fungal (AMF) symbioses are widespread
associations between most land plants and a few fungal taxa of the
subphylum Glomeromycotina (Smith & Read, 2008; Spatafora
et al., 2016). The plant provides the fungus with carbon in the
form of lipids and sugars, while the fungus supplies the plant with
mineral nutrients (predominantly P as Pi) captured from soil (Roth
& Paszkowski, 2017). The AMF relationship is highly context-
dependent, covering the entire spectrum of fitness outcomes for
host plants, from parasitism to mutualism, depending on the envir-
onment, and may play a central role in many other poorly studied
interactions among higher plants, in addition to its well-studied
role in P-nutrition (Bennett & Groten, 2022). This context depen-
dence is likely a reflection of the large (20% of net fixation, Bago
et al., 2000) C investments for the host plants and that AMF can
exchange these investments among neighboring plants, even among
different species (Figueiredo et al., 2021).

During AMF symbiosis, many lipid biosynthetic and metabo-
lism genes are upregulated, and AMF-specific lipid biosynthetic
and transfer genes involved in fungal nourishment are known

(Gaude et al., 2012; Bravo et al., 2016; Jiang et al., 2017; Keymer
et al., 2017; Luginbuehl et al., 2017). However, the regulation of
photoassimilate transfer from aboveground parts to this resource-
intensive belowground symbiosis remains elusive. Many studies
have focused on whole-plant P signaling, as P is the best-studied
mineral nutrient transported to host plants by AMF, and is a
major regulator of the symbiosis (Johnson et al., 2010; Nouri
et al., 2014). Recent advances reveal that a phosphate starvation
response-centered network regulates mycorrhizal symbiosis (Shi
et al., 2021; Das et al., 2022). In addition, phytohormones,
microRNAs, and secreted peptides all regulate and integrate the
development of AMF relationships in concert with host plant P
status (M€uller & Harrison, 2019; Nouri et al., 2021). Recent
research in apocarotenoids has identified several groups of new
signaling molecules (Moreno et al., 2021). For example, zaxi-
nones regulate strigolactone (SL) and abscisic acid (ABA) bio-
synthesis in Arabidopsis roots (Ablazov et al., 2020) and regulate
growth and AMF colonization levels in rice (Wang et al., 2019;
Votta et al., 2022); blumenol-C-glycosides accumulate in the
aboveground parts of most AMF-harboring plants in proportion
to AMF arbuscule number and health (Wang et al., 2018a).
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Here, we explore the latter of these new apocarotenoid signals in
the AMF–host plant relationship.

Blumenols are C-13 cyclohexenone derivatives, produced by the
cleavage of C-40 carotenoids and are classified into three major
types: blumenol A, blumenol B, and blumenol C. Only the blume-
nol C glycosides are positively correlated with AMF relationships.
Studies in the native tobacco, Nicotiana attenuata, identified two
blumenol C glycosides (11-hydroxyblumenol C-9-O-Glc and 11-
carboxyblumenol C-9-O-Glc) as the first quantitative shoot markers
for AMF relationships (Wang et al., 2018a). These two compounds
were discovered through a sophisticated unbiased metabolomics
comparison between AMF-harboring wild-type (WT) plants and
plants transformed to silence the calcium- and calmodulin-dependent
protein kinase (irCCaMK; ir: inverted repeat) that is essential for the
establishment of the symbiosis (Groten et al., 2015). The two blu-
menols specifically accumulate in roots after AMF inoculation and
are transferred to shoots in levels that positively correlate with root
colonization rates (Wang et al., 2018a). However, the biological
function of these blumenol markers that accumulate in the shoots in
all AMF-harboring species studied to date (Wang et al., 2018a)
remains unknown. Here, we explore their potential whole-plant sig-
naling function in the plant–AMF relationship.

The first committed step in blumenol biosynthesis, engages caro-
tenoid cleavage dioxygenases (CCDs), an evolutionarily conserved
family of nonheme Fe2+-dependent enzymes, which catalyzes dou-
ble bond-specific cleavage reactions of carotenoids and apocarote-
noids (Floss et al., 2008; Fiorilli et al., 2019). Carotenoid cleavage
dioxygenase 1 (CCD1) can cleave several carotenoid and apocarote-
noid substrates at different positions along the carbon backbone
(Felemban et al., 2019), and studies inMedicago truncatula demon-
strated that CCD1 uses a C-27 apocarotenoid as the major sub-
strate, and is involved in the production of blumenols in AMF-
colonized root cells (Floss et al., 2008). After AMF colonization, a
C-40 carotenoid is cleaved by CCD7 to produce a C-13 cyclohexe-
none and a C-27 apocarotenoid, which is subsequently cleaved
again by CCD1 to yield a second C-13 cyclohexenone (Floss
et al., 2008). As the subsequent enzymes that form the hydroxyl-
and carboxyblumenol C-glucosides from the C-13 cyclohexenone
(likely P450s and glycosyltransferases, respectively) are unknown,
we focused on silencing by RNA interference (RNAi) the specific
alleles of CCD1 in N. attenuata that are transcriptionally regulated
by AMF interactions. Not only is CCD1 a committed step in blu-
menol biosynthesis, silencing its expression in M. truncatula is
known to alter arbuscule development and turnover (Floss
et al., 2008), providing tantalizing hints that these blumenols may
function as whole-plant signals in the AMF relationship.

Previous research with N. attenuata revealed that plants
silenced in the expression of GAL83, a b-subunit of a heterotri-
meric SnRK1 (SNF1-related kinase) kinase complex, by antisense
(as) RNAi (asGAL83), had constitutively increased allocations of
recently fixed carbon to roots (Schwachtje et al., 2006). Another
study revealed that silencing ribulose-1,5-bisphosphate carboxylase/
oxygenase (RuBPC) activase using an inverted repeat (ir) construct
(irRCA), increased the concentrations of inactive RuPBC protein,
decreasing photosynthetic capacity and whole-plant carbon allo-
cation to roots (Mitra & Baldwin, 2008). Here, we used these

two RNAi lines as genetic tools to manipulate C-flux to roots.
Additionally, we also generated new RNAi-silenced transgenic
plants (irCCD1) in which the AMF-induced alleles of NaCCD1
(a/b but not c/d) in roots were strongly silenced to investigate the
biological function of blumenols. As RNAi in these homozygous
lines is sufficiently strong to function in hemizygous states, we
crossed the irCCD1 lines with the asGAL83 and irRCA lines to
interrogate the plant–AMF–blumenol relationship by genetically
perturbing whole-plant carbon allocation patterns.

As we were interested in the whole-plant fitness consequences
of AMF relationships, and since N. attenuata is a self-fertilizing
annual plant, we used seed set as a relevant proxy for its fitness.
As seed number per capsule, seed mass, viability, and dormancy
of selfed seeds show only minor variations as a function of loca-
tion along the inflorescence (Baldwin & Morse, 1994; Euler &
Baldwin, 1996; Baldwin et al., 1997, 1998), we used lifetime
capsule production as a proxy for Darwinian fitness. As this
native tobacco is a fire-chasing plant that germinates synchro-
nously from long-lived seedbanks after fires in the Great Basin
Desert (Baldwin & Morse, 1994; Baldwin et al., 1994), relative
growth rates are very important in determining fitness outcomes,
and we have developed a two-plant/pot competitive growth sys-
tem that facilitates the quantification of fitness differences that
reflect differences in growth rates (Glawe et al., 2003).

We performed RNA-seq analysis of empty vector (EV),
irCCaMK, and irCCD1 plants with or without AMF symbiosis
to identify the biological pathways induced by AMF and those
correlated with blumenol accumulations. As the lipid sector was
highly regulated by AMF, we analyzed the fitness and the
blumenol–lipid relationships of EV, irCCaMK, and irCCD1
plants grown without competitors in 1-l pots, harvested at three
developmental stages. Blumenol accumulations correlated
strongly with lipid and fitness differences. As fitness relationships
are robustly quantified in plants under competitive growth, we
grew irCCD1 and two isogenic lines with reduced C-fixation
(irRCA) and increased C-partitioning to roots (asGAL83) and
their hemizygous crosses and quantified fitness and blumenol–
lipid relationships. Surprisingly, while blumenols predicted fit-
ness outcomes, lipid concentrations were similar between com-
peting plants in the same pot. As irCCD1 plants have reduced
blumenol levels and altered arbuscule maturation patterns (Floss
et al., 2008), we reanalyzed the co-variance of the RNA-seq data
with blumenol levels to identify candidate enzymes involved in
the last steps of the blumenol biosynthesis amongst the differen-
tially regulated glucosyltransferases (GSTs) and cytochrome
P450s (CYPs) that could catalyze the later-stage hydroxylation/
carboxylation/glycosylation steps. We predict that plants silenced
in one of these terminal steps could provide valuable tools for
understanding the potential signaling functions of blumenols.

Materials and Methods

Plant materials and growth conditions

An inbred line (31st generation) of Nicotiana attenuata Torr. Ex
Watts was used as the WT genetic background for all
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transformants. Previously described homozygous plants of the T3
generation of the irCCaMK line (A-09-12121-4; Groten
et al., 2015) and the empty vector control line (EV, A-03-266-3-
7; Bubner et al., 2006) were used in this study.

NaCCD1a/b-silenced lines were produced by the published
Agrobacterium tumefaciens-mediated transformation method
(Kr€ugel et al., 2002) using a pSOL8 binary transformation vector
(Gase et al., 2011) containing an inverted repeat (ir) fragment of
the NaCCD1a (NIATv7_g18324) and NaCCD1b
(NIATv7_g18325) sequences. The primers used for the construct
are listed in Supporting Information Table S1. The transgenic
lines were screened following the procedures described previously
(Gase et al., 2011). The number of insertion copies and the fide-
lity of the insertions (over-reads and truncations) were evaluated
by NanoString nCounter® analysis (He et al., 2019). The T3
generation of two individual diploid, homozygous transgenic
lines (irCCD1_45#: A-18-045-1-4 and irCCD1_48#: A-18-048-
7-3) were used in this study.

Hybrid plants were generated by crossing the previously char-
acterized transgenic lines irRCA (A-03-462-7; Mitra & Bald-
win, 2008) and asGAL83 (A-263-3-4; Schwachtje et al., 2006)
with EV (A-03-266-3), irCCD1_45# (A-18-045-1) and
irCCD1_48# (A-18-048-7) lines, and the F1 seeds were used in
this study.

For glasshouse experiments, seeds were germinated on Gam-
borg B5 medium as previously described (Kr€ugel et al., 2002),
and the inoculation experiments were performed as previously
described (Wang et al., 2018a; Song et al., 2019). In brief, seed-
lings were transferred into dead (autoclaved twice at 121°C for
30 min; noninoculated controls) or living inoculum (Rhizophagus
irregularis, Biomyc Vital, AMF-inoculated plants) diluted 1 : 10
with expanded clay (size: 2–4 mm). Plants were watered every
second day with a hydroponic fertilizer solution with 1/10 of the
regular inorganic Pi content (for 1 l regular hydroponic fertilizer
solution: 0.1292 g CaSO49 2H2O, 0.1232 g MgSO49 7H2O,
0.0479 g K2HPO4, 0.0306 g KH2PO4, 2 ml KNO3 (1 M),
0.5 ml micronutrients, 0.5 ml Fe diethylene triamine pentaacetic
acid) for 2 wk (50 ml per plant for plants in the rosette stage of
growth), and then with a hydroponic fertilizer solution with 1/4
Pi concentration when the plants entered the elongation stage
(100 ml per plant). Plants were grown separately in 1-l pots (non-
competitive; diameter 13 cm9 11 cm) or two plants of different
genotypes grown together in 2-l pots (competitive; diameter
14 cm9 15 cm). Plants were maintained under standard glass-
house conditions (16 h : 8 h, 24–28°C : 20–24°C, light : dark,
and 45–55% humidity). During harvests, roots were carefully
washed, briefly dried with a paper towel, cut into 1-cm pieces,
and mixed. An aliquot was stored in root storage solution (99%
ethanol and 60% acetic acid, 3 : 1, v/v) and stored at 4°C for
microscopic analysis. The remaining root material, as well as
stem leaves from identical developmental stages, was immediately
frozen in liquid nitrogen and stored at �80°C for further ana-
lyses (Wang et al., 2018a).

For the field experiments, seeds were imported and released
under APHIS notification numbers 07-341-101n (EV), 18-282-
102m (irCCD1). Seeds were soaked for 1 h in 5 ml liquid smoke

(House of Herbs Inc., Passaic, NJ, USA) solution, 950 diluted
in water and supplemented with 50 ll of 0.1 M gibberellic acid,
GA3 (Roth, Karlsruhe, Germany). Then, the seeds were planted
directly into a field plot at the Lytle Ranch Preserve in the Great
Basin Desert (lat. 37.145580�, long. �114.021150�). At harvest,
the roots of the plants were carefully excavated, and washed with
water. Fine roots were harvested and wrapped in aluminum foil,
shipped to the laboratory on dry ice and stored at �80°C for
further analyses.

Plant fitness estimates

The total capsule number of each plant was counted at 9 wk post
inoculation (wpi) with or without colonization before harvest.
Mean (� SD) capsule numbers of 11 plants (Fig. 2e) and eight
plants (Fig. 5e,h) of each genotype and treatment were counted.

Root staining and colonization assessment

Trypan blue staining was performed as previously described
(Song et al., 2019). In brief, roots were cleared with 20% KOH
(96°C, 5 min), and acidified with 2% HCl (96°C, 5 min), and
then stained with a 0.05% Trypan blue solution (lactic
acid : glycerol : distilled water (1 : 1 : 1, v/v); 96°C, 3 min) and
mounted on a microscope slide. Root AMF colonization was
evaluated using the method described previously (Wang
et al., 2018a). Briefly, >150 view-fields per slide were surveyed
with a 920 magnification of a regular optical microscope and
classified into five groups: no colonization (N), only hyphae (H),
hyphae with arbuscules (H + A), hyphae with arbuscules and vesi-
cles (H + A +V), and hyphae with vesicles (H +V). The percen-
tages of each group were calculated by the number of each sector
divided by total views.

WGA-Alexa Fluor 488 staining was performed as previously
described (Jiang et al., 2017). Roots were placed in 50% ethanol
for >4 h and then transferred to 20% (w/v) KOH for 2–3 d, fol-
lowed by 0.1M HCl for 1–2 h at room temperature. After HCl
was removed, the sample was rinsed twice with distilled H2O,
and once with 19 phosphate-buffered saline buffer, and then
immersed in PBS/WGA-Alexa Fluor 488 staining solution
(0.2 lg ml�1) in the dark for 6 h. Root length colonization was
imaged under a Zeiss confocal microscope (LSM 510 META;
Zeiss, Jena, Germany).

Extraction and analysis of blumenol markers, ABA, and
lipids

Plant samples were ground in liquid nitrogen to a fine powder
and c. 100 mg tissue was aliquoted for extractions. Blumenol
markers and ABA were extracted and analyzed according to
Wang et al. (2018a). In brief, 100 mg of plant tissue was
extracted using 800 ll of 80% MeOH containing 10 ng stable
isotope-labeled abscisic acid (D6-ABA; HPC Standards GmbH,
Borsdorf, Germany) as an internal standard. After centrifugation,
the supernatant was collected and analyzed. Five microliters of
the blumenol extracts was injected into an UHPLC (Dionex

� 2023 The Authors

New Phytologist� 2023 New Phytologist Foundation

New Phytologist (2023) 238: 2159–2174
www.newphytologist.com

New
Phytologist Research 2161

 14698137, 2023, 5, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.18858 by M

PI 322 C
hem

ical E
cology, W

iley O
nline L

ibrary on [03/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



UltiMate 3000, Thermo Fisher Scientific, Waltham, MA, USA)
equipped with a reversed phase column (Agilent Zorbax Eclipse
XDB C18; 50 mm9 3.0 mm, 1.8 lm; Agilent Technologies,
Santa Clara, USA). Analytes were eluted at a flow rate of
0.5 ml min�1 and a column oven temperature of 42°C with a
binary gradient system consisting of solvent A (0.05% HCOOH
and 0.1% acetonitrile in water) and solvent B (MeOH). The elu-
tion gradient was as follows: 0–1 min, 10% B; 1–1.2 min, 10–
35% B; 1.2–3 min, 35–42% B; 3–3.4 min, 42–100% B; 3.4–
4.4 min, 100% B; 4.4–4.5 min, 100–10% B and 4.5–5.5 min,
10% B. Compounds were quantified with specific MRMs on a
Bruker Elite EvoQ triple quadrupole MS equipped with a heated
electrospray ionization (HESI) ion source as described previously
(Wang et al., 2018a).

Lipids were extracted and analyzed as previously described
(Salem et al., 2016). Briefly, 100 mg of plant tissue was homoge-
nized in 1 ml of extraction solvent A (methyl tertiary-butyl
ether : MeOH, 3 : 1, v/v) in a GenoGrinder 2000 (SPEX Sam-
plePrep, Metuchen, NJ, USA) for 60 s at 1000 strokes min�1

using two 4-mm steel balls (Askubal, Korntal-M€unchingen,
Germany). To each sample, 2 lg of 1,3-18:0 D5-DG (800855P;
Avanti Polar Lipids Inc., Alabaster, AL, USA) and 2 lg of 16:0-
18:0-16:0 D5-TG (860902P; Avanti Polar Lipids Inc.) were
added as internal standards. Then, the samples were incubated
on an orbital shaker at 100 rpm for 45 min at 4°C and sonicated
for 15 min in an ice-cooled sonication bath. After the sonication,
650 ll of solvent B (H2O : MeOH, 3 : 1, v/v) were added to the
sample tube, and mixed by vortexing for 1 min. After centrifuga-
tion at a speed of 15 000 g for 5 min at 4°C, 400 ll of the sol-
vent from the upper, lipid-containing phase was collected and
evaporated using a nitrogen flow evaporator, dissolved in 400 ll
solvent C (acetonitrile : MeOH, 7 : 3, v/v), and analyzed by
LC–MS. Two microliters of the lipid extracts was injected into
an UltiMate 3000 UHPLC system (Thermo Fisher Scientific,
Waltham, MA, USA) equipped with a Phenomenex Kinetex C8
column (50 mm9 2.0 mm, 2.6 lm particle size). Analytes were
eluted at a flow rate of 0.4 ml min�1 and a column oven tem-
perature of 25°C with a binary gradient system consisting of sol-
vent A (10 mM ammonium acetate and 0.1% acetic acid in
water) and solvent B (10 mM ammonium acetate and 0.1%
acetic acid in acetonitrile : isopropanol, 7 : 3, v/v). The elution
gradient was as follows: 0–0.5 min, 40% B; 0.5–10.0 min, 40–
70% B; 10.0–37.5 min, 70–100% B; 37.5–40.0 min, 100% B,
after which the column was equilibrated at the initial conditions
for 4 min. The lipids were detected on a time-of-flight mass
spectrometer (microTOF; Bruker, Billerica, MA, USA) operat-
ing in positive electrospray ionization mode (capillary voltage:
4500 V, dry temperature: 200°C, dry gas: 10 l min�1, nebulizer
gas: 1.6 bar). Mass spectra were recorded with a mass range of m/
z 50–1400, and the mass spectrometer was calibrated before each
sample run using sodium formate. DAG and TAG signals were
annotated based on the exact mass of their molecular ion and
characteristic neutral losses indicating the chain length and
degree of unsaturation of the fatty acid groups. The intensity of
the [M +NH4]

+ ammonium adduct was used to quantify the
lipids.

Statistical analysis

Statistical analysis of the data was made in GraphPad Prism
9.1.0. For analysis of differences between two groups of data,
Student’s t-tests were used with the two-tailed distribution of two
sets of samples with equal variance. Different statistical signifi-
cance between multiple groups (≥ 3) of data was evaluated using
analysis of variance (ANOVA), followed by Tukey’s or �S�ıd�ak’s
multiple comparisons tests recommended by the software.

Methods for phylogeny analysis, reverse transcription-qPCR
(RT-qPCR), RNA sequencing, in vitro enzymatic activity assays,
and gene accession numbers are listed in Methods S1.

Results

To investigate the biological functions of blumenol markers in
plant–AMF relationships, we first characterized CCD1 in
N. attenuata. By blasting the homologues of MtCCD1 (Floss
et al., 2008), SlCCD1 (Simkin et al., 2004), AtCCD1 (Schwartz
et al., 2001), OsCCD1 (Ko et al., 2018), and ZmCCD1 (Sun
et al., 2008), we identified four genes, NaCCD1a, NaCCD1b,
NaCCD1c, and NaCCD1d, in the N. attenuata genome. A
molecular phylogenetic analysis revealed that the NaCCD1a
and NaCCD1b proteins were closely related to SlCCD1 and
MtCCD1 (Fig. S1a). Gene expression analysis revealed that
NaCCD1a and NaCCD1b transcripts are highly induced in EV
(an isogenic transgenic line transformed with an empty vector
transformation construct) plants after AMF colonization by R.
irregularis (Fig. S1b). This AMF-elicited increase in transcript
abundance was abolished in irCCaMK plants that did not estab-
lish AMF symbiosis (Fig. S1b), consistent with the accumula-
tion of blumenol markers (Wang et al., 2018a). However, the
transcripts of the other CCD1 genes, CCD1c and CCD1d,
showed no clear associations with AMF. From these results, we
infer that NaCCD1a and NaCCD1b are mainly involved in the
AMF-induced blumenol biosynthesis. We next generated several
stable transgenic lines expressing an RNAi construct, which
silenced both NaCCD1a and NaCCD1b with two inverted
repeat tandem repeats (Fig. S1c,d). Two independent homo-
zygous transgenic lines, irCCD1_45# and irCCD1_48#, each
harboring single, complete insertions without read-throughs or
truncations (Fig. S1e), were selected for further research.
CCD1a and CCD1b expression was silenced in these two lines,
with or without AMF colonization (Fig. 1a), while the expres-
sion of the other two homologous genes, CCD1c and CCD1d,
were unaffected.

To evaluate the utility of these lines for tests of blumenol func-
tion, we compared their blumenol levels with those of EV as posi-
tive, and irCCaMK plants as negative controls for the AMF
interaction. Blumenol levels were significantly reduced in the
roots of these two irCCD1 lines at both the early (4 wpi) and later
stages (9 wpi) of the AMF-interaction (Fig. 1b), consistent with
the role of CCD1 in the blumenol biosynthesis. Blumenol levels
were also reduced in leaf samples of the irCCD1 lines at 9 wpi
(Fig. 1c). We also planted EV and irCCD1_45# in their native
habitat, the Great Basin Desert in North America, and found that
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the blumenol levels were also reduced in field-grown irCCD1
plants, revealing that CCD1 silencing robustly truncates blume-
nol accumulations in complex natural environments with native
AMF taxa.

CCD1 affects AMF colonization and plant fitness

To investigate the effects of reduced blumenol accumulations in
irCCD1 plants, we analyzed the transcript levels of AMF-induced
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Fig. 1 Inverted repeat carotenoid cleavage dioxygenase 1 ( irCCD1) plants have reduced blumenol accumulations. (a) Transcript abundance of four
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marker genes in roots of EV, irCCaMK, and the two irCCD1
lines in plants grown with or without AMF. RT-qPCR results
showed that transcript accumulations of NOPE1, an identified
N-acetylglucosamine transporter required for AMF symbiosis in
rice and maize (Nadal et al., 2017); the phosphate transporter
PT4 (Javot et al., 2007), as well as the ammonium transporter

AMT (Breuillin-Sessoms et al., 2015), were all reduced in
irCCD1 lines compared with EV plants (Fig. 2a) and were not
detected in irCCaMK plants. In addition, the expression of
R. irregularis TUBULIN (Ri-TUB), a specific housekeeping gene
of R. irregularis, was also reduced in irCCD1 plants (Fig. 2a),
indicating that irCCD1 attenuates AMF colonization.
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Fig. 2 Inverted repeat carotenoid cleavage dioxygenase 1 (irCCD1) plants are impaired in arbuscular mycorrhizal fungi (AMF) colonization and fitness.
(a) Transcript abundance of classical arbuscular mycorrhizal symbiosis-marker genes in roots of empty vector (EV), inverted repeat calcium- and
calmodulin-dependent protein kinase (irCCaMK), and irCCD1 plants inoculated with or without Rhizophagus irregularis. Mean� SD, n = 4.
(b) Representative confocal microscopy images of WGA-Alexa Fluor 488 stained roots of EV and irCCD1 plants inoculated with R. irregularis (9 wk post
inoculation (wpi)). Bars, 50 lm. (c) Representative images of trypan blue stained roots of EV and irCCD1 plants inoculated with R. irregularis (9 wpi).
Bars, 50 lm. (d) Colonization analysis of roots of EV and irCCD1 plants. A, arbuscules; H, hyphae; Total, total root length colonization; V, vesicles.
Mean� SD, n = 8. (e) Capsule numbers analysis of EV, irCCaMK, and irCCD1 plants inoculated with (9 wpi) or without (control) R. irregularis. Mean� SD,
n = 11. (a, d, e) Two-way analysis of variance with Tukey’s multiple comparisons test: (a, d) **, P < 0.01; ***, P < 0.001; (e) different letters indicate
significant differences between the columns, P < 0.05.
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Fig. 3 Arbuscular mycorrhizal fungi (AMF)-induced lipid biosynthesis is decreased in inverted repeat carotenoid cleavage dioxygenase 1 (irCCD1) plants.
(a) Transcriptome analysis of roots of empty vector (EV) and irCCD1 plants inoculated with (AMF) or without (Con) Rhizophagus irregularis. Heat map
showing expression levels of 853 AMF-induced genes that require CCD1 for their induction. (b) Gene ontology (GO) enrichment analysis of the 853 genes
in (a). (c) Transcript abundance of AMF-induced fatty acid and lipid biosynthesis genes in roots of EV, inverted repeat calcium- and calmodulin-dependent

protein kinase (irCCaMK), and irCCD1 plants inoculated with (9 wk post inoculation (wpi)) or without (control) R. irregularis. Mean� SD, n = 4. (d)
Concentrations of AMF-induced lipids DAG 32:1 (16:1,16:0), DAG 32:2 (16:1. 16:1), TAG 48:1 (16:1, 16:0, 16:0), TAG 48:2 (16:1, 16:1, 16:0) and TAG
48:3 (16:1, 16:1, 16:1) in roots of EV, irCCaMK, and irCCD1 plants inoculated with (9 wpi) or without (control) R. irregularis. Percentage numbers are the
rate of decrease in irCCD1 lines. Mean� SD, n = 10. (c, d) Two-way analysis of variance with Tukey’s multiple comparisons test:
**, P < 0.01; ***, P < 0.001.
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To more thoroughly characterize the altered AMF relation-
ships, we conducted microscopic quantifications of WGA-Alexa
Fluor 488- and trypan blue-stained roots of EV and irCCD1
plants (Fig. 2b). Arbuscules are highly branched, tree-shaped
hyphal structures that form in root cortical cells and which are
known to be the site of AMF-host plant nutrient exchange (Gut-
jahr & Parniske, 2013). While we did not observe the same
changes in the arbuscular structure as has been reported in
CCD1-silenced Medicago (Floss et al., 2008), we found that
arbuscules were much more abundant in irCCD1 roots compared
with those of EV roots (Fig. 2b); while the vesicles, the lipid sto-
rage structures (Choi et al., 2018), were decreased in irCCD1
lines (Fig. 2c). The statistical analysis of root colonization pat-
terns confirmed these impressions, with increased arbuscules and
decreased vesicles in irCCD1 lines (Fig. 2d), indicating that silen-
cing CCD1 influences the AMF colonization.

We estimated plant fitness from lifetime total capsule numbers
of EV, irCCaMK, and irCCD1 lines with and without AMF and
found that the overall fitness of AMF-harboring lines was not sig-
nificantly improved over AMF-free plants under the glasshouse
growth conditions of low P regimes, as previous studies had
shown (Riedel et al., 2008). However, when only comparing
AMF-inoculated plants, the fitness benefits of the AMF were
clear: Capsule numbers of irCCD1 lines were significantly
reduced than those of EV plants, and the numbers were further
reduced in irCCaMK plants (Fig. 2e), patterns which reflected
the plants’ AMF-induced blumenol levels (Fig. 1b).

irCCD1 influences AMF-induced lipid biosynthesis

Since NaCCD1a/b silencing influences AMF colonization and
plant fitness, we used RNA-seq to compare the transcriptomes of
roots of EV, irCCaMK, and irCCD1 plants with or without
AMF to further identify the biological pathways induced by
AMF and those correlated with blumenol accumulations. PCA of
transcript abundances revealed that the AMF-colonized and con-
trol samples were clearly distinct, and the four biological repli-
cates of the different genotypes clustered well (Fig. S2a). We
identified 2435 genes that were upregulated by AMF in the roots
of EV plants and 2502 genes with significantly reduced transcript
abundances in irCCD1 roots compared with EV plants after
AMF colonization. Comparison of these two sets of genes led to
the identification of 853 genes with reduced transcript levels in
AMF-colonized irCCD1 roots, which are upregulated in AMF-
colonized EV roots (Fig. S2b; Dataset S1-1). The expression pat-
terns of this larger dataset are shown in a heat map analysis
(Fig. 3a; Dataset S1-1). Gene ontology (GO) analysis and GO
network analysis revealed that genes of the fatty acid and lipid
biosynthesis pathways were enriched (Figs 3b, S2c; Dataset S1-2,
3). RT-qPCR analysis further confirmed that the transcript levels
of well-known lipid biosynthesis genes DISORGANIZED
ARBUSCULES (DIS), Mycorrhizal acyl-ACP thioesterase (FatM),
Reduced Arbuscular Mycorrhiza 1 (RAM1), Required for Arbuscu-
lar Mycorrhization 2 (RAM2), as well as the ABC transporter gene
STUNTED ARBUSCULE 1 (STR1), which are induced by AMF
(Keymer & Gutjahr, 2018), were all significantly reduced in

irCCD1 lines compared with those of EV plants, and their tran-
scripts were not detected in irCCaMK plants (Fig. 3c). From
these results, we infer that AMF-specific lipid biosynthesis, which
is essential for the fungal growth, is strongly downregulated in
irCCD1 plants. We tested this inference by lipid analysis.

To analyze the lipid profiles of the roots of EV, irCCaMK, and
the two irCCD1 lines with or without AMF colonization, we
employed untargeted liquid chromatography coupled with time
of flight mass spectrometry (LC-TOF-MS) analyses. Rhizophagus
irregularis is known to accumulate large quantities of nonpolar
storage lipids, triacylglycerols (TAG), and these storage lipids are
found in lipid particles in the cytosol of fungal cells, mainly in
extraradical spores and intraradical vesicles (Bago et al., 2000;
Wewer et al., 2014). We found that the levels of DAG 32:1
(16:1, 16:0), DAG 32:2 (16:1, 16:1), TAG 48:1 (16:1, 16:0,
16:0), TAG 48:2 (16:1, 16:1, 16:0), and TAG 48:3 (16:1, 16:1,
16:1) were highly increased in AMF-colonized roots of EV plants
(Fig. 3d), consistent with previous studies (Wewer et al., 2014;
Bravo et al., 2017). By contrast, the AMF induction of these
lipids was abolished in the roots of irCCaMK plants, and substan-
tially truncated in the roots of irCCD1 plants (Fig. 3d). Taken
together, we conclude that AMF-induced lipid biosynthesis is
impaired in the irCCD1 plants.

In addition, we also analyzed the lipids in field-grown EV and
irCCD1 plants and found that the lipids of DAG 32:1, TAG
48:1, TAG 48:2, TAG 48:3 were also reduced significantly in
irCCD1 plants than those of EV plants (Fig. S3), consistent with
the blumenol level (Fig. 1d), revealing that CCD1 silencing also
attenuates lipid biosynthesis in plants colonized by native AMF
taxa.

Plant hormones ABA and SL are derived from the same carote-
noid biosynthetic pathway as blumenols and have also been
reported to be involved in mycorrhization (Herrera-Medina
et al., 2007; Hou et al., 2016; Felemban et al., 2019; Moreno
et al., 2021). To test whether silencing CCD1 influences the bio-
synthesis of these two apocarotenoid phytohormones, we ana-
lyzed the expression level of CCD7 and CCD8, the well-known
SL biosynthesis genes (Felemban et al., 2019; Li et al., 2020), in
irCCD1 plants. We found no difference between EV and
irCCD1 plants in the abundance of CCD7 and CCD8 transcripts
at basal level without AMF colonization, but transcript levels
decreased in irCCD1_45#, but not in irCCD1_48# plants com-
pared with the EV plants after AMF colonization (Fig. S4a,b). As
the AMF-related phenotypes in irCCD1_45# and irCCD1_48#
plants are similar, we excluded the effect of expression differences
of CCD7 and CCD8 as being important for the phenotypes of
irCCD1 plants. In addition, we also measured the ABA levels in
the irCCD1 plants, and found that silencing CCD1 did not influ-
ence ABA level (Fig. S4c,d).

Blumenol levels are positively correlated with AMF-induced
lipids

As the lipids levels (Fig. 3d) track the blumenol accumulation
patterns (Fig. 1b) in the roots of EV, irCCaMK, and irCCD1
plants, we conducted correlational analyses among blumenols
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and lipids during the development of the host plant–AMF asso-
ciation. Pearson’s correlation analysis between root blumenols
(Fig. 1b, 9 wpi) and lipids (Fig. 3d) of the EV and irCCD1 plants
revealed that both carboxyblumenol and hydroxyblumenol mar-
kers were highly and positively correlated with all lipids identified
as specifically induced in AMF-colonized roots (Fig. 4a).

In contrast to the blumenol markers that are known to accu-
mulate without significant turnover in shoot tissues (Wang
et al., 2018a), a plant’s lipid allocation to AMF would be

expected to wane as plants fill and mature seed capsules to realize
their fitness and senesce arbuscules. To examine the inference
that the blumenol–lipid relationships would change over plant
ontogeny, we performed a time–course analysis of AMF-
inoculated plants grown in individual pots. We harvested roots
and leaf samples of EV, irCCaMK, and the two irCCD1 lines at
three times that span the reproduction–senescence transition for
glasshouse-grown plants and analyzed the blumenol and lipid
levels: at 7, 9, and 11 wpi. As the two blumenols have the same
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with or without (control) R. irregularis. Mean� SD, n = 8. (b–d) Two-way analysis of variance with Tukey’s multiple comparisons test: **, P < 0.01; ***,
P < 0.001. (e) Covariance analyses of 11-carboxyblumenol C-9-O-Glc (shown in Fig. 4b, left panel) and DAG 32:1 (shown in Fig. 4c) in roots of the EV and
irCCD1 plants. (f) Covariance analyses of 11-carboxyblumenol C-9-O-Glc (shown in Fig. 4b, left panel) and TAG 48:2 (shown in Fig. 4d) in roots of the EV
and irCCD1 plants. (e, f) The numbers are the slopes of simple linear regression and the colored zones reflect 95% confidence intervals.
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accumulation patterns in glasshouse-grown plants (Fig. 1b,c),
and similar lipid relationships (Fig. 4a), we used the carboxyblu-
menol and DAG 32:1 and TAG 48:2 as examples of how the
blumenol–lipid relationship changes over ontogeny. As shown in
Fig. 4b, blumenols, both in roots and in leaves of the EV plants,
increased during reproductive maturation, albeit at much lower
levels in the irCCD1 plants. The lipids showed a similar accumu-
lation pattern with the blumenols at the early stage (Figs 4c,d,
S5a), but the rate of increase at the later stages became slower.
Consistent with this, the covariance analysis showed that the
slopes of the positive correlations between blumenols and lipids
decreased as the plants matured (Figs 4e,f, S5b–d).

Blumenol levels predict plant fitness both in competitive
and noncompetitive environments

As c. 20% of plant photoassimilates are transferred to AMF in
the form of carbohydrates and lipids (Bago et al., 2000; Jiang
et al., 2017), we used the irRCA line, which reduces whole-plant
C-fixation, and the asGAL83 line, which increases C-partitioning
to roots, to manipulate C-flux to roots (Fig. 5a). We crossed
irCCD1_45# and 48# plants with these two lines, and as fitness
relationships are robustly quantified in plants under competitive
growth, we grew EV and the two irCCD1 lines and their hemizy-
gous crosses with the isogenic irRCA and asGAL83 lines in 2-l
pots (Fig. 5b). The blumenol accumulations were reduced in all
lines with the irCCD1 background compared with the EV back-
ground after AMF colonization (Figs 5c,f, S6a,c). Consistent
with the blumenol levels, capsule numbers were also reduced in
all lines with irCCD1 background compared with EV plants after
AMF colonization (Fig. 5e,h). Interestingly, unlike the blumenol
and fitness pattern, there were no differences in the root lipid
composition between plants with EV or irCCD1 background in
the same pots (Figs 5d,g, S6b,d). However, the amounts of accu-
mulated lipids decreased in the order predicted by the back-
ground genotype’s allocation of C to roots (e.g.
asGAL83 > EV > irRCA). We hypothesize that plants grown in
competition in the same pot share the same common mycorrhizal
networks (CMNs) and that lipids are distributed within the fun-
gal hyphal network connecting different plant roots. This
hypothesis could be tested with a number of different experimen-
tal approaches including both physical (Song et al., 2019) and
genetic means (as carried out in this study using irCCaMK
plants) to uncouple plants from the CMNs (Groten et al., 2015;
Wang et al., 2018a,b), but another promising approach would be
to specifically abrogate blumenol biosynthesis.

Identifying candidate enzymes involved in blumenol
biosynthesis

Although irCCD1 plants have reduced blumenol levels and are
useful tools to investigate the biological functions of the blume-
nol markers, plants abrogated in the final biosynthetic steps of
these AMF-specific blumenol C-glucosides would provide more
valuable tools, because other functionally important but unchar-
acterized apocarotenoids may also be changed when silencing

CCD1. Based on the accumulation pattern of blumenols in EV,
irCCaMK, and irCCD1 (Fig. 1b), we reanalyzed the RNA-seq
data and found a set of genes that are highly induced by AMF in
roots of EV plants, showed no response in irCCaMK plants, and
had intermediate levels of expression in irCCD1 plants (Figs 6a,
S7a; Dataset S2-1). Among this gene set, several glucosyltrans-
ferases (GSTs) and cytochrome P450s (CYPs) were identified,
which might be involved in the last catalytic steps of the two
AMF-specific blumenol C-glucosides, including the glycosylation
or the hydroxylation/carboxylation reactions (Fig. 6b,c;
Dataset S2-2). Using a chemically deglycosylated product of
byzantionoside B (the isomer of blumenol C glucoside; Fig. S7b)
as the most closely related, commercially available substrate, we
identified one GST gene, GST4, which is likely involved in the
glycosylation of the blumenol markers (Fig. S7c). Further assays
should be done to confirm the function of GST4 in the blumenol
biosynthesis, and also identify the CYPs involved in the hydroxy-
lation/carboxylation steps. Once these last blumenol–biosyn-
thetic steps are uncovered, the generation of knockdown or
knockout transgenic lines silenced in one of these terminal steps
could provide valuable tools for understanding the potential sig-
naling functions of blumenols, and for the identification of other
factors that influence the highly context-dependent plant–AMF
relationships.

Discussion

Hydroxy- and carboxyblumenol C-glucosides accumulate specifi-
cally in roots colonized by AMF. We silenced the expression of
CCD1, an early and committed gene in blumenol biosynthesis to
reduce blumenol accumulation during AMF colonization to
investigate the biological function of blumenols. We found that
blumenols are highly and positively correlated with AMF-
induced lipid accumulation when plants were grown in noncom-
petitive environments and the relationship changes as plants
mature. In addition, blumenols also predict plant fitness both in
both competitive and noncompetitive environments. However,
two observations from this work deserve further discussion: that
the AMF-relationship for plants grown in pots in the glasshouse
resulted in fitness decreases (Fig. 5e,h), and that no differences
were found in the lipid levels of plants sharing the same pot
(Figs 5d,g, S6b,d).

Our data showed that the fitness of plants was reduced after
inoculation with AMF compared with autoclaved inoculum
(Fig. 5e,h). This phenomenon of mycorrhizal-induced growth
depression has been observed and discussed by many others
(Johnson et al., 1997; Lendenmann et al., 2011; Jin et al., 2017).
As plants need to allocate photosynthetic carbon below ground
for transfer to the symbiotic partner, the fungi might be consid-
ered to be parasitic on plants when the demands for organic car-
bon (C) from the host plant outweigh any benefits that might be
gained from P transfers via the fungus (Johnson et al., 1997).
Many abiotic factors including soil nutrients, pH, water, and
light availability also influence the effectiveness of AMF ranging
from mutualistic to parasitic (Ronsheim, 2012; Groten
et al., 2015; Jin et al., 2017). In addition, biotic factors such as
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plant developmental stage, plant and fungal species involved, the
indirect effects of other organisms, and even root metabolomes
could affect the outcome of the AMF–host plant relationship
(Ronsheim, 2012; Jin et al., 2017; Kaur et al., 2022). We found
that N. attenuata plants grown in their native habitats and colo-
nized by AMF are much healthier and larger than those grown in
the glasshouse (data not shown), and it would be better to investi-
gate the biological functions of blumenol markers on the plant–
AMF relationship in the field.

Arbuscular mycorrhizal fungi can use its extraradical hyphae to
form underground CMNs that connect neighboring plants (Wipf
et al., 2019). In our study, we found that when plants, with dif-
ferent levels of AMF-induced specific lipids, were grown in a
competitive environment in the same pot, the lipids levels were
similar between the two competing plants (Figs 5d,g, S6b,d). As
the lipids are the main nutrients supplied for the fungal growth
(Wang et al., 2017), one hypothesis is that lipids are uniformly
distributed within the fungal hyphal network connecting
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different plant roots, similar to the inference that mycorrhiza net-
work function as conduits for the distribution of resources among
plants in a community as discussed in a recent review (Figueiredo
et al., 2021). Alternatively, there could also be leakage from fun-
gal hyphae and subsequent uptake by neighboring plant roots
that would be challenging to distinguish and quantify (Figueir-
edo et al., 2021). In addition, we found that the blumenol differ-
ences between EV and irCCD1 plants grown in the same 2-l pots
(Figs 5c,f, S6a,c) were smaller than those between EV and
irCCD1 plants grown in single pots (Fig. 1b). The situation may
be similar to the colonization of nonhost plants in the presence of
nurse plants in which nutrient and signal transport between host
and nonhost plants occurs via CMNs (Wang et al., 2022). There
could also be other signals, produced by the EV background
plant, and transferred among plants sharing a pot, which recovers
the reduced lipid accumulations in irCCD1-background roots.
Furthermore, despite very careful root harvesting procedures, we
cannot fully rule out the possibility that the root systems of both
plants in the same pot had micrografted and were not completely
separated, as hypothesized in a previous study (Wang
et al., 2018b).

Blumenol markers are synthesized in roots colonized by AMF,
and can be transferred to shoots. The pattern is reminiscent of
the plant hormone abscisic acid (ABA), which is also a mobile
whole-plant signal that regulates numerous aspects of plant
growth, development, and stress responses. Abscisic acid is also
derived from a C40 carotenoid via oxidative cleavage (Liotenberg
et al., 1999) and has a regulatory role in mycorrhizal root coloni-
zation. Studies using a mutant defective in ABA biosynthesis
demonstrated that ABA promotes arbuscule formation in tomato
(Solanum lycopersicum; Herrera-Medina et al., 2007; Mart�ın-
Rodr�ıguez et al., 2011). Studies in M. truncatula demonstrated
that ABA has a dual effect on AMF symbiosis: low ABA concen-
trations promote fungal colonization with the participation of a
PROTEIN PHOSPHATASE 2A (PP2A) holoenzyme subunit,
while high ABA concentrations impair the colonization (Char-
pentier et al., 2014). In addition, ABA accumulations are
enhanced by AMF colonization under drought conditions (Ruiz-
Lozano et al., 2016). Considering that both ABA and blumenols
are apocarotenoids and are involved in AMF colonization, and
the transport and signaling pathways of ABA have been well-
studied (Zhang, 2014), it might be valuable to investigate how
blumenol markers are transported and whether there are specific
and conserved signaling pathways involved.

Although silencing CCD1 was a good starting point for inves-
tigating the biological functions of blumenols, this target has a
number of drawbacks for an analysis of blumenol function, as
silencing CCD1 not only reduces blumenol biosynthesis but also
impairs arbuscule maturation (Floss et al., 2008). The last steps
in the blumenol biosynthesis would provide a more valuable tar-
get for functional studies, as these manipulations are less likely
to have pleiotropic effects on the plant–AMF relationship. By
combining the RNA-seq data and blumenol accumulation pat-
tern in the roots of EV, irCCaMK, and irCCD1, we identified
several GSTs and CYPs that could catalyze the later-stage glyco-
sylation and hydroxylation/carboxylation steps. Furthermore,

using in vitro enzymatic assays, we identified one GST gene,
GST4, which is likely involved in the glycosylation of the blume-
nol markers (Fig. S7c). However, without access to appropriate
substrates, and without knowing the order of the catalytic steps,
our progress was limited. One alternative way is to use a virus-
induced gene silencing (VIGS) strategy to silence the candidate
genes and then perform AMF colonization experiments. By
quantifying blumenol accumulations in the roots of silenced
plants, we could be able to narrow down the list of candidate
genes, and generate the related knockdown or knockout trans-
genic lines to further uncover their roles in the last blumenol–
biosynthetic steps. Once verified, these transgenic lines could
provide valuable tools for understanding the potential signaling
functions of blumenols, and in the identification of other factors
that influence the highly context-dependent plant–AMF rela-
tionships. Specifically in the context of this work, these trans-
genic lines would allow for rigorous tests of the hypothesis that
these AMF-indicative blumenols function as whole-plant signals
coordinating photosynthate flux, first to support the lipid
requirements of AMF nutrition in the roots and later, to the
shoots, to support seed filling, as plants attain reproductive
maturity.
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