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In figs, reproductive biology comprises cultivars requiring or not pollination, with

female trees (edible fig) and male trees (caprifig) bearing different types of fruits.

Metabolomic and genetic studies may clarify bud differentiation mechanisms

behind the different fruits. We used a targeted metabolomic analysis and genetic

investigation through RNA sequence and candidate gene investigation to

perform a deep analysis of buds of two fig cultivars, ‘Petrelli’ (San Pedro type)

and ‘Dottato’ (Common type), and one caprifig. In this work, proton nuclear

magnetic resonance (1H NMR-based metabolomics) has been used to analyze

and compare buds of the caprifig and the two fig cultivars collected at different

times of the season. Metabolomic data of buds collected on the caprifig, ‘Petrelli’,

and ‘Dottato’were treated individually, building three separate orthogonal partial

least squared (OPLS) models, using the “y” variable as the sampling time to allow

the identification of the correlations among metabolomic profiles of buds. The

sampling times revealed different patterns between caprifig and the two edible

fig cultivars. A significant amount of glucose and fructose was found in ‘Petrelli’,

differently from ‘Dottato’, in the buds in June, suggesting that these sugars not

only are used by the ripening brebas of ‘Petrelli’ but also are directed toward the

developing buds on the current year shoot for either a main crop (fruit in the

current season) or a breba (fruit in the successive season). Genetic

characterization through the RNA-seq of buds and comparison with the

literature allowed the identification of 473 downregulated genes, with 22 only

in profichi, and 391 upregulated genes, with 21 only in mammoni.
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1 Introduction

Ficus is the largest genus in the Moraceae family, showing great

diversity in morphology (leaves, inflorescences, and fruits),

breeding systems (monoecious and dioecious), and pollination

types (Berg, 1989; Bronstein and McKey, 1989; Berg and Corner,

2005; Chawla et al., 2012). The Ficus genus is approximately 75

million years old (Cruaud et al., 2012), and many fig species are

native to tropical regions with only a few ones in warm and

temperate areas. The Ficus genus can be classified into six

subgenera, namely, two monoecious subgenera (Urostigma and

Pharmacosycea) and four functionally dioecious subgenera

(Sycomorus, Ficus, Synoecia, and Sycidium). Approximately half of

the total Ficus species are monoecious (Berg, 1989), such as Ficus

sycomorus (Galil and Eisikowitch, 1968) and Ficus aurea (Hossaert-

McKey and Bronstein, 2001), and the others are gynodioecious,

such as Ficus carica (2n = 26) (Condit, 1947). The dioecious Ficus

species are generally less synchronized than monoecious species

such as F. aurea (Hossaert-McKey and Bronstein, 2001). Ficus

species have diverse growth habits, with an important role in

tropical, subtropical, and Mediterranean ecosystems to feed with

their fruits the seed dispersers of many species (Shanahan and

Compton, 2001; Harrison, 2005; Cottee-Jones et al., 2016). The

Ficus species most important for commercial cultivation is F. carica

L., called the common (edible) fig, which is gynodioecious and

includes several cultivars.

The female (edible) fig can produce one to three fruits: 1) brebas

(parthenocarpic), at the end of spring to the beginning of summer

on the 1-year-old shoot; 2) figs (main crop), in summer on the

current-year shoot; and 3) a late crop at the end of summer to the

beginning of autumn on the current-year shoot. In some cultivars,

this latter crop can be the only main fruit (figs, late crop). The male

fig (caprifig) can have three fruits similar to the female fig: 1) the

profichi in spring to the beginning of summer on the 1-year-old

shoot, 2) the mammoni in summer–autumn on the current-year

shoot, and 3) the mamme during autumn–winter on the current-

year shoot (over-wintering fruits). According to their pollination

behavior, the numerous edible fig cultivars have been grouped into

three main groups: 1) the Common type, with persistent fruits; 2)

the Smyrna type, necessarily requiring pollination; and 3) the San

Pedro type, requiring or not pollination (Storey, 1955; Ferrara et al.,

2016; Marcotuli et al., 2020). Brebas are always produced

parthenocarpically, whereas the main and late fruits (figs) are

either parthenocarpic or produced after pollination depending on

the cultivar. Considering only the pollination behavior, figs could be

classified into two groups: 1) requiring pollination to set fruits or 2)

not requiring pollination since they are able to set fruits

parthenocarpically (persistent fruits).

In the common fig, the female trees (F. carica var. sativa L.) are

often pollinated, or “caprificated”, by the male trees (F. carica var.

caprificus L.), called “caprifig” to set the fig (main crop). The wasps

(Blastophaga psenes) can carry pollen from male flowers, located

close to the ostiole in the inedible profichi fruits (hermaphrodite,

with male and short-styled female flowers) borne on caprifig trees,

to the long-styled female flowers of the edible figs (unisexual with

pistillate flowers in the main crop, or “fig”) driven by olfactory sense

toward the flavors emitted by the fruits.

However, either in the common fig or in the caprifig, all the

buds are developed on the same shoot (Condit, 1947; Marcotuli

et al., 2020). The apical/lateral bud, normally a mixed one, develops

a shoot carrying axillary fruits in summer-autumn (i.e., figs) and/or

flower buds developing in the successive season (i.e., brebas). In the

common fig, the basal/middle portion of the shoot is generally

occupied by the main and/or the late crop (when occurring) and the

distal by the breba crop, whereas in the caprifig, the basal portion is

occupied by the mammoni (when occurring), the middle by the

more abundant mamme, and the distal by the profichi (Lama et al.,

2022). This localization of the fruits occurs when all the types of

fruits are present and usually only two types of fruits are present

(breba/fig and profichi/mamme) (Figure 1).

It is unknownwhy some flower buds on the current year shoot may

develop in summer for the figs (main crop), in autumn for the late crop,

or the successive year for the breba crop since they are all present on the

same shoot of the current season. It seems that the evolution of each

bud on the nodes of the 1-year shoot is already predetermined, but it is

unclear when or how this predetermination is defined. New techniques

and devices can help to clarify some of these unsolved questions.

Sweetness is perhaps the main indicator of fruit quality in figs and

is determined by the soluble sugar concentration. Ripe fig fruits are very

rich in sugars, and sugar accumulation is a developmental process.

Sugar levels remain low during the first phases of development, and

concentrations increase considerably during the final stages of ripening,

until harvest. The role of sugar in bud differentiation has been

investigated in a recent study (Lama et al., 2022).

BA

FIGURE 1

A caprifig (A) with mamme (pale green, at the bottom of the 1-year-old shoot) and profichi (vivid green, at the top of the 1-year-old shoot) and an
edible fig (B) with brebas (big fruits on 1-year-old shoot) and figs (main crop, small growing fruits on the current year shoot).
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NMR is increasingly being used for plant metabolomic profiling

due to its capability to analyze complex traits. NMR-based

metabolomics, which is often approached through untargeted analysis

and whose data are handled with multivariate analysis techniques, has

already been applied successfully in several areas of research. In

particular, in plant science, NMR metabolomics has been used to

facilitate the identification of active compounds in medicinal plants

(Mandrone et al., 2018; Salomé-Abarca et al., 2020), for taxonomical

and phylogenetic studies (Maggio et al., 2016; Cheng et al., 2020), for

food, fruit, and botanical quality control and fraud detection (Rizzuti

et al., 2015; Callao and Ruisánchez, 2018; Sherman et al., 2020;

Mandrone et al., 2021a), and for plant physiology and plant–

environment interaction studies (Mandrone et al., 2021b; Mandrone

et al., 2022). It is, in fact, a fast, robust, reliable, and non-destructive

technique, with quick and simple sample preparation, and, importantly,

it allows to obtain quantitative information due to the linear relationship

between the integral of a resonance peak and the respective metabolite

concentration.Moreover, NMRhas no dependence on the ionization of

the metabolites. However, NMR profiling has limitations due to the

sensitivity of the technique itself; thus, it is optimal to acquire an

overview of the most abundant metabolites in an extract but not

suitable to detectmetabolites present at very low concentrations in the

mixture. Recently, the availability of a high-quality fig reference

genome provided an important resource to genetic improvement

and breeding programs, and Mori et al. (2017) released a

preliminary genome sequence of a Japanese cultivar of F. carica,

‘Horaishi’, which was affected by the typical deficiencies of short-

read genome assemblies (Veeckman et al., 2016; Low et al., 2019). Usai

et al. (2020) recently reported a high-quality genome reference for the

cultivar ‘Dottato’. Genetic analysis with RNA-seq provides a useful

instrument to understand complex and massive biological processes,

by data integration and processing at multiple levels of biological

systems (Fabres et al., 2017). Transcriptomic data may provide new

insights for fig breeding and postharvest management.

The present work aimed to understand the process of bud

differentiation at two nodes (3 and 5) of two fig cultivars (Common

and San Pedro type) and one caprifig by using both a metabolomic,

using 1H NMR, and a genetic investigation, with RNA sequences

analysis and candidate gene investigation in order to understand

what makes a bud develop into a fig in the current year or enter into

dormancy and develop into a breba in the following season.

2 Results

2.1 1H NMR-based metabolomic analysis

This study represents the first NMR-based metabolomic analysis

on both fig and caprifig buds. In the June samples, the presence of

several metabolites was evident from the spectra, including organic

acids, such as formic acid, fumaric acid, malic acid, a-ketoglutarate,
quinic acid, and GABA, sugars, namely, a- and b-glucose, sucrose,
and fructose, and amino acids, such as alanine, asparagine, and

aspartic acid. However, citric acid was not detected (Figure 2).

A B

DC

FIGURE 2

Comparison between 1H NMR profiles of caprifig buds (blue trace), ‘Dottato’ buds (green trace), and ‘Petrelli’ buds (red trace) collected in June.
(A) Full spectra. (B) Enlarged region between d 5.95 and 9. (C) Enlarged region between d 5.5 and 3.1. (D) Enlarged region between d −0.1 and 3.1.
1 = formic acid, 2 = fumaric acid, 3 = sucrose, 4 = a-glucose, 5 = b-glucose, 6 = malic acid, 7 = quinic acid, 8 = rutin, 9 = chlorogenic acid,
10 = fructose, 11 = asparagine, 12 = a-ketoglutarate, 13 = aspartic acid, 14 = alanine, 15 = lipids, 16 = trigonelline, and 17 = GABA. Spectral references
are given in Table S1.
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Moreover, secondary metabolites such as trigonelline, chlorogenic

acid, and rutin were also detected. The presence of rutin and

chlorogenic acid was further confirmed by liquid chromatography–

mass spectrometry (LC-MS), finding negative ions atm/z 609.152 and

353.088, respectively, and positive ions at m/z 633.142 and 377.084

corresponding to [M+Na] adducts. At the same timeof the season, the

flower budsof bothfig cultivars and the caprifig showed similar spectra

with regard to the metabolomic analysis but with some important

remarks (Figure 2). After proper data processing, the complete dataset

obtained was analyzed by principal component analysis (PCA). This

unsupervised model was performed to acquire a first overview of

sample distribution based on metabolomic profile. This analysis

showed the complexity of the dataset; in fact, no clustering was

evident (Supplementary Figure S1), likely due to the highly

diversified nature of samples: buds collected at two nodes, two fig

cultivars, andacaprifigandatdifferent timesduring the season(June to

October). Consequently, metabolomic data of buds collected on

caprifig and the two fig cultivars were treated individually, building

three separate orthogonal partial least squared (OPLS) models, using

the sampling time as the “y” variable.

Through these analyses, it was possible to find correlations between

metabolomic profiles of buds and sampling times, which revealed

different patterns between caprifig and the two edible fig cultivars.

In the case of ‘Dottato’, the model (Figure 2) was fitted by two

components (R2x(cum) = 72.6%, R2y(cum) = 86.2%, andQ2(cum) =

80.9%). Its predictability was confirmed by R2y(cum) and Q2(cum)

obtained by permutation tests, which were 86.2% and 80.9%,

respectively; the intercept on the y-axis of the Q-line was −0.446;

and the intercept of the R-line was 0.21. CV-ANOVA F and p

were 14.797 and 6.24 × 10−5, respectively. In the early stage (June) of

bud development (both nodes) of ‘Dottato’, a higher concentration

of trigonelline, formic acid, quinic acid, alanine, GABA, and other

unknown metabolites (responsible for signals at d 3.2 and 1.65) was

found. In late summer/beginning of autumn, these compounds

were gradually decreasing in both nodes, whereas sucrose and

aromatic compounds were increasing because of the quiescence/

dormancy of the buds. Rutin and chlorogenic acid resulted in two of

the most important aromatic compounds present in the extracts;

however, other unidentified aromatic metabolites (spectral signals

from d 6.7–6.9) increased along the sampling times (Figure 3).

As for ‘Dottato’, also in ‘Petrelli’ at three- and five-node buds,

both sucrose and aromatic compounds (including rutin and

chlorogenic acid) increased in the late sampling dates, i.e., at the

end of the growing season (Figure 4). However, in this cultivar,

malic acid was also more abundant in late summer. GABA also

increased at this stage of development in ‘Petrelli’, following an

opposite pattern compared to ‘Dottato’.

However, together with formic acid, a high concentration of

glucose and fructose characterized the buds at the early stage of

development. The OPLS model on ‘Petrelli’ samples was fitted by

three components (R2x(cum) = 85.9%, R2y(cum) = 94%, and Q2

(cum) = 71.6%). The permutation test gave R2y(cum) = 94% and Q2

(cum) = 71.6%; the intercept on the y-axis of the Q-line was −0.727;

and the intercept of the R-line was 0.68. CV-ANOVA F and p were

3.60 and 0.03, respectively (Figure 4).

A further OPLS model (Figure 5) was built using the x variable

using bucketed 1H NMR spectra of buds collected on the caprifig

and harvesting time for the y-axis. This model was fitted by three

components (R2x(cum) = 74.3%, R2y(cum) = 88.1%, and Q2(cum) =

21.5%). The permutation test gave R2y(cum) = 88% and Q2(cum) =

21%, the intercept on the y-axis of the Q-line was −0.342, and the

intercept of the R-line was 0.54. CV-ANOVA F and p were 0.38 and

0.84, respectively. This analysis provided interesting information. In

fact, different from the two fig cultivars, caprifig buds yielded higher

levels of aromatic compounds (such as rutin and chlorogenic acid)

and sucrose at the early stage of development, and also malic acid

was more abundant. As the sampling time progresses, lipids

increase along with glucose and trigonelline. Notably, glucose and

trigonelline were involved also in the development of ‘Petrelli’ and

‘Dottato’ buds, respectively, but followed an opposite pattern

compared to “caprifig”, since in ‘Petrelli’ and ‘Dottato’, they were

more abundant in the early sampling times.

In all the developed models, generally, the metabolomic

profiles of buds collected at nodes 3 and 5 were quite similar

between them with some specific differences in the pattern of

some compounds.

2.2 Differential gene expression analysis
in caprifig

Among the total expressed genes, 473weredownregulated,with22

only in profichi, and 391 were upregulated, with 21 only in mammoni

(Table 1). Looking at the function of upregulated genes, 225 followed

the molecular function category, 54 genes belonged to the cellular

component, and 112 belonged to the biological process, while among

the downregulated genes, 151 coded for the biological process, 61 for

the cellular component, and 261 for molecular function (Figure S2).

Comparing the number of transcripts detected in profichi and

mammoni from caprifig with the same fig buds from ‘Petrelli’ and

‘Dottato’, two F. carica cultivars belonging to the San Pedro and

Common type, respectively (previously studiedwithRNA-seq analysis

as reported inMarcotuli et al., 2020), the number of expressed loci was

different; in particular, caprifig showed a higher number of transcripts

in profichi (22,088) and the lowest number in mammoni (21,031)

when compared to the two fig cultivars (Figure S3).Within the 22,088

and 21,031 loci expressed in caprifig in profichi and mammoni,

respectively, 2,254 were unique for caprifig with 36 singles for

profichi and 12 for mammoni.

Considering that among the upregulated and downregulated

genes, there were 22 upregulated specifically for profichi and 21

downregulated unique for mammoni, the analysis of these specific

genes was carried out to determine the role in the caprifig

bud development.

The evaluation of the upregulated genes underlined how six genes

were responsible for biological processes and molecular function, two

for cellular components, and 14 for molecular function (Table 2).

Analyzing the downregulated genes, seven corresponded to biological

processes, three to cellular components, and 11 to molecular

function (Table 3).
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2.3 Transcriptome analysis of flowering
genes during bud differentiation
and development

To define the genes potentially involved in the caprifig bud

development process, we considered the unique genes upregulated

and downregulated in profichi and mammoni as reported in

Tables 2, 3.

Considering all the genes expressed and upregulated in profichi,

we detected oxidase genes, in particular the linoleate 13S-

lipoxygenase, that are involved in a number of diverse aspects of

plant physiology including growth and development and that

catalyze hydroperoxidation of lipids containing a cis,cis-1,4-

pentadiene structure (Park et al., 2020). We also detected

gibberellin 20 oxidase, which is involved in the promotion of the

floral transition, fertility, and stem elongation (Li et al., 2021),

polyphenol oxidase, which oxidizes monophenols and diphenols in

the presence of molecular oxygen and could be activated during the

first weeks of storage (McLarin and Leung, 2020), and

anthocyanidin reductase-like, which catalyzes the NADPH-

dependent conversion of anthocyanidins into flavonoids (Tang

et al., 2009).

B

A

FIGURE 3

(A) OPLS score scatter plot built using bucketed 1H NMR spectra of ‘Dottato’ buds as the x-axis and sampling day as the y-axis; the sampling time is
highlighted by the color gradient, from blue (which indicates the earliest collections) to red (for the latest). (B) S-plot of the OPLS model, highlighting
the x-axis (spectral signals) highly correlated with harvesting time (y-axis). 1 = sucrose, 2 = rutin, 3 = spectral region from d 6.05 to 7.05 (aromatic
region), 4 = chlorogenic acid, 5 = quinic acid, 6 = alanine, 7 = trigonelline, 8 = formic acid, 9 = GABA, 10 = spectral region from d 1.61 to 1.69, and
11 = spectral region from d 3.17 to 3.25. OPLS, orthogonal partial least squared.
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Additionally, the aluminum-activated malate transporter,

which is involved in GABA transport, and the indole-3-pyruvate

monooxygenase, which is involved in auxin biosynthesis genes,

were identified. Genes implicated in cell cycle control and cell

expansion during plant development were also reported and in

particular the G-type lectin S-receptor-like serine/threonine-

protein kinase, the origin of replication complex subunit 5, MYB

transcription factor and wall-associated receptor kinase-like,

extensin-2-like, senescence-specific cysteine protease, GDSL

esterase/lipase, heparanase-like protein, and E3 ubiquitin-protein

ligase. Finally, three hydrolase genes were found represented by acid

phosphatase, carbonic anhydrase, and polygalacturonase.

Considering the genes downregulated in mammoni, some of the

genes were reported in more than one locus such as the 7-

deoxyloganetin glucosyltransferase (two loci), which is most

expressed in anthers, and plays a major role in cell homeostasis

(Qu et al., 2021); late embryogenesis abundant protein (three loci),

which induces the maturation drying process of embryo

development correlates with the acquisition of desiccation

tolerance (Hoekstra et al., 2001); oleosin-like protein (two loci),

which is involved in species recognition by discriminating between

compatible and incompatible pollen (Schein et al., 2004); and

probable L-gulonolactone oxidase (two loci), which is associated

with the endoplasmic reticulum membrane and synthesizes the

B

A

FIGURE 4

(A) OPLS score scatter plot built using bucketed 1H NMR spectra of ‘Petrelli’ buds as the x-axis and sampling day as the y-axis; the sampling time is
highlighted by the color gradient, from blue (which indicates the earliest collections) to red (for the latest). (B) S-plot of the OPLS model, highlighting
the x-axis (spectral signals) highly correlated with harvesting time (y-axis). 1 = sucrose, 2 = rutin, 3 = spectral region from d 6.05 to 7.05 (aromatic
region), 4 = chlorogenic acid, 8 = formic acid, 9 = GABA, 12 = malic acid, 13 = glucose, and 14 = fructose. OPLS, orthogonal partial least squared.
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oxidation of L-gulonolactone to L-ascorbic acid (Linster and Van

Schaftingen, 2007). Even in this case, genes for plant development

were identified, in particular the signal peptidase complex, which

acts in the translocation of polypeptide chains across the

endoplasmic reticulum membrane (Linster and Van Schaftingen,

2007); the 11S globulin precursor isoform, which is involved in seed

storage protein (Hsiao et al., 2006); the nuclear transcription factor

Y that acts in gametogenesis, embryogenesis, seed development,

flowering time regulation, and abscisic acid signaling (Mu et al.,

2013); pectinesterase, which facilitates plant cell wall modification

B

A

FIGURE 5

(A) OPLS score scatter plot built using bucketed 1H NMR spectra of “caprifig” buds as the x-axis and sampling day as the y-axis; the sampling time is
highlighted by the color gradient, from blue (which indicates the earliest collections) to red (for the latest). (B) S-plot of the OPLS model, highlighting the
x-axis (spectral signals) highly correlated with harvesting time (y-axis). 1 = sucrose, 2 = rutin, 3 = spectral region from d 6.05 to 7.05 (aromatic region),
4 = chlorogenic acid, 7 = trigonelline, 10 = spectral bins from d 1.61 to 1.69, 11 = spectral bins from d 3.17 to 3.25, 12 = malic acid, 13 = glucose, and
15 = lipids. OPLS, orthogonal partial least squared.

TABLE 1 Total number of loci identified in our genotypes, number of loci expressed in caprifig and in two time points, and regulation obtained from
the RNA-seq analysis.

Loci expressed in caprifig Loci expressed in profichi Loci expressed in mammoni

Total number 23,098 22,088 21,031

Downregulated 473 22 –

Upregulated 391 – 21
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TABLE 2 List of loci upregulated and expressed only in profichi buds (from caprifig tree) was obtained with the RNA-seq analysis.

GO category GO description Locus Locus
‘Dottato’ Genes ‘Dottato’ Chr Expression

level
KEGG

annotation NCBI annotation

biological_process

Fatty acid biosynthetic process s00042g04609 CM019741.1 scaffold4994_size7080_1_6190_F_g8478.t1 3 59.27 Lipoxygenase
Linoleate 13S-
lipoxygenase

Response to light stimulus s00693g22683 CM019742.1 scaffold46213_size1701_246_1645_F_g34891.t1 4 3.48 – Gibberellin 20 oxidase

Regulation of systemic acquired
resistance

s00207g12592 CM019748.1 scaffold25821_size4231_2377_3511_R_g25563.t1 10 5.18 – –

Malate transport s00025g03163 CM019750.1 scaffold31761_size2380_1_2259_F_g28761.t1 12 1.51 –
Aluminum-activated
malate transporter

Pigment biosynthetic process s00026g03301 CM019739.1 scaffold10590_size4980_283_2371_R_g14493.t1 1 3.94
Polyphenol
oxidase

Polyphenol oxidase

Recognition of pollen s00095g08016 CM019750.1 scaffold16001_size3915_1886_3417_F_g19050.t1 12 0.33
G-type lectin S-receptor-
like serine/threonine-

protein kinase

cellular_component

Origin recognition complex s00903g25124 CM019747.1 scaffold13243_size4394_1_4221_R_g16822.t1 9 1.01

Origin
recognition

complex subunit
5

Origin of replication
complex subunit 5

Intracellular
augustus_masked-
BDEM01000280.1-
processed-gene-1.7

CM019751.1 scaffold322_size15895_5397_7851_R_g991.t1 13 1.64 – –

molecular_function

RNA polymerase II transcription
factor activity, sequence-specific

DNA binding
s00038g04288 VYVB01000457.1 scaffold3676_size7976_7043_7871_R_g6729.t1 – 3.91

Transcription
factor MYB,

plant
MYB transcription factor

Catalytic activity
augustus_masked-
BDEM01000023.1-
processed-gene-3.11

CM019750.1 scaffold9629_size6575_659_6538_F_g13580.t1 12 1.89 –
Anthocyanidin reductase-

like

RNA-directed DNA polymerase
activity

s00241g13648 CM019749.1 scaffold105_size19749_4726_13077_F_g364.t1 11 0.40 – –

Acid phosphatase activity s00541g20410 CM019739.1 scaffold33766_size2261_1_691_R_g29715.t1 1 94.48 – Acid phosphatase

Carbonate dehydratase activity s00006g01019 CM019743.1 scaffold66917_size1159_1_710_F_g41455.t1 5 19.63
Carbonic
anhydrase

Carbonic anhydrase

Polygalacturonase activity s00391g17456 CM019742.1 scaffold69640_size1106_1_821_R_g42133.t1 4 11.35 Polygalacturonase Polygalacturonase

Structural constituent of cell wall
augustus_masked-
BDEM01000491.1-
processed-gene-0.0

CM019741.1 scaffold26864_size2722_1596_2722_F_g26160.t1 3 6.21 – Extensin-2-like

(Continued)
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and subsequent breakdown (Suzuki et al., 2013); and the O-

acyltransferase WSD1-like, which catalyzes the condensation of

fatty alcohol and a fatty acyl-Coenzyme A (acyl-CoA) (De la Fuente

Cantó et al., 2018). The analysis of the downregulated genes in figs

(main crop) highlighted the presence of genes involved in the plant

defense response, such as probable flavin-containing

monooxygenase gene, 1-Cys peroxiredoxin, pathogenesis-related

protein, and proteinase inhibitor.

In order to correlate the metabolomic data with the genetic

ones, genes involved in the biosynthetic pathway of the detected

metabolites identified through the 1H NMR-based analysis were

investigated among all the expressed genes in both cultivars,

‘Dottato’ and ‘Petrelli’, and in the caprifig. We were able to

identify 13 loci and six genes with an expression level, reported as

RPKM value, higher than 50, and correlated to the metabolites

detected (Table S2). In particular, the analysis allowed the

identification of: asparagine synthetase (one locus), which showed

a peak of expression in mammoni, while similar values were

reported for profichi and ‘Dottato’ and ‘Petrelli’ breba and fig

(main crop) (Figure 6) (Lama et al., 2022); glucose-6-phosphate

1-epimerase (two loci), which converts a-glucose in b-glucose,
andshowed higher expression in brebas compared to figs (main

crops) in both fig cultivars, and with the caprifig showing a general

higher level compared to the two cultivars; glucose-6-phosphate

isomerase (one locus), which converts glucose in fructose, and is

highly expressed in ‘Dottato’ and ‘Petrelli’ figs (main crops) (Lama

et al., 2022); malic enzyme (four loci), which showed different

values in relation of the locus considered (Figure 6); protein N-

terminal asparagine amidohydrolase-like (one locus), which

converts asparagine into aspartic acid and showed higher

expression levels in brebas/profichi of all the genotypes; and

sucrose synthase (three loci), which showed higher values in

‘Dottato’ and ‘Petrelli’ brebas and for one locus also in

caprifig (Figure 6).

3 Discussion

In monoecious species of Ficus, male and female flowers grow

on the same tree, and self-pollination occurs, although cross-

pollination may partly occur, which could help to reduce

inbreeding depression.

Metabolomic analysis revealed differences in the two fig

cultivars and the caprifig, and values were also different in the

two nodes, thus indicating a correlation between metabolomic

profiles of buds and sampling and position times, which showed a

significantly different pattern between caprifig and the two edible

fig varieties.

It was surprising that citric acid, an important and abundant

organic acid of fig fruits (Jafari et al., 2022), was not detected at the

budding level, according to the metabolomic analyses, whereas

minor organic acids such as quinic and fumaric acid were present

in the buds.

In ‘Dottato’, trigonelline, formic acid, quinic acid, alanine, and

GABA were more abundant in buds sampled in June and decreasing

in late summer samples, whereas sucrose and aromatic compoundsT
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TABLE 3 List of loci downregulated and expressed only in mammoni buds (from caprifig tree) obtained with the RNA-seq analysis.

GO category GO description Locus Locus
‘Dottato’ Genes ‘Dottato’ Chr Expression

level
KEGG

annotation NCBI annotation

biological_process

Signal peptide processing s00652g22144 CM019741.1 scaffold11116_size4854_1_4781_R_g14964.t1 3 0.46 – Signal peptidase complex

Metabolic process
augustus_masked-

BDEM01000001.1-processed-
gene-12.10

VYVB01000409.1 scaffold8926_size9877_5197_6441_R_g12884.t1 – 2.41
7-Deoxyloganetin
glucosyltransferase

7-Deoxyloganetin
glucosyltransferase

Response to biotic stimulus s00232g13405 CM019746.1 scaffold1415_size10907_236_1251_R_g3238.t1 8 0.23
– Pathogenesis-related

protein

Embryo development
ending in seed dormancy

s00025g03175 CM019750.1 scaffold33232_size2291_1456_2259_F_g29464.t1 12 2.37
Late embryogenesis
abundant protein

Cell wall modification s00266g14365 CM019749.1 scaffold33026_size2304_1_1441_R_g29371.t1 11 3.15 Pectinesterase Pectinesterase

Lignin catabolic process s00107g08572 CM019742.1 scaffold19235_size3477_1752_3101_R_g21415.t1 4 2.46 Laccase Laccase-15-like

Positive regulation of
response to water
deprivation

s00033g03881 CM019739.1 scaffold20836_size3292_1356_2847_F_g22474.t1 1 82.83
–

Late embryogenesis
abundant protein

cellular_
component

Cell wall s00172g11363 CM019746.1 scaffold190_size17850_11955_14011_R_g624.t1 8 1.46
– Late embryogenesis

abundant protein D-34-
like

Lipid particle s00117g09066 CM019744.1 scaffold10586_size4980_2886_3789_F_g14489.t1 6 3.10 – Oleosin-like protein

Monolayer-surrounded
lipid storage body

s00177g11527 CM019744.1 scaffold13563_size4332_1905_2871_R_g17092.t1 6 1.36
–

Oleosin-like protein

molecular_function

D-Arabinono-1,4-lactone
oxidase activity

s00046g04937 CM019745.1 scaffold51567_size1529_1_1529_R_g36765.t1 7 71.01
– Probable L-gulonolactone

oxidase

DNA-directed RNA
polymerase activity

s04066g31473 CM019743.1 scaffold10696_size4953_895_2491_R_g14581.t1 5 19.46
–

–

Diacylglycerol O-
acyltransferase activity

augustus_masked-
BDEM01003719.1-processed-

gene-0.0
VYVB01000496.1 scaffold46893_size1677_1_1622_F_g35145.t1 – 3.28

–
O-Acyltransferase
WSD1-like

N,N-Dimethylaniline
monooxygenase activity

s00527g20163 CM019740.1 scaffold4834_size7176_1_2484_F_g8278.t1 2 4.45
– Probable flavin-

containing
monooxygenase

Serine-type endopeptidase
inhibitor activity

s00002g00355 CM019748.1 scaffold24423_size2926_2116_2521_R_g24725.t1 10 10.55
–

Proteinase inhibitor

UDP-N-Acetylmuramate
dehydrogenase activity

s00046g04936 CM019745.1 scaffold43128_size1818_1226_1818_F_g33704.t1 7 22.85
– Probable L-gulonolactone

oxidase
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were high in June and decrease in late summer. Trigonelline is

synthesized from nicotinic acid, which is a catabolite of pyridine

nucleotides, and accumulates in seeds of legumes and coffee

(Ashihara et al., 2015); several hypotheses have been proposed on

the physiological functions of trigonelline in plants (Ashihara et al.,

2015). A massive increase in trigonelline content was found during

the early stages of maturation in the pericarp of coffee fruits

(Ashihara et al., 2015). The role of trigonelline in ‘Dottato’ buds

may be related to the storage of nicotinic acid or a compatible solute

to face stress conditions during the growing stage in summer, i.e.,

drought, or to contribute indirectly to the formation of desirable

flavor products of the fruit to attract the wasp for the pollination.

The detection of quinic acid, a side product of the shikimate

pathway regulated by the activity of quinate dehydrogenase, at this

stage of bud development, suggested a behavior similar to the

kiwifruit’s accumulation of quinic acid, although with different

concentrations (Jiang et al., 2020). However, quinic acid was also

detected in the sap of another fig species, Ficus dubia, and was

suggested that such phenolic derivatives either are from the

shikimate pathway or are used for biosynthesis of chlorogenic

acid (Chansriniyom et al., 2021), which was detected in large

amounts in the successive samplings. Quinic acid was also found

in the leaves of Portuguese F. carica cultivars ‘Pingo de mel’ and

‘Branca Tradicional’ (Chansriniyom et al., 2021). Chlorogenic acid

and rutin have been recently found in different tissues of several fig

cultivars, from fruits (peel and pulp) to leaves (Teruel-Andreu et al.,

2021). Chlorogenic acids and rutin have been generally extracted

from the leaves more than present in fruits or buds (Mahmoudi and

Chawla, 2022) and are possibly translocated from leaves to

developing buds.

In both fig cultivars, at 3 and 5-node buds, a significant

increase of both sucrose and aromatic compounds was detected

in the late sampling dates. However, sucrose is generally low in

the fruits throughout development and maturation (Vemmos

et al., 2013), but sucrose increases during fruit development, in

stages I and II, and then decreases after ripening. In this case, the

increase of sucrose in the fruit buds of both ‘Dottato’ and ‘Petrelli’

may suggest the preparation of the buds for dormancy, and sugars

could be used, such as in peach (Santiago-Mejıá et al., 2018) and

in sweet cherry (Fadón et al., 2018), to support the differentiation

of the various tissues of a flower bud, i.e., xylem, anthers, and

ovary. Moreover, sucrose would be used in the successive season

for the development of possible breba fruits in spring. Sucrose

could be used to sustain the first development stages of the brebas

prior to the leaf’s full functionality for the production of

photosynthates. In fact, carbohydrate reserves act as key agents

in dormant buds, and thus they accumulate before the end of the

growing season and are utilized following bud break (Mohamed

et al., 2012). Carbohydrate reserves are also used as an indicator of

bud break in many fruit trees (Kaufmann and Blanke, 2017). In a

recent study conducted on the fig cultivar ‘Sabz’, soluble sugars

decreased during bud break, bringing about new leaf development

and shoot growth in spring (Sedaghat et al., 2022). These

carbohydrates were possibly transformed into structural forms,

resulting in new organ formation (leaves and stems) and an

increase in plant volume (Sedaghat et al., 2022). Soluble sugarsT
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are also partly lost through the energetic process of transpiration

(Spann et al., 2008).

The presence of sucrose in both ‘Dottato’ and ‘Petrelli’ fruit

buds may also suggest that both varieties are physiologically prone

to yield such type of early fruit, although brebas of ‘Dottato’

generally drop and are seldom produced. Differently from

sucrose, glucose and fructose contents increase during fruit

growth and ripening (Sedaghat and Rahemi, 2018). The major

soluble sugars in fig leaves and fruits are sucrose, glucose, and

fructose, with the latter being more abundant. Sucrose is always

higher than other sugars in the leaves (Gaaliche et al., 2022) since it

is the end product of photosynthesis and the primary

sugar transported in the phloem. Sucrose in the fig buds could be

either transported to or synthesized in the buds, which can

photosynthesize when they have chlorophyll. Differently from

‘Dottato’, the presence of glucose and fructose in ‘Petrelli’, already

in the buds at early sampling times (June), may indicate that these

sugars are not only used by the ripening brebas of this cultivar but

are also used by the developing buds on the current-year shoot

(flower, mixed, and vegetative buds).

However, in ‘Petrelli’, malic acid is also more abundant in late

summer. Pande and Akoh (2010) identified five organic acids in

fresh figs: malic, citric, oxalic, ascorbic, and succinic acids. Citric

and malic acids are the primary organic acids found in the fruits of

figs (Pereira et al., 2017). Shikimic and fumaric acids have also been

identified in the peel and pulp of figs (Oliveira et al., 2009).

Chlorogenic acid, which is abundant at the end of the growing

season in ‘Petrelli’ (Figure 3), is reported to be among the major

individual phenolic compounds in whole fig fruit (Talon

et al., 1990).

GABA was found to increase in the last sampling times in

‘Petrelli’, following an opposite pattern compared to ‘Dottato’.

When considering an important crop such as citrus, GABA is

more active or mostly functioning during citrus fruit ripening

(Cercós et al., 2006). In particular, a reduction of approximately

42% of GABA was determined by comparing young and older citrus

fruits (Cercós et al., 2006). The different GABA contents in the fruit

buds of ‘Dottato’ and ‘Petrelli’ may indicate the different evolutions

of the buds toward brebas, fig, or even latent buds.

Many genomic tools are available for the ‘Dottato’ cultivar,

including a haplotype-phased genome sequence (Usai et al., 2020)

and a leaf transcriptome (Fattorini et al., 2021), but no information

is available on metabolomics in buds. Previous studies showed that

the ‘Dottato’ transcriptome is very different from that of another fig

cultivar, such as ‘Horaishi’ sequenced by Mori et al. (2017).

We found that sugar accumulation is a key factor also in bud

development. Key genes involved in sugar content variability were

previously identified, and their expression was compared between

unripe fruits and ripe fruits of cultivars ‘Dottato’ and ‘Brogiotto’

(Fattorini et al., 2021). In addition, in the present work, the sucrose

synthase (three loci) showed higher values in Dottato and ‘Petrelli’

buds and for one locus in caprifig. Fattorini et al. (2021) also found

in ‘Dottato’ an increased expression of a gene encoding a sucrose

synthase, SUSY1, in ripe fruits, while SUSY6 showed a reduced

expression. The high content of sucrose at the end of samplings in

‘Dottato’ and ‘Petrelli’ and glucose in caprifig may suggest either a

possible use during the dormant stage of the buds or that fruit buds

accumulated sugars (as the fruits) without the growth of the fruit. In

the latter case, it seems as if the fruit bud is not completely activated

in the season to develop a fruit and will overwinter. The fruit buds

on the current season shoot seem all ready to develop fruit, with the

increase of sugars, but other factors, i.e., hormonal control, make

some of them develop in fruits and others to overwinter.

Cui et al. (2019) also identified key enzymes and genes (sucrose

synthase 2) involved in sucrose accumulation, and blasting the

protein sequence in public databases, it was found that upregulated

FIGURE 6

Quantitative expression data (reported as FPKM values) of genes correlated to metabolites detected by 1H NMR breba/profig and fig (main crop)/
mammoni of caprifig, ‘Dottato’, and ‘Petrelli’. Asterisks on the bars indicate datasets significantly different according to ANOVA (*, **, and ***
correspond to p < 0.05, p < 0.01, and p < 0.001, respectively).
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sucrose synthase gene had high similarity to both Vitis vinifera

(88.7%) and Citrus unshiu sucrose synthase (84.4%).

The key role of sugar accumulation was confirmed by the

positive correlation found between sugar metabolomic data with

the genetic ones; in fact, in the present work, 13 loci and six genes

with an expression level higher than 50 RPKM value correlated with

the metabolites detected. The glucose-6-phosphate 1-epimerase

locus, which converts a-glucose into b-glucose, showed higher

expression in brebas compared to figs (main crops) in both

cultivars and with the caprifig showing a generally higher level

compared to the two cultivars. Glucose-6-phosphate isomerase (one

locus), which converts glucose into fructose, was highly expressed in

‘Dottato’ and ‘Petrelli’ figs.

4 Materials and methods

4.1 Plant materials and bud sampling

Two fig cultivars grown at the fig repository equipped with

environmental and soil sensors (Torres et al., 2017) at the “P.

Martucci” experimental station in Valenzano (Bari) belonging to

the University of Bari “Aldo Moro”, Department of Soil, Plant

and Food Science—Tree Fruit Unit, and a caprifig tree located in

a private orchard not far from the fig repository, were used in

this work. The two cultivars were 1) ‘Dottato’ (also known as

‘Kadota’) of the Common type and 2) ‘Petrelli’ of the San Pedro

type. In summer 2021, starting from June to October, buds at two

different nodes (3 and 5 from the basal part) of the current year

shoots of both the two cultivars and the caprifig were sampled at

an interval of approximately 10 days starting from June until the

beginning of October (with a total of 51 samples), placed in a

paper bag, and rapidly transported in a portable fridge to the lab

for storage in a −80°C refrigerator. For caprifig samples, RNA-seq

and candidate genes analysis were also conducted on fruit buds

harvested at two different times, corresponding to profichi

and mammoni.

4.2 1H NMR-based metabolomic analysis

Samples were grounded in a mortar using liquid nitrogen. For

each node of the two fig cultivars and the caprifig, 30 mg of freeze-

dried and powdered buds underwent ultrasound-assisted extraction

for 20 min (TransSonic TP 690, Elma, Germany) using 1 ml of a

mixture (1:1) of phosphate buffer (0.1 M; pH 6.0) in H2O-d2
(containing 0.01% trimethyl silyl propionic acid sodium salt

(TMSP)) and MeOH-d4. The extraction solvents were selected

based on previous metabolomics studies (Johri and Konar, 1956;

Kim and Verpoorte, 2010; Kim et al., 2010; Jafari et al., 2022), which

reported that a mixture of methanol and aqueous phosphate buffer,

pH 6.0 (1:1), provided a good overview of both secondary and

primary metabolites, giving the best extraction conditions to obtain

a broad spectrum of compounds from plant samples. Since there

was no previous research on the NMR-based metabolomics of fig

buds, we decided to use the most generic extraction protocol for

broad-spectrum extraction in NMR-metabolomics. After this

procedure, samples were centrifuged for 10 min (17,000 ×g), and

then 600 ml of supernatant was transferred into NMR tubes and

analyzed. 1H NMR spectra were recorded at 25°C on a Varian Inova

instrument (equipped with a reverse triple-resonance probe)

operating at a 1H NMR frequency of 600.13 MHz, and H2O-d2
was used as an internal lock. Each 1H NMR spectrum consisted of

256 scans (corresponding to 16 min) with a relaxation delay (RD) of

2 s, acquisition time of 0.707 s, and spectral width of 9,595.8 Hz

(corresponding to d 16.0). A presaturation sequence (PRESAT) was

used to suppress the residual water signal at d 4.83 (power = −6 dB,

presaturation delay 2 s). The analysis of 1H NMR profiles of extracts

was performed based on an in-house library (for plant metabolites

since online libraries are for human metabolites) and in comparison

with the literature, and each identified metabolite was also semi-

quantified using the internal standard TMSP.

4.3 Multivariate data analysis

For multivariate analysis, data were Pareto scaled and subjected

to multivariate data analysis (PCA and OPLS) through SIMCA P+

software (v. 15.0, Umetrics, Sweden). OPLS models were built using

the harvesting time for the y-axis, which was calculated as the

number of days from the first day of harvesting (ranging from day 1

to day 124). The obtained OPLS models were evaluated by the

goodness of fit (R2x (cum) and R2y(cum)) and goodness of

prediction (Q2(cum)), together with the parameters given by

cross-validation tests: permutation test (performed using 200

permutations) and CV-ANOVA.

4.4 UPLC-qTOF-MS data acquisition

This further analysis was required to confirm the structure of

rutin and chlorogenic acid, which were present at low

concentrations, and some of their diagnostic 1H NMR signals

overlapped with those of other metabolites.

Flower bud hydroalcoholic extracts at a concentration of 0.5

mg/ml were analyzed using a Xevo G2-XS QTof system (Waters,

Milford, MA, USA) equipped with a polar C18 analytical column

(Luna Omega, 100 × 3.0 mm, 3 µm particle size, Phenomenex,

Torrance, CA, USA). The column was kept at 45°C, while the

samples were kept at a constant temperature of 10°C. The mobile

phases were H2O (A) and MeCN (B). The method and gradients

used were the following: 95% A for 1 min followed by a gradient

reaching 25% B in 2 min, 25% B was kept for 1 min, then the

gradient reached 70% B in 3 min, 70% B was kept for 1 min, and

then the gradient reached 5% B again in 20 s. The flow rate was 0.4

ml/min, and the injection volume was 2 µl.

Electrospray ionization in positive and negative modes was

applied in the mass scan range of 50−1,200 m/z. Electrospray

ionization (ESI) source conditions were as follows: capillary = 0.8

kV, cone = 40 V, source temperature = 120°C, desolvation

temperature = 600°C, cone gas flow = 50 L/h, and desolvation gas

flow = 1,000 L/h.
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4.5 Total RNA extraction and differential
gene expression analysis

Fruit buds from caprifig, harvested at two different times, June

and July, were used for the extraction of total RNA according to the

RNeasy Plant Mini Kit (QIAGEN®) instructions. In order to

determine the standard deviation among replicates, at each stage,

three different biological replicates were used, with three technical

replicates. Considering that no variation was detected among the

technical replicates, single samplings were mixed for the subsequent

analysis. NanoDrop 2000 was used to check RNA quality and

quantity (Thermo Scientific, Waltham, MA, USA) and samples

were visualized on 1.5% agarose gel. RNA sequencing preparation

and performance were carried out following the instruction

reported by Marcotuli et al. (2020). Gene expression values in

caprifig samples were quantified and considered statistically

differentially expressed with a false discovery rate (FDR) value

≤0.05 as reported in the previous manuscript on fruit

development in F. carica L (Marcotuli et al., 2020)..

The gene sequences of F. carica obtained with RNA-seq analysis (e-

value threshold ≤E−10 and identity percentage higher than 80%) and

differentially expressed in caprifig were assigned to biological process,

cellular component, andmolecular function through theGeneOntology

(GO) database, and the chromosome locations were identified using the

locus ID GenBank (http://www.ncbi.nlm.nih.gov/Genbank/) and the

Basic Local Alignment Search Tool (BLAST) (https://

blast.ncbi.nlm.nih.gov/Blast.cgi) to find regions of similarity with the

‘Dottato’ genome sequence (Usai et al., 2020). Additionally, the Kyoto

Encyclopedia of Genes and Genomes (KEGG) and National Center for

Biotechnology Information (NCBI) databaseswere queried to define the

putative biological pathways of the genes and to determine the role in

fruit ripening at two different fruits (time points).

Additionally, expressed genes upregulated and downregulated

were compared to ‘Petrelli’ and ‘Dottato’ genes previously analyzed

and published (Lama et al., 2022).
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concise review on multi-omics data integration for terroir analysis in vitis vinifera.
Front. Plant Sci. 8. doi: 10.3389/fpls.2017.01065

Fadón, E., Herrero, M., and Rodrigo, J. (2018). Dormant flower buds actively
accumulate starch over winter in sweet cherry. Front. Plant Sci. 9. doi: 10.3389/
fpls.2018.00171

Fattorini, C., Bernardi, R., Quartacci, M. F., Mascgni, F., Caruso, G., Cavallini, A.,
et al. (2021). Expression of genes involved in metabolism and transport of soluble
carbohydrates during fruit ripening in two cultivars of ficus carica l. Agrochimica. 65,
117–136. doi: 10.12871/00021857202122

Ferrara, G., Mazzeo, A., Pacuci, C., Matarrese, A. M. S., Tarantino, A., Crisosto, C.,
et al. (2016). Characterization of edible fig germplasm from puglia, southern Italy: is the
distinction of three fig types (Smyrna, San Pedro and common) still valid? Sci. Hortic.
205, 52–58. doi: 10.1016/j.scienta.2016.04.016

Gaaliche, B., Narzary, D., BenMimoun, M., and Sarkhosh, A. (2022). “Taxonomy, botany
and physiology,” CABI Books. CABI International. doi: 10.1079/9781789242881.0002

Galil, J., and Eisikowitch, D. (1968). Flowering cycles and fruit types of ficus
sycomorus in Israel. New Phytol. 67, 745–758. doi: 10.1111/j.1469-8137.1968.tb05497.x

Harrison, R. D. (2005). Figs and the diversity of tropicalrainforests. BioScience 55,
1053–1064. doi: 10.1641/0006-3568(2005)055[1053:FATDOT]2.0.CO;2

Hoekstra, F. A., Golovina, E. A., and Buitink, J. (2001). Mechanisms of plant
desiccation tolerance. Trends Plant Sci. 6 (9), 431–438. doi: 10.1016/S1360-1385(01)
02052-0

Hossaert-McKey, M., and Bronstein, J. L. (2001). Self-pollination and its costs in a
monoecious fig (Ficus aurea, moraceae) in a highly seasonal subtropical environment.
Am. J. Bot. 88, 685–692. doi: 10.2307/2657069

Hsiao, E. S., Lin, L. J., Li, F. Y., Wang, M. M., Liao, M. Y., and Tzen, J. T. (2006). Gene
families encoding isoforms of two major sesame seed storage proteins, 11S globulin and
2S albumin. J. Agric. Food Chem. 54 (25), 9544–9550. doi: 10.1021/jf061505x

Jafari, M., Yavari, A., Crivelli, M., Crisosto, C. H., and Sarkhosh, A. (2022). “Fig fruit
maturity, harvest methods and technologies,” CABI Books. CABI International.
doi: 10.1079/9781789242881.0015

Jiang, Z., Huang, Q., Jia, D., Zhong, M., Tao, J., Liao, G., et al. (2020).
Characterization of organic acid metabolism and expression of related genes during
fruit development of actinidia eriantha 'Ganmi 6'. Plants 9 (3), 332. doi: 10.3390/
plants9030332

Johri, B. M., and Konar, R. N. (1956). The floral morphology and embryology officus
religiosa l. Phytomorphology 6, 97–111. doi: 10.1016/S0254-6299(16)31164-4

Kaufmann, H., and Blanke, M. (2017). Changes in carbohydrate levels and relative
water content (RWC) to distinguish dormancy phases in sweet cherry. J. Plant Physiol.
218, 1–5. doi: 10.1016/j.jplph.2017.07.004

Kim, H. K., Choi, Y. H., and Verpoorte, R. (2010). NMR-based metabolomic analysis
of plants. Nat. Protoc. 5, 536–549. doi: 10.1038/nprot.2009.237

Kim, H. K., and Verpoorte, R. (2010). Sample preparation for plant metabolomics.
Phytochemical Analysis: Int. J. Plant Chem. Biochem. Techniques 21 (1), 4–13. doi:
10.1002/pca.1188

Lama, K., Chai, L.-J., Peer, R., Ma, H., Yeselson, Y., Schaffer, A. A., et al. (2022).
Extreme sugar accumulation in late fig ripening is accompanied by global changes in
sugar metabolism and transporter gene expression. Physiologia plantarum 174 (1),
e13648. doi: 10.1111/ppl.13648

Li, W., Ma, Q., Yin, P., Wen, J., Pei, Y., Niu, L., et al. (2021). The GA 20-oxidase
encoding gene MSD1 controls the main stem elongation in medicago truncatula. Front.
Plant Sci. 12. doi: 10.3389/fpls.2021.709625

Linster, C. L., and Van Schaftingen, E. (2007). Vitamin c: biosynthesis, recycling and
degradation in mammals. FEBS J. 274 (1), 1–22. doi: 10.1111/j.1742-4658.2006.05607.x

Low, W. Y., Tearle, R., Bickhart, D. M., Rosen, B. D., Kingan, S. B., Swale, T., et al.
(2019). Chromosome-level assembly of the water buffalo genome surpasses human and
goat genomes in sequence contiguity. Nat. Commun. 10, 260. doi: 10.1038/s41467-018-
08260-0

Maggio, A., Bruno, M., Guarino, R., Senatore, F., and Ilardi, V. (2016). Contribution
to a taxonomic revision of the Sicilian taxa of helichrysum by PCA analysis of
their essential oil compositions. Chem. Biodivers. 13, 151–159. doi: 10.1002/
cbdv.201500052

Mahmoudi, S., and Chawla, A. (2022). “Fig and Health”, CABI Books. CABI
International. doi: 10.1079/9781789242881.0018

Mandrone, M., Chiocchio, I., Barbanti, L., Tomasi, P., Tacchini, M., and Poli, F.
(2021b). Metabolomic study of sorghum (Sorghum bicolor) to interpret plant behavior
under variable field conditions in view of smart agriculture applications. J. Agric. Food
Chem. 69, 1132–1145. doi: 10.1021/acs.jafc.0c06533

Mandrone, M., Coqueiro, A., Poli, F., Antognoni, F., and Choi, Y. (2018).
Identification of a collagenase-inhibiting flavonoid from alchemilla vulgaris using
NMR-based metabolomics. Planta Med. 84, 941–946. doi: 10.1055/a-0630-2079

Mandrone, M., Marincich, L., Chiocchio, I., Petroli, A., Gođevac, D., Maresca, I.,
et al. (2021a). NMR-based metabolomics for frauds detection and quality control of
oregano samples. Food Control. 127, 108141. doi: 10.1016/j.foodcont.2021.108141

Mandrone, M., Marincich, L., Chiocchio, I., Zannini, P., Guarino, R., and Poli, F.
(2022). Metabolomic study of dactylis glomerata growing on aeolian archipelago
(Italy). Metabolites 12, 533. doi: 10.3390/metabo12060533

Marcotuli, I., Mazzeo, A., Colasuonno, P., Terzano, R., Nigro, D., Porfido, C., et al.
(2020). Fruit development in ficus carica l.: morphological and genetic approaches to fig
buds for an evolution from monoecy toward dioecy. Front. Plant Sci. 11. doi: 10.3389/
fpls.2020.01208

McLarin, M. A., and Leung, I. K. (2020). Substrate specificity of polyphenol oxidase.
Crit. Rev. Biochem. Mol. Biol. 55 (3), 274–308. doi: 10.1080/10409238.2020.1768209

Mohamed, H. B., Vadel, A. M., Geuns, J. M., and Khemira, H. (2012). Carbohydrate
changes during dormancy release in superior seedless grapevine cuttings following
hydrogen cyanamide treatment. Sci. Hortic. 140, 19–25. doi: 10.1016/
j.scienta.2012.03.019

Mori, K., Shirasawa, K., Nogata, H., Hirata, C., Tashiro, K., Habu, T., et al. (2017).
Identification of RAN1 orthologue associated with sex determination through whole
genome sequencing analysis in fig (Ficus carica l.). Sci. Rep. 7, 41124. doi: 10.1038/
srep41124

Mu, J., Tan, H., Hong, S., Liang, Y., and Zuo, J. (2013). Arabidopsis transcription
factor genes NF-YA1, 5, 6, and 9 play redundant roles in male gametogenesis,
embryogenesis, and seed development. Mol. Plant 6 (1), 188–201. doi: 10.1093/mp/
sss061

Oliveira, A. P., Valentão, P., Pereira, J. A., Silva, B. M., and Tavares, F. (2009). Ficus
carica l.: metabolic and biological screening. Food Chem. Toxicol. 47, 2841–2846. doi:
10.1016/j.fct.2009.09.004

Pande, G., and Akoh, C. C. (2010). Organic acids, antioxidant capacity, phenolic
content comma_and lipid characterization of Georgia-grown underutilized fruit crops.
Food Chem. 120, 1067–1075. doi: 10.1016/j.foodchem.2009.11.054

Park, J.-Y., Kim, C. H., Choi, Y., Park, K.-M., and Chang, P.-S. (2020). Catalytic
characterization of heterodimeric linoleate 13S-lipoxygenase from black soybean
(Glycine max (L.) merr.). Enzyme Microbial Technol. 139, 109595. doi: 10.1016/
j.enzmictec.2020.109595
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