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Abstract
Main conclusion Latexes in immature fruit, young petioles and lignified trunks of fig trees protect the plant using 
toxic proteins and metabolites in various organ-dependent ways.

Latexes from plants contain high amounts of toxic proteins and metabolites, which attack microbes and herbivores after 
exudation at pest-induced wound sites. The protein and metabolite constituents of latexes are highly variable, depending on 
the plant species and organ. To determine the diversity of latex-based defense strategies in fig tree (Ficus carica) organs, 
we conducted comparative proteomic, transcriptomic and metabolomic analyses on latexes isolated from immature fruit, 
young petioles and lignified trunks of F. carica after constructing a unigene sequence library using RNA-seq data. Trypsin 
inhibitors were the most abundant proteins in petiole latex, while cysteine proteases (“ficins”) were the most abundant in 
immature fruit and trunk latexes. Galloylglycerol, a possible defense-related metabolite, appeared to be highly accumulated 
in all three latexes. The expression levels of pathogenesis-related proteins were highest in the latex of trunk, suggesting that 
this latex had adapted a defensive role against microbe attacks. Although young petioles and immature fruit are both unligni-
fied soft organs, and potential food for herbivorous insects, unigenes for the sesquiterpenoid pathway, which likely produces 
defense-associated volatiles, and the phenylpropanoid pathway, which produces toxic furanocoumarins, were expressed less 
in immature fruit latex. This difference may indicate that while petioles and fruit protect the plant from attack by herbivores, 
the fruit must also attract insect pollinators at younger stages and animals after ripening. We also suggest possible candidate 
transcription factors and signal transduction proteins that are involved in the differential expression of the unigenes.

Keywords Furanocoumarin · Laticifer · Multi-omics · Psoralic acid glucoside · Trans-omics

Abbreviations
DEG  Differentially expressed (uni)gene
GO  Gene ontology

Electronic supplementary material The online version of this 
article (https ://doi.org/10.1007/s0042 5-018-2880-3) contains 
supplementary material, which is available to authorized users.

 * Sakihito Kitajima 
 sakito@kit.ac.jp

1 Department of Applied Biology, Kyoto Institute 
of Technology, Matsugasaki, Sakyo-ku, Kyoto 606-8585, 
Japan

2 The Center for Advanced Insect Research Promotion, 
Kyoto Institute of Technology, Matsugasaki, Sakyo-ku, 
Kyoto 606-8585, Japan

3 Division of Applied Life Sciences, Graduate School 
of Agriculture, Kyoto University, Sakyo-ku, Kyoto 606-8502, 
Japan

4 Kyoto Integrated Science and Technology Bio-Analysis 
Center (KIST-BIC), Shimogyo-ku, Kyoto 600-8813, Japan

5 Kazusa DNA Research Institute, Kazusa-kamatari 2-6-7, 
Kisarazu, Chiba 292-0818, Japan

6 Research Institute for Sustainable Humanosphere, Kyoto 
University, Uji 611-0011, Japan

7 Université de Lorraine, INRA, UMR1121, LAE, 
54 000 Nancy, France

8 Department of Bioscience and Biotechnology, University 
of the Ryukyus, Senbaru, Nishihara-cho, Okinawa 903-0213, 
Japan

http://orcid.org/0000-0002-9840-6708
http://crossmark.crossref.org/dialog/?doi=10.1007/s00425-018-2880-3&domain=pdf
https://doi.org/10.1007/s00425-018-2880-3


1424 Planta (2018) 247:1423–1438

1 3

PR  Pathogenesis-related
RPKM  Read counts per kilobase of unigene per million 

mapped reads

Introduction

A laticifer is a plant cell unique in shape, differentiation and 
physiological function, and its cytoplasm is a sticky fluid 
called latex. In addition to the industrial importance of plant 
latex as a rubber source, such as from the para rubber tree 
(Hevea brasiliensis), latex is a component of plant defense 
against microbes and herbivores.

Laticifers form long tubular or branched structures run-
ning throughout the plant’s body. Owing to this structure, 
when the plant body is cut, a large amount of latex is exuded 
from the cut site, and toxic proteins and metabolites con-
tained in it attack pests. Laticifers have been found in 12,500 
plant species of 22 families, including monocots and dicots, 
and they are estimated to exist in up to 20,000 species from 
40 families (Lewinsohn 1991). Even though latexes share 
a common biological role in terms of pest defense, their 
protein and chemical constituents are highly variable among 
plant species (Hagel et al. 2008; Konno 2011).

In addition, protein constituents of latexes are variable 
even among organs in a single species (Kitajima et al. 2012, 
2013). The transcriptome and proteome are different among 
latexes extracted from young, unlignified organs and older, 
lignified organs in mulberry (Morus alba). In the unlignified 
organs, such as petioles and young stems, latexes contained 
greater amounts of two insecticidal chitinase-like proteins, 
named LA-a (equivalent to MLX56 reported by Wasano 
et al. 2009) and its homolog LA-b. In contrast, in latexes 
of older lignified stems and trunks, these two proteins were 
weakly detected, and class I chitinase (named LA-c), which 
has antifungal but not insecticidal activity, was present in 
the greatest amount (Kitajima et al. 2012, 2013). Consider-
ing that soft, unlignified organs are food for insects such 
as Lepidoptera caterpillars, while harder lignified organs 
are not attacked by such insects but are subject to attack by 
microbes at wound sites, the differences in the latex constitu-
ents is most likely an organ-specific adaptation to different 
potential pests. Thus, plant defense strategies appear to be 
well adapted to most threatening pests through the diversity 
in latex structure and composition.

In contrast to mulberry, which bears small fruit and 
produces a limited amount of latex, the fruit of the fig tree 
(Ficus carica) (technically, it is “syconium” which has many 
flowers inside when immature and then becomes a ripened 
fruit) exudes a high amount of latex. Thus, comparative 
multi-omics studies on F. carica latexes should provide more 
information on the diversity of latex-associated defenses.

Ficus carica latex contains large amounts of isoforms of 
ficin, a cysteine protease, which is toxic to the caterpillars 
of Lepidoptera (Konno et al. 2004) and fungi (Karnchanatat 
et al. 2011; López-García et al. 2012), as well as isoforms of 
trypsin inhibitor, which is also known to be toxic to insects 
(Hilder et al. 1987) and fungi (Huynh et al. 1992; Terras 
et al. 1993). In our preliminary experiments, we found that 
the ficins to trypsin inhibitor ratio was different between 
latexes from immature fruit and young petioles, suggesting 
that, despite these organs both being young and unlignified, 
their latexes have adopted different defense strategies. We 
compared the proteomes, metabolomes and transcriptomes 
in the latex of various F. carica organs to investigate the 
diversity of defense strategies. As sources of latex, we chose 
three different organs: immature fruit, which are economi-
cally important as food; young and unlignified petioles, 
whose laticifers are expected to be connected to those in leaf 
veins; and > 1-year-old trunks, which are lignified and thus 
may have different pests from unlignified organs (Fig. 1).

Materials and methods

Plant materials

Ficus carica L. trees were maintained at the Center for 
Bioresource Field Science, Kyoto Institute of Technology, 
Kyoto, Japan.

Protein extraction

Latexes of F. carica, exuded separately from the cut imma-
ture fruits, young petioles and lignified trunks (> 1-year-
old), were mixed immediately with equal volumes of buffer 
A (100 mM potassium phosphate and 10 mM EDTA, pH 
6.7) supplemented with 0.1% (v/v) β-mercaptoethanol, fro-
zen in liquid nitrogen, and stored at − 80 °C until use. Latex 
proteins were extracted according to the procedure described 
by Wang et al. (2010) for two-dimensional polyacrylamide 
gel electrophoresis (2D-PAGE) and liquid chromatography 
coupled with mass spectrometry (LC–MS) analysis.

Fruit Petiole Trunk 

Fig. 1  The three organs of F. carica used in this study. Arrows indi-
cate exuded latexes
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2D‑PAGE and matrix‑assisted laser desorption/
ionization time of flight mass spectrometry 
(MALDI‑TOF/MS)

Latex proteins (300 μg) were solubilized with Solution 2 
(EzApply 2D Kit; ATTO, Tokyo, Japan) supplemented 
with 1% of dithiothreitol, alkylated with iodoacetamide and 
electrophoresed on pH range 3–10 agarose gels (agar GEL 
A-M310; ATTO) for the first-dimension isoelectric focus-
ing according to the manufacturer’s protocol. The gel strips 
were applied to an SDS–polyacrylamide gel (20% acryla-
mide, acrylamide:bis-acrylamide = 30:0.135, SDS-PAGE 
reagent set; Nacalai-tesque, Kyoto, Japan) after fixation 
in 10% trichloroacetic acid and equilibration in equilibra-
tion buffer [50 mM Tris–Cl, 2% (w/v) SDS and 5% (v/v) 
β-mercaptoethanol, pH 6.8]. After SDS-PAGE, protein 
bands were stained with Coomassie brilliant blue R250 and 
excised. Tryptic digests were prepared according to Jimenez 
et al. (2003), and mass and MS/MS spectra were obtained 
using an Autoflex TOF/TOF mass spectrometer (Bruker 
Daltonics GmbH, Leipzig, German) following the protocol 
recommended by the manufacturer. Protein identification 
was performed using the Mascot program (Matrix Science, 
London, UK) and the unigene database of F. carica con-
structed in this study.

Quantitative LC–MS of proteins

Latex proteins (three biological replicates for each organ’s 
latex) were extracted as described above and digested with 
a Lys-C/Trypsin mix (Promega, Madison, WI, USA) for 
LC–MS analysis as described in Kitajima et al. (2016). 
Tryptic digests were labeled using a tandem mass tag 6-plex 
labeling kit (Thermo Fisher Scientific, Waltham, MA, USA) 
with reporters at m/z 126, 129, 130 and 131 as described in 
Matsui et al. (2013). An internal standard was prepared by 
a mixture of tryptic digests of all organs and labeled with 
TMT-131. To identify differentially accumulated proteins, 
P values were calculated for each protein by the empirical 
Bayes method using limma package ver. 3.5 (Ritchie et al. 
2015) with R program (ver. 3.1.1, R Core Team 2014), and 
adjusted by the Benjamini–Hochberg method (Benjamini 
and Hochberg 1995).

Preparation of laticifer RNA and mRNA‑seq analysis

Latex samples independently exuded from the cut immature 
fruits, young petioles or lignified trunks (> 1-year-old) of 
F. carica were mixed immediately with nine volumes of 
TRIzol reagent (Thermo Fisher Scientific), frozen in liquid 
nitrogen, and stored at − 80 °C until use. RNA was purified 

using a PureLink RNA mini kit (Thermo Fisher Scientific) 
by a procedure described previously (Kitajima et al. 2012). 
Paired-end sequencing of 100-nt reads for de novo assem-
bly and single-end sequencing of 50-nt reads for differential 
expression analysis were performed according to the manu-
facturer’s standard protocol on an Illumina HiSeq 2000 
(Illumina, San Diego, CA, USA). Single reads sequenced 
by the HiSeq 2000 are available through the Sequence Read 
Archive under accession numbers DRR101540–DRR101542 
for paired-end sequencing, and DRR101543–DRR101551 
for single-end sequencing.

De novo assembly, annotation and differential 
expression analysis

mRNA-seq data were manipulated using Biolinux 8 software 
(Field et al. 2006). To create the unigene sequence library, 
paired-end reads of latex mRNA from the three organs were 
mixed together and de novo assembled using the Trinity 
assembler ver. 2.2.0 (Grabherr et al. 2011) with the default 
parameter settings. The outputted sequences were filtered 
with a cutoff length of 400 nt. After merging with mRNA 
sequences that had been deposited in NCBI database (https 
://www.ncbi.nlm.nih.gov/), similar sequences were clustered 
by CD-HIT-EST (Huang et al. 2010). The obtained unigene 
sequences have been deposited at DDBJ/EMBL/GenBank 
under the accessions IACP01000001–IACP01078277.

The obtained unigene sequences were annotated based 
on the results of a homology search performed using a 
BLASTX (Altschul et al. 1997) against the Arabidopsis 
thaliana TAIR10 database (https ://www.arabi dopsi s.org/) 
and refseq protein databases of NCBI with a cutoff E value 
of 1E−15.

To evaluate the expression level of each unigene, the sin-
gle-end reads (three biological replicates for each organ’s 
latex) were mapped to the unigene sequences using the 
Bowtie2 program (Langmead and Salzberg 2012), and the 
mapped read counts per kilobase of unigene per million 
mapped reads (RPKM) were calculated. To identify dif-
ferentially expressed unigenes (DEGs), the fold change of 
expression level and P value were calculated for each uni-
gene by a quasi-likelihood F test based on the read counts 
using edgeR program ver. 3.16.5 (Robinson et al. 2010), 
and the P values were adjusted by the Benjamini–Hoch-
berg method. Unigenes satisfying of the following:  log2 
(fold change) ≥ 2; adjusted P value ≤ 0.01; and at least one 
RPKM value in paired samples ≥ 2, were considered to be 
differentially expressed and subjected to further analyses.

DEGs were classified based on the gene ontology (GO, 
http://www.geneo ntolo gy.org/) or KEGG metabolic pathway 
(http://www.genom e.jp/kegg/) of the most similar proteins 
of A. thaliana (E value < 1E−15). The GO and pathway 
enrichment analyses were performed using Fisher’s exact 

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.arabidopsis.org/
http://www.geneontology.org/
http://www.genome.jp/kegg/
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test (Fisher 1922) versus the entire unigenes in the F. car-
ica latexes, and the P values were adjusted by the Benja-
mini–Hochberg method.

Reverse transcription PCR cloning

To clone the cDNA of a latex protein, total RNA isolated 
from latex of F. carica fruit was reverse-transcribed using 
ReverTra Ace reverse transcriptase (Toyobo, Osaka, Japan) 
and an oligo(dT) primer. PCR was carried out using KOD-
plus-Neo DNA polymerase (Toyobo) and a pair of gene-
specific primers designed based on the unigene’s sequence. 
The accession numbers in DDBJ/GenBank/EBI databases 
are listed in Suppl. Table S1.

Metabolite analysis

Latexes exuded separately from the cut immature fruits, 
young petioles or lignified trunks (> 1-year-old) of F. carica 
were collected, immediately frozen in liquid nitrogen, and 
stored at − 80 °C until use. Metabolites were extracted with 
three volumes of methanol. After vigorous mixing, mixtures 
were centrifuged (12,000g, 10 min, 4 °C). The supernatant 
was filtered through a C18 Spin Column (GL Sciences, 
Tokyo, Japan), and the filtrate was subjected to LC–MS 
analysis. LC–MS was performed using an high-performance 
liquid chromatography system (model 1200; Agilent Tech-
nologies, Santa Clara, CA, USA) coupled to an LTQ Orbit-
rap XL-MS system (Thermo Fisher Scientific), equipped 
with an electrospray ionization (ESI) source operating in 
the positive ion mode and with a lockspray interface for 
accurate mass measurements. Five different chemicals (lido-
caine, prochloraz, reserpine, bombesin and aureobasidin A) 
were employed as the lock-mass compounds. The injection 
volume was 5 μL. Analytical conditions were as follows: 
liquid chromatograph column, TSK-GEL ODS-100V (5 µm, 
3 × 50 mm; Tosoh, Tokyo, Japan); solvent system, solvent A 
(0.1% (v/v) formic acid in water) and solvent B (acetonitrile 
including 0.1% formic acid); gradient program, 97% A/3% B 
at 0 min, 3% A/97% B at 15 min, 3% A/97% B at 20.0 min, 
97% A/3% B at 20.1 min and 97% A/3% B at 25 min. The 
flow rate was set to 0.4 mL/min, and the column oven tem-
perature was set at 40 °C. Compounds were detected in 
ESI-positive mode over the m/z range 100–1500. The duty 
cycle included one MS1 acquisition with the top four most 
intense precursor ions subjected to MS/MS analysis. MS/MS 
analyses were carried out using collision-induced dissocia-
tion in a linear ion trap detector with a normalized collision 
energy of 35.0% and an isolation width of 2.0 (m/z). FT-
Orbitrap detectors were used at a mass resolution of 60,000 
(at m/z 400). The ESI settings were a spray voltage of 4.0 kV 
and capillary temperature of 300 °C. The nitrogen sheath 
gas and auxiliary gas were set at 40 and 15 arbitrary units, 

respectively. To monitor the high-performance liquid chro-
matography eluate, a photodiode array detector was used 
with a wavelength range of 190–950 nm. Four biological 
replicates of latex exudates from each tissue were conducted. 
The same procedures without plant samples were performed 
as the negative control (mock).

These data were acquired with Xcalibur software 
(Thermo Fisher Scientific) and processed with PowerGet 
software (Sakurai et al. 2014) and MassChroViewer program 
ver. 1.3.2 (http://www.kazus a.or.jp/komic s/softw are/MassC 
hroVi ewer) for the alignment and annotation of metabolites. 
Peaks reproducibly detected in more than three of four bio-
logical replicates and absent in the mock data were used as 
valid peaks for further analyses. Flavonoid aglycones were 
searched using FlavonoidSearch software (Akimoto et al. 
2017). A principal component analysis (PCA) was per-
formed using the prcomp function of R program based on 
the variance–covariance matrix. The peak area values trans-
formed to log base 10 and normalized by the median value 
of all peaks in the sample were used for the PCA. Missing 
values were filled with one tenth the minimum value among 
all of the samples. To identify differentially accumulated 
metabolites, P values were calculated for each metabolite 
using the empirical Bayes method and adjusted by the Ben-
jamini–Hochberg method, as described above.

Results

Construction of the unigene database of F. carica 
latexes

Prior to proteome and transcriptome analyses of F. carica 
latexes, we constructed a sequence database of unigenes that 
were expressed in laticifer cells of F. carica by the de novo 
assembly of paired-end reads of 100 nt in length obtained 
from the RNA-seq analyses of immature fruit (11,430,175 
pairs of reads), young petioles (17,708,672) and lignified 
trunk (> 1-year-old) (17,280,043). The unigenes were 
then annotated based on their similarities to proteins of A. 
thaliana and the refseq protein databases with a cutoff E 
value < 1E−15. In summary, we obtained 78,316 unigenes 
with an average length of 1387 nt and an N50 (50% of 
the total assembled sequence was contained in sequences 
of this length or longer) of 1869 nt. Among these, 53,190 
unigenes were similar to Arabidopsis proteins with E val-
ues < 1E−15, and 19,464 unigenes did not show a similarity 
to any protein in these databases with E values < 1E−15. To 
determine nucleotide sequences of some unigenes, such as 
ficins, trypsin inhibitors and chitinases, their cDNAs were 
cloned by RT-PCR using gene-specific primers. Results are 
shown in Suppl. Table S1. The unigene database was used 

http://www.kazusa.or.jp/komics/software/MassChroViewer
http://www.kazusa.or.jp/komics/software/MassChroViewer
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to identify proteins by MS and to map RNA-seq reads for 
the evaluation of mRNA abundance.

Comparative proteome analyses of latex produced 
from each of the three organs

To identify proteins accumulated at high levels in each latex 
exuded from the three organs of F. carica, we performed 
2D-PAGE followed by the identification of the protein spots 
using MALDI-TOF/MS (Fig. 2; Table 1). At least six iso-
forms of ficin (cysteine protease) were found. Several iso-
forms of ficin and trypsin inhibitor were major proteins in 
these latexes. As described above, these two protein fami-
lies are toxic to insects and fungi. Although F. carica and 
mulberry are both Moraceae plants, the proteomes of their 
latexes were quite different from each other. In mulberry, an 
antifungal chitinase isoform was most abundant in the latex 
of lignified parts, while two anti-insect chitinase-like pro-
teins were the most abundant in latexes of young unlignified 
parts (Kitajima et al. 2010, 2012). In addition to ficin and 
trypsin inhibitor, F. carica latexes contained other defense-
related proteins, including chitinases, which hydrolyze chitin 
(one of the component of fungal cell walls), pathogenesis-
related (PR) protein 4, acid phosphatase and a PLAT/LH2 
family protein. One isoform of acid phosphatase from Arabi-
dopsis is toxic to insects (Liu et al. 2005). Defense-related 
functions of the PLAT/LH2 family proteins, which are char-
acterized by having PLAT domains, have not been reported 
but may exist because the expression of a gene having this 
domain was inducible by a tobacco mosaic virus infection 
in hot pepper (Capsicum annuum) (Shin et al. 2003). The 
above proteins were detected in the latex samples of the 
three organs tested but their abundance levels were differ-
ent among organs (Fig. 2; Table 1). In the latexes of fruit 
and trunk, ficin isoforms were more abundant than trypsin 
inhibitor, but trypsin inhibitor isoforms were more abundant 
in petiole latex. These two proteins have common roles in 
their toxicity to insects and fungi, but the differential accu-
mulation pattern suggests that F. carica might use them for 
different purposes; for example, against organ-specific pests. 
The amounts of other proteins may also differ between dif-
ferent latexes.

We conducted an LC-based quantitative proteomic analy-
sis in combination with isotope-coded affinity tag technol-
ogy. In total, 54 proteins were reproducibly found in latex of 
at least one of the three organs, although some proteins were 
not detectable in the 2D-PAGE analysis. Most were proteins 
toxic to microbes (ficins, trypsin inhibitors, chitinases, osmo-
tin, PR proteins 1 and 4, and lectins) and to insects (ficins, 
trypsin inhibitors and acid phosphatase). PLAT/LH2 family 
proteins, which were found in the 2D-PAGE analysis, were 
also found. Protease inhibitors (serine protease inhibitor 
and cystatin) other than trypsin protease inhibitor were also 
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Fig. 2  Proteins detected in 2D-PAGE of latexes isolated from the three organs. 
Proteins identified by MALDI-TOF/MS analysis are listed in Table 1
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Table 1  Proteins detected in 2D-PAGE of latexes isolated from three organs

Spot Unigene (acc. no.)a Mascot  
score

Most similar sequence in Blastx  resultsb

AGI code/acc. no. E value Gene name

Fruit latex
 F1 Ficin 1c (LC222279) 212 AT5G43060.1 2.E−129 Granulin repeat cysteine protease family protein
 F2 Ficin 5 (LC222285) 163 AT5G43060.1 4.E−119 Granulin repeat cysteine protease family protein
 F3 Trypsin inhibitor 2 (LC222262) 306 XP_010088113 2.E−31 Hypothetical protein L484_000853 (Morus notabilis)
 F4 Ficin 1a (LC222277) 189 AT5G43060.1 4.E−135 Granulin repeat cysteine protease family protein
 F5 Trypsin inhibitor 2 (LC222262) 268 XP_010088113 2.E−31 Hypothetical protein L484_000853 (Morus notabilis)
 F6 Trypsin inhibitor 2 (LC222262) 343 XP_010088113 2.E−31 Hypothetical protein L484_000853 (Morus notabilis)
 F7 Trypsin inhibitor 2 (LC222262) 330 XP_010088113 2.E−31 Hypothetical protein L484_000853 (Morus notabilis)
 F8 Ficin 1a (LC222277) 184 AT5G43060.1 4.E−135 Granulin repeat cysteine protease family protein
 F9 Ficin 1a (LC222277), Ficin 1b 

(LC222278), Ficin 1c (LC222279), 
Ficin 6b (LC222286)

65 AT5G43060.1 4.E−135 Granulin repeat cysteine protease family protein

 F10 Acid phosphatase (LC222263) 289 AT4G25150.1 1.E−66 HAD superfamily, subfamily IIIB acid phosphatase
 F11 Acid phosphatase (LC222263) 113 AT4G25150.1 1.E−66 HAD superfamily, subfamily IIIB acid phosphatase
 F12 Class V chitinase (LC222269) 283 AT4G19810.1 1.E−149 Glycosyl hydrolase family protein with chitinase 

insertion domain
 F13 Ficin 1c (LC222279) 89 AT5G43060.1 2.E−129 Granulin repeat cysteine protease family protein
 F14 Ficin 6b (LC222286) 55 AT5G43060.1  4.E−135 Granulin repeat cysteine protease family protein
 F15 Ficin 1a (LC222277), Ficin 1b 

(LC222278), Ficin 1c (LC222279)
90 AT5G43060.1 4.E−135 Granulin repeat cysteine protease family protein

 F16 Ficin 1c (LC222279) 235 AT5G43060.1 2.E−129 Granulin repeat cysteine protease family protein
 F17 Ficin 4 (LC222280) 152 AT5G43060.1 2.E−126 Granulin repeat cysteine protease family protein
 F18 Ficin 1c (LC222279) 143 AT5G43060.1 2.E−129 Granulin repeat cysteine protease family protein
 F19 Trypsin inhibitor 2 (LC222262) 400 XP_010088113 2.E−31 Hypothetical protein L484_000853 (Morus notabilis)
 F20 Ficin 6b (LC222286) 81 AT5G43060.1 4.E−135 Granulin repeat cysteine protease family protein
 F21 Ficin 1a (LC222277) 152 AT5G43060.1 4.E−135 Granulin repeat cysteine protease family protein
 F22 Trypsin inhibitor 2 (LC222262) 152 XP_010088113 2.E−31 Hypothetical protein L484_000853 (Morus notabilis)
 F23 Pathogenesis-related protein 4 

(LC222264)
79 AT3G04720.1 1.E−82 Pathogenesis-related 4

 F24 Pathogenesis-related protein 4 
(LC222264)

98 AT3G04720.1 1.E−82 Pathogenesis-related 4

 F25 Ficin 6b (LC222286) 37 AT5G43060.1 4.E−135 Granulin repeat cysteine protease family protein
 F26 Acid phosphatase (LC222263) 165 AT4G25150.1 1.E−66 HAD superfamily, subfamily IIIB acid phosphatase
 F27 Trypsin inhibitor 2 (LC222262) 289 XP_010088113 2.E−31 Hypothetical protein L484_000853 (Morus notabilis)
 F28 Ficin 6b (LC222286) 134 AT5G43060.1 4.E−135 Granulin repeat cysteine protease family protein
 F29 Ficin 6b (LC222286) 216 AT5G43060.1 4.E−135 Granulin repeat cysteine protease family protein
 F30 Trypsin inhibitor 2 (LC222262) 191 XP_010088113 2.E−31 Hypothetical protein L484_000853 (Morus notabilis)
 F31 Ficin 1a (LC222277), Ficin 1b 

(LC222278), Ficin 1c (LC222279), 
Ficin 6b (LC222286)

67 AT5G43060.1 4.E−135 Granulin repeat cysteine protease family protein

 F32 Peroxidase (LC222265) 170 AT5G06730.1 3.E−140 Peroxidase superfamily protein
 F33 Peroxidase (LC222265) 154 AT5G06730.1 3.E−140 Peroxidase superfamily protein
 F34 Ficin 1a (LC222277), Ficin 1b 

(LC222278), Ficin 1c (LC222279), 
Ficin 6b (LC222286)

72 AT5G43060.1 4.E−135 Granulin repeat cysteine protease family protein

 F35 Subtilase 2 (LC222268) 187 AT3G14067.1 0.E+00 Subtilase family protein
 F36 Subtilase 2 (LC222268) 114 AT3G14067.1 0.E+00 Subtilase family protein
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Table 1  (continued)

Spot Unigene (acc. no.)a Mascot  
score

Most similar sequence in Blastx  resultsb

AGI code/acc. no. E value Gene name

 F37 PLAT/LH2 family protein 
(LC222270)

212 AT4G39730.1 3.E−69 Lipase/lipoxygenase, PLAT/LH2 family protein

 F38 PLAT/LH2 family protein 
(LC222270)

298 AT4G39730.1 3.E−69 Lipase/lipoxygenase, PLAT/LH2 family protein

Petiole latex
 P1 Ficin 1c (LC222279) 222 AT5G43060.1 2.E−129 Granulin repeat cysteine protease family protein
 P2 Ficin 1c (LC222279) 135 AT5G43060.1 2.E−129 Granulin repeat cysteine protease family protein
 P3 Trypsin inhibitor 2 (LC222262) 284 XP_010088113 2.E−31 Hypothetical protein L484_000853 (Morus notabilis)
 P4 Ficin 1a (LC222277) 213 AT5G43060.1 4.E−135 Granulin repeat cysteine protease family protein
 P5 Trypsin inhibitor 2 (LC222262) 521 XP_010088113 2.E−31 Hypothetical protein L484_000853 (Morus notabilis)
 P6 Trypsin inhibitor 2 (LC222262) 510 XP_010088113 2.E−31 Hypothetical protein L484_000853 (Morus notabilis)
 P7 Trypsin inhibitor 2 (LC222262) 303 XP_010088113 2.E−31 Hypothetical protein L484_000853 (Morus notabilis)
 P8 Trypsin inhibitor 2 (LC222262) 309 XP_010088113 2.E−31 Hypothetical protein L484_000853 (Morus notabilis)
 P9 Trypsin inhibitor 2 (LC222262) 236 XP_010088113 2.E−31 Hypothetical protein L484_000853 (Morus notabilis)
 P10 Trypsin inhibitor 2 (LC222262) 227 XP_010088113 2.E−31 Hypothetical protein L484_000853 (Morus notabilis)
 P11 Trypsin inhibitor 2 (LC222262) 324 XP_010088113 2.E−31 Hypothetical protein L484_000853 (Morus notabilis)
 P12 Trypsin inhibitor 2 (LC222262) 195 XP_010088113 2.E−31 Hypothetical protein L484_000853 (Morus notabilis)
 P13 Trypsin inhibitor 2 (LC222262) 227 XP_010088113 2.E−31 Hypothetical protein L484_000853 (Morus notabilis)
 P14 Subtilase (LC222268) 127 AT3G14067.1 0.E+00 Subtilase family protein
 P15 Mandelonitrile lyase (LC222273) 161 AT1G73050.1 0.E+00 Glucose–methanol–choline (GMC) oxidoreductase 

family protein
Trunk latex
 T1 Ficin 1c (LC222279) 164 AT5G43060.1 2.E−129 Granulin repeat cysteine protease family protein
 T2 Ficin 4 (LC222280) 109 AT5G43060.1 2.E−126 Granulin repeat cysteine protease family protein
 T3 Ficin 6b (LC222286) 165 AT5G43060.1 4.E−135 Granulin repeat cysteine protease family protein
 T4 Ficin 1c (LC222279) 218 AT5G43060.1 2.E−129 Granulin repeat cysteine protease family protein
 T5 Trypsin inhibitor 2 (LC222262) 286 XP_010088113 2.E−31 Hypothetical protein L484_000853 (Morus notabilis)
 T6 Ficin 1a (LC222277) 246 AT5G43060.1 4.E−135 Granulin repeat cysteine protease family protein
 T7 Trypsin inhibitor 2 (LC222262) 321 XP_010088113 2.E−31 Hypothetical protein L484_000853 (Morus notabilis)
 T8 Class III chitinase (LC222272) 433 AT5G24090.1 1.E−105 Chitinase A
 T9 Trypsin inhibitor 2 (LC222262) 380 XP_010088113 2.E−31 Hypothetical protein L484_000853 (Morus notabilis)
 T10 Trypsin inhibitor 2 (LC222262) 470 XP_010088113 2.E−31 Hypothetical protein L484_000853 (Morus notabilis)
 T11 Trypsin inhibitor 2 (LC222262) 418 XP_010088113 2.E−31 Hypothetical protein L484_000853 (Morus notabilis)
 T12 Acid phosphatase (LC222263) 401 AT4G25150.1 1.E−66 HAD superfamily, subfamily IIIB acid phosphatase
 T13 Acid phosphatase (LC222263) 405 AT4G25150.1 1.E−66 HAD superfamily, subfamily IIIB acid phosphatase
 T14 Acid phosphatase (LC222263) 429 AT4G25150.1 1.E−66 HAD superfamily, subfamily IIIB acid phosphatase
 T15 Acid phosphatase (LC222263) 434 AT4G25150.1 1.E−66 HAD superfamily, subfamily IIIB acid phosphatase
 T16 Acid phosphatase (LC222263) 317 AT4G25150.1 1.E−66 HAD superfamily, subfamily IIIB acid phosphatase
 T17 Acid phosphatase (LC222263) 537 AT4G25150.1 1.E−66 HAD superfamily, subfamily IIIB acid phosphatase
 T18 Acid phosphatase (LC222263) 259 AT4G25150.1 1.E−66 HAD superfamily, subfamily IIIB acid phosphatase
 T19 Trypsin inhibitor 2 (LC222262) 150 XP_010088113 2.E−31 Hypothetical protein L484_000853 (Morus notabilis)
 T20 Class I chitinase (LC222274) 203 AT3G12500.1 1.E−77 Basic chitinase
 T21 Class I chitinase (LC222274) 198 AT3G12500.1 1.E−77 Basic chitinase
 T22 PLAT/LH2 family protein 

(LC222270)
346 AT4G39730.1 3.E−69 Lipase/lipoxygenase, PLAT/LH2 family protein

 T23 PLAT/LH2 family protein 
(LC222270)

418 AT4G39730.1 3.E−69 Lipase/lipoxygenase, PLAT/LH2 family protein

 T24 Peroxidase (LC222265) 319 AT5G06730.1 3.E−140 Peroxidase superfamily protein
 T25 Peroxidase (LC222265) 315 AT5G06730.1 3.E−140 Peroxidase superfamily protein
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Table 2  Quantitative proteomic analysis of the three organs’ latexes (n = 3)

a Proteins detected in both samples in all three biological replicates. NA indicates the protein was not detected in one or both samples. Red, 
upregulated; blue, downregulated
b P value was calculated using the empirical Bayes method and corrected by the Benjamini–Hochberg method. Adjusted P values < 0.05 are indi-
cated in gray
c Search results using a BLASTX algorithm-based search against the Arabidopsis protein database (TAIR10). If there was no hit with an E value 
of < 1E−15, then results using the non-redundant protein database are indicated. NA indicates no hit with an E value of < 1E−15
d The sequences were determined by RT-PCR cloning in this study

Table 1  (continued)

Spot Unigene (acc. no.)a Mascot  
score

Most similar sequence in Blastx  resultsb

AGI code/acc. no. E value Gene name

 T26 Chitinase (LC222275) 260 AT3G12500.1 2.E−126 Basic chitinase

a The sequences were determined by RT-PCR cloning in this study
b Search results using a BLASTX algorithm-based search against the Arabidopsis protein database (TAIR10). If there was no hit with an E value 
of < 1E−15, then results using the refseq protein database of GenBank are indicated
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found. Polygalacturonase-inhibiting protein inhibits fungal 
infections of host plants by interacting with fungal polyga-
lacturonase, which can degrade plant cell walls (Federici 
et al. 2006). Of the detected proteins, peroxidase 1 (acces-
sion no. LC222265) was found solely in trunk latex. Other 
proteins were found in latexes of two or three organs, and 
some of them were differentially accumulated among latexes 
of organs (Table 2). The levels of trypsin inhibitors (40947_
c2_g4_i2, LC222262, 40947_c3_g8_i4, AF479622.1) were 
all higher in petiole latex than in trunk and fruit latexes. Lev-
els of ficin isoforms were higher in fruit and trunk latexes 
than in petiole latex, with some exceptions. These patterns 
were consistent with the results of the 2D-PAGE analysis. 
Chitinases were most abundant in trunk latex. Class I chi-
tinase (LC222274) was not detected in fruit latex and its 
level was  23.23 times higher in trunk latex than in petiole 
latex. The Class III chitinase (LC222272) level was  25.10 and 
 28.13 times higher in the latexes of petiole and trunk, respec-
tively, than in fruit latex. Another chitinase (LC222275) 
also had higher levels in petiole and trunk latexes than in 
fruit latex. The acid phosphatase (LC222263) level was also 
highest in trunk latex. In contrast, the levels of two PLAT/
LH2 family proteins (LC222270 and 33297_c0_g2_i1) were 
higher in the order of trunk latex > fruit latex > petiole latex. 
Thus, the proteins used in the defense against pests were 
present in high levels in all the latexes, but their levels were 
differentially regulated based on the organ.

Comparative metabolomic analysis of latexes 
produced in three organs

In addition to proteins, some secondary metabolites are also 
involved in the defense against pests. Thus, we compared 
latex metabolomes among the three organs. Methanol-
soluble metabolites were extracted from latex samples and 
subjected to LC–MS analysis. In positive ion mode, 1015 
metabolite peaks (817 in fruit latex, 790 in petiole latex and 
808 in trunk latex) were detected reproducibly, including 
unidentified peaks (Suppl. Table S2). Several metabolites, 
such as candidates of 1-O-galloylglycerol (peaks 1022, 
1031, 1037, 1042, 1046, 1054 and 1061) produced high 
peak intensities in all three organs’ latexes, suggesting that 
they might have accumulated at high amounts. In the case 
of 1-O-galloylglycerol candidates, the peak intensities were, 
in particular, several 10s of times higher in fruit and petiole 
latexes than in trunk latex. This metabolite is reported in 
Ficus lyrata (Farag et al. 2014), and its possible hydrolysis 
product, gallic acid, has been reported in F. carica (Veberic 
et al. 2008). Gallic acid is known to have antifungal activity 
(Friedman et al. 2003; Nohynek et al. 2006; Chanwitheesuk 
et al. 2007; Gañan et al. 2009). The differences among the 
latex samples were studied using the PCA of their peak 
intensities (Fig. 3; Suppl. Table S2). A score scatterplot from 

the PCA showed that the latex metabolomes were differ-
ent among the three organs (Fig. 3a). A loading scatterplot 
showed that some of the metabolites strongly contributed to 
PC1 (red dots in Fig. 3b) or PC2 (black dots). These metab-
olites were marked in Suppl. Table S2, although most of 
them, unfortunately, were not identified.

Comparative transcriptome analyses of latexes 
produced in the three organs

To further investigate the diversity in defense systems of the 
latexes and their regulatory mechanisms, we conducted an 
RNA-seq analysis and compared the expression levels of the 
unigenes in the three organs’ latexes. The averages of RPKM 
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Fig. 3  Principal component analysis of metabolites in the three 
organs’ latexes. Scores (a) and loadings (b) of PC1 and PC2 are plot-
ted. Squares, diamonds and triangles indicate latex of fruit, petioles 
and trunk, respectively. Peak intensities and annotations are indicated 
in Suppl. Table S2. Metabolites shown in black and red are marked in 
the same colors in Suppl. Table S2
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values (n = 3) and the fold changes between latex pairs are 
indicated in Suppl. Table S1.

The expression levels of PR proteins, groups 1–5, which 
are related to defense against pathogens (Van Loon 1999), 
were different among the organs (Fig. 4; Suppl. Table S3). 
All of the PR protein groups showed their highest expression 
levels in trunk latex and lowest levels in fruit latex, except 
the PR1 group.

Many unigenes were differentially expressed with 
 log2 (fold change) > 2 and adjusted P values < 0.01. After 
removing low-expressed unigenes with RPKM values < 2 
in both of the paired samples, the DEG numbers were 
2871, 604, 172, 369, 2877 and 1103 for petiole > fruit, 
fruit > petiole, petiole > trunk, trunk > petiole, trunk > fruit 
and fruit > trunk, respectively. In total, 6163 unigenes were 
differentially expressed. Of them, the DEGs showing simi-
larity to Arabidopsis genes in BLASTX algorithm-based 
comparisons with E values < 1E−15, were 2162, 348, 72, 
306, 1750 and 773, respectively. These six DEG groups 
were classified based on the GO of Arabidopsis homologs 
(Fig. 5a). Compared with the whole transcriptome as the 
background, GO terms associated with response to biotic 
stresses (GO:0009620, GO:0009871 and GO:0080027) were 
significantly enriched, in particular, in DEG groups of peti-
ole > fruit and trunk > fruit. The DEGs in these GO terms 
included chitinases, transcription factors, metabolic enzymes 
and blue-copper-binding proteins. Thus, the defense system 
was more highly diverse in petiole and trunk latexes than in 
fruit latex.

Unigenes for secondary metabolic pathways

Some metabolites of phenylpropanoid and terpenoid path-
ways are involved in the defense against pests. When the 
DEGs were classified based on KEGG metabolic path-
ways of Arabidopsis homologs (Fig. 5b), the DEG group 

of petiole > fruit was significantly enriched in phenylpropa-
noid biosynthesis (KEGG ath00940), and sesquiterpenoid 
and triterpenoid biosynthesis (ath00909). Expression levels 
of unigenes in sesquiterpenoid and triterpenoid biosynthesis 
and terpenoid backbone biosynthesis (ath00900), which sup-
ply farnesyl pyrophosphate, a precursor of sesquiterpenoid 
and triterpenoid, are indicated in Fig. 6 and Suppl. Table S4. 
The RPKM values suggested that farnesyl pyrophosphate 
may be synthesized in larger amounts in petiole latex and 
supplied for the biosynthesis of sesquiterpene. A similarity 
search of the unigenes against the protein database suggested 
that the products of sesquiterpenoid were germacrene D, 
germacrene A, 7-epi-α-selinene, δ-cadinene and/or humu-
lene. Of these, germacrene D and δ-cadinene have been 
reported in F. carica (Gibernau et al. 1997; Oliveira et al. 
2010; Lazreg-Aref et al. 2012; Mawa et al. 2013). Germa-
crene D, a volatile sesquiterpenoid, may have insecticidal 
activity against mosquitos (Kiran and Devi 2007) and act 
as a repellent against aphids (Bruce et al. 2005) and ticks 
(Birkett et al. 2008).

In the phenylpropanoid pathway, the synthesis of p-cou-
maroyl-CoA could be interesting. This product is a precursor 
of toxic furanocoumarins (Karamat et al. 2014; Munakata 
et al. 2016), such as psoralen and bergapten, which were both 
reported in F. carica (Mawa et al. 2013 for review). Candi-
dates of glycosylated furanocoumarin were also found in our 
metabolome analysis (peaks 1890, 1892, 1893, 1894, 1924, 
1944, 2165 and 2167 in Suppl. Table S2). These metabo-
lites may be psoralic acid glucoside, which accumulates at 
high levels in leaves of F. carica (Takahashi et al. 2014, 
2017). The pathway from phenylalanine to p-coumaroyl-
CoA appeared to be more active in the petiole latex (Fig. 7; 
Suppl. Table S5). The prenyl group used in furanocoumarin 
biosynthesis comes from the terpenoid backbone biosynthe-
sis pathway, which was also more active in the petiole latex 
(Fig. 6; Suppl. Table S4).

Fig. 4  The average RPKM val-
ues (n = 3) of unigenes encoding 
PR proteins in the three organs’ 
latexes. Unigene in each part of 
the stacked bar graphs is indi-
cated in Suppl. Table S3
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DEGs for transcription factors and signal 
transduction proteins

The differential expression of these unigenes should be regu-
lated by transcription factors and possibly signal transduc-
tion proteins. Of the 6163 DEGs, the RPKM values of 323 
DEGs related to transcription factor (GO:0003700), and 120 
DEGs associated with signal transduction (GO:0007165) 
but not with GO:0003700, were compared among the three 
organs’ latexes (Fig. 8; Suppl. Table S6). Many of these 

unigenes were more highly expressed in the latexes of peti-
ole or trunk than in fruit latex. These included homeobox 
domain-like transcription factors (InterPro ID: IPR009057), 
K-box domain transcription factors (IPR002487), AP2/ERF 
domain transcription factors (IPR001471), heat shock fac-
tor-type transcription factors (IPR000232), and zinc finger 
C2H2-type transcription factors (IPR013087), as well as 
leucine-rich repeat-containing proteins (IPR001611) and 
serine/threonine-protein kinase (IPR008271). The DEGs 
related to defense against biotic stresses, such as PR proteins 

Log2(fold change) > 2 (Petiole / Fruit) 
Log2(fold change) > 2 (Fruit / Petiole) 
Log2(fold change) > 2 (Petiole / Trunk) 
Log2(fold change) > 2 (Trunk / Petiole) 
Log2(fold change) > 2 (Trunk / Fruit) 
Log2(fold change) > 2 (Fruit / Trunk) 
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Fig. 5  Enrichment analysis of DEGs found in the RNA-seq analy-
sis of latexes of three organs. DEGs, satisfying  log2 (fold change) 
between paired latex samples > 2, adjusted P value  < 0.01, and 
RPKM value  ≥ 2 in at least one of paired latex samples, were sub-
jected to GO enrichment analysis (a) and KEGG metabolic pathway 
enrichment analysis (b) based on sequence homologies to Arabidop-
sis proteins. Asterisk indicates adjusted P values in Fisher’s exact 
test < 0.01 compared with the whole transcriptome of the latexes as 
the background. GO:0009620, response to fungus; GO:0010167, 
response to nitrate; GO:0015706, nitrate transport; GO:0009871, 
jasmonic acid and ethylene-dependent systemic resistance, ethylene 
mediated signaling pathway; GO:0006949, syncytium formation; 
GO:0010359, regulation of anion channel activity; GO:0009269, 
response to desiccation; GO:0051762, sesquiterpene biosynthetic 
process; GO:0080027, response to herbivore; GO:0016106, sesquit-
erpenoid biosynthetic process; GO:0044242, cellular lipid catabolic 
process; GO:0080168, abscisic acid transport; GO:0046865, terpe-

noid transport; GO:0015692, lead ion transport; GO:0048438, flo-
ral whorl development; GO:0034620, cellular response to unfolded 
protein; GO:0009069, serine family amino acid metabolic process; 
GO:0009694, jasmonic acid metabolic process; GO:0015976, car-
bon utilization; GO:0080136, priming of cellular response to stress; 
ath00500, starch and sucrose metabolism; ath00940, phenylpropanoid 
biosynthesis; ath00460, cyanoamino acid metabolism; ath00909, ses-
quiterpenoid and triterpenoid biosynthesis; ath00520, amino sugar 
and nucleotide sugar metabolism; ath00270, cysteine and methionine 
metabolism; ath00052, galactose metabolism; ath00480, glutathione 
metabolism; ath00592, α-linolenic acid metabolism; ath00920, sul-
fur metabolism; ath00130, ubiquinone and other terpenoid-quinone 
biosynthesis; ath00941, flavonoid biosynthesis; ath00910, nitro-
gen metabolism; ath01040, biosynthesis of unsaturated fatty acids; 
ath00591, linoleic acid metabolism; ath00350, tyrosine metabolism; 
ath00073, cutin, suberine and wax biosynthesis; ath00640, pro-
panoate metabolism
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Glycolysis 
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and trypsin inhibitors, as well as those related to the meta-
bolic pathways, might be regulated by these transcription 
factors and signal transduction proteins.

Discussion

In this study, we compared the proteomes, metabolomes 
and transcriptomes of latexes of immature fruit, young and 
unlignified petioles, and older and lignified trunks of F. car-
ica to understand the diversity of latex-mediated defense 
strategies against pests. In any of the three organs’ latexes, 
the proteins present in the highest amounts were isoforms of 
ficin and trypsin inhibitor. In addition, candidates of galloyl-
glycerol, which produces a possible hydrolysis product that 
is an antimicrobial gallic acid, may be highly accumulated 
in all of the latexes. These findings support latex being a 
potent defensive element against pests in all three organs of 
F. carica. However, a quantitative analysis indicated that the 
latex contents were highly divergent among the three organs.

The expression levels of unigenes for PR proteins were 
highest in trunk latex. The higher expression level of the 
antifungal chitinase in trunk latex was consistent with our 

previous study on latexes in mulberry (Kitajima et al. 2012, 
2013), and it may be a response to the severity of the fungal 
infection. For example, herbivorous insects may be the most 
threatening pests in unlignified organs, whereas resilient 
fungi may be more threatening to lignified organs.

The constituents in latexes of young petioles and imma-
ture fruit were highly different from each other, although 
they are similarly unlignified soft organs. Although fruit 
latex contained high amounts of ficins and trypsin inhibitors, 
the expression levels of other defense-related unigenes were 
likely less active than in petiole latex. This might be because, 
in contrast to petiole (and leaf) which must be always pro-
tected from attack by pests, the immature fruit of F. carica 
needs to attract fig wasps for pollination, and after ripening, 
the fruit needs to be eaten by animals to disperse the seeds.

In addition to the proteins that had previously been 
reported to be toxic to pests, such as proteases and chi-
tinase, we found unigenes that were highly expressed or 
differentially expressed at transcript or protein levels that 
had no previously reported anti-pest functions. Moreover, 
some of the metabolites accumulated differentially among 
the three organs’ latexes or may have accumulated at high 
amounts in all of them, although we could not identify many 
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of these compounds. These unigene products or metabolites 
are possible candidates for novel defense-related proteins or 
chemicals.

Regulatory mechanisms of gene expression in laticifer 
cells have not been studied well. We found 443 unigenes, 
related to transcription factor or signal transduction, were 
differentially expressed among the three organs’ latexes. 
They are possible candidates for regulators of the latex-
mediated defense against pests.

In conclusion, through a multi-omic study, we revealed 
the diversity of latex-related defense strategies in organs of 
F. carica. The diversity might relate to different pests. The 
latex of the hardened trunk protects the plant mainly from 
attack by microbes; that of the young and soft petiole (and 
leaf) protects the plant mainly from attack by herbivores, 

and fruit need to not only protect the fruit but must also 
attract insect pollinators at younger stages and animals after 
ripening.
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