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Abstract: This investigation cultured Cecropia obtusifolia cells in suspension to evaluate the effect of
nitrate deficiency on the growth and production of chlorogenic acid (CGA), a secondary metabolite
with hypoglycemic and hypolipidemic activity that acts directly on type 2 diabetes mellitus. Using cell
cultures in suspension, a kinetics time course was established with six time points and four total
nitrate concentrations. The metabolites of interest were quantified by high-performance liquid
chromatography (HPLC), and the metabolome was analyzed using directed and nondirected
approaches. Finally, using RNA-seq methodology, the first transcript collection for C. obtusifolia was
generated. HPLC analysis detected CGA at all sampling points, while metabolomic analysis confirmed
the identity of CGA and of precursors involved in its biosynthesis. Transcriptome analysis identified
differentially expressed genes and enzymes involved in the biosynthetic pathway of CGA. C. obtusifolia
probably expresses a key enzyme with bifunctional activity, the hydroxycinnamoyl-CoA quinate
hydroxycinnamoyl transferase and hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyl
transferase (HQT/HCT), which recognizes shikimic acid or quinic acid as a substrate and incorporates
either into one of the two routes responsible for CGA biosynthesis.

Keywords: Cecropia obtusifolia (guarumbo); chlorogenic acid; plant metabolomics; RNA-seq;
diabetes mellitus

1. Introduction

Plant secondary metabolites (SMe) are compounds with a restricted presence in taxonomic groups
that participate in the interaction of cells with the environment to ensure the survival of the organism
and provide an evolutionary advantage in its ecosystem [1,2]. SMe exhibit great structural variation,
and their production is often associated with biotic or abiotic stress. Consequently, a wide range of
biological activities are exhibited, such as antimicrobial, antigerminative, toxic, and attractant properties
or symbiont interaction. These features have allowed researchers to identify more than 200,000 plant
SMe, largely represented by terpenes, alkaloids, and polyphenols [3,4]. Polyphenols have received
considerable attention due to their pharmacological and biomedical potential in chronic human
degenerative diseases such as cataracts, macular degeneration, endothelial dysfunction, arthritis,
cancer, and diabetes mellitus [5]. Many recent studies have focused on finding new phytomedicines
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with greater specificity, greater human safety and sometimes a lower economic cost to provide new
options for both the pharmaceutical industry and patients [6,7]. We highlight Cecropia obtusifolia
Bertol (Urticaceae), an arboreal species popularly known as guarumbo in Mexico and traditionally
used in the medical treatment of diabetes mellitus type 2 (DM-2). Infusions of leaves, branches,
bark, and roots are used for their hypoglycemic and hypolipidemic properties demonstrated in
experimental animal and human models, both at a cellular and physiological level, which are attributed
to chlorogenic acid (CGA), making C. obtusifolia a model plant for its potential use in the control of
DM-2 [8–14]. In the same way, it is known that C. obtusifolia is capable of synthesizing, in addition to
CGA, other compounds of phenolic origin such as orientine, isoorientine, vitexin, isovitexin, caffeic
acid, ferulic acid, quinic acid, quercetin, apigenin, luteolin, tormentoside, triterpenoid isomers of
saponin-O-hexoside and chlorogenic acid, among others, which are known to be present in the
leaves of the plant [15–17]. Studies on C. obtusifolia cell cultures have shown that nitrate starvation
increases CGA production [18]. Despite the importance of this plant, no omics studies were previously
available. Therefore, the objective of this research was to evaluate the effect of nitrate restriction in
C. obtusifolia cell suspension cultures to identify genes and proteins involved in the biosynthesis of
CGA. This transcriptomic/metabolomic study represents the first collection of transcripts reported for
this species. According to the chemical-analytical and computational-theoretical analyses performed,
the C. obtusifolia CGA biosynthesis pathway is proposed.

2. Results

2.1. Effect of Nitrate Starvation on the Proliferation Kinetics of C. obtusifolia Cells

The C. obtusifolia cell suspension cultures at 16 and 8 mM nitrates in Murashige and Skoog (MS)
medium showed a similar proliferation rate to the control during the exponential phase (7–21 days).
However, at later evaluation times (28 days), both stress conditions provoked a decay, which suggests
a reduction in the rate of cell proliferation and viability after prolonged stress (Figure 1). Under the
most restricted nitrate condition (4 mM), cell proliferation was severely affected (Figure 1).
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Figure 1. Kinetics of proliferation of cell suspensions of C. obtusifolia grown in Murashige and Skoog (MS)
medium supplemented with different concentrations of nitrates (27.4, 16, 8 and 4 mM). The dispersion
bars represent the standard deviation calculated from three biological replicates that were used for
each sampling point analyzed over the time course.
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No differences in cell proliferation were observed under any stress condition at early stages (zero
and three hours), as confirmed by Student’s t analysis for independent samples (p value = 0.2058).
This was expected due to the rapid doubling rate generally observed for plant cells in suspension
cultures and mainly because these times represent the adaptation phase. Although a clear reduction in
the average maximal biomass obtained was observed at 4 mM (Table 1), there were no statistically
significant differences in the kinetic constants (F0.05 = 2.82, p = 0.1075). However, as expected, Tukey’s
test indicated that the differences in the duplication time (F0.05 = 21.01, p = 0.0004) and in the specific cell
growth rate µ (F0.05 = 11.05, p = 0.0032) at 4 mM were significant with respect to the other concentrations
(27.4, 16 and 8 mM).

Table 1. Kinetic constants of cell suspension cultures of C. obtusifolia at different concentrations of
nitrates in MS medium.

Condition NO3
(mM)

Average Maximal Biomass
in Dry Weight (g L −1)

Duplication Time
(Days)

µ

(Days−1)

27.4 mM 0.433 a 32.83 a 0.021 a

16 mM 0.426 a 25.33 a 0.028 a

8 mM 0.433 a 30.18 a 0.023 a

4 mM 0.313 a 65.72 b 0.011 b

Statistical significance is indicated by different letters (a, b) as assessed by Tukey’s test.

2.2. Determination of Phenolic Compounds by Targeted Metabolomics

CGA in the C. obtusifolia cell cultures was identified and quantified by HPLC analysis. Retention
times of 13.299 for commercial standard and 13.454 for CGA in cell cultures, which are shown in
Supplementary Figure S1a,b, were determined. The results show that CGA is detectable throughout
the entire kinetics time course and in all nitrate concentrations evaluated, see Supplementary Figure S2;
moreover, the CGA identity was corroborated by enrichment analysis of one of the samples using the
standard to perform a coelution, see Supplementary Figure S3a,b. Unlike other studies where nitrate
deficiency stress induces isorientin accumulation, in this study, it was not possible to identify this SMe
under any of the conditions tested.

In addition, targeted metabolomic analysis was performed, and phenolic compounds were
identified and quantified based on the reference mass spectra and retention times of 60 commercial
standards, where the main phenolic compounds identified in the different nitrate treatments (27.4,
16 and 4 mM) and their dynamics over time (three hours, 7, 14, 21, and 28 days) stood out (Table 2),
as shown in Supplementary Figure S4a–n. In Supplementary Table S1, a list of all phenolic compounds
identified and quantified is shown. We also identified chemical compounds involved in CGA
biosynthesis in the phenylpropanoid pathway. CGA was the major phenolic compound determined in
C. obtusifolia cell suspensions. A CGA accumulation tendency was observed along with cell proliferation
in nitrate deficiency treatments (16 and 4 mM), reaching the highest levels at 21 and 28 days. Under
normal nitrate conditions, a slight tendency to decrease over time was observed (except at 21 days).
Shikimic, t-cinnamic, p-coumaric and caffeic acids are chemical compounds involved in upstream
of CGA biosynthesis. Shikimic and t-cinnamic acids were not detected at any sampling time under
normal nitrate conditions, while in the nitrate deficiency treatments (16 and 4 mM), shikimic acid was
detected at 7 and 14 days, respectively. t-Cinnamic acid was detected only under 16 mM nitrate at 21
and 28 days, and p-coumaric acid was detected at the first two time points (three hours and seven
days) under 4 mM nitrate and at 28 days under normal conditions. Caffeic acid was detected under
all nitrate conditions at all sampling times and shared the same tendencies as CGA in all time course
experiments. Under the control nitrate condition, a slight decrease was observed, while the opposite
occurred under nitrate deficiency conditions (16 and 4 mM). The difference in caffeic acid concentration
at 16 mM nitrate was significantly higher than at 27.4 mM nitrate starting at 21 days. Ferulic acid,
vanillin, vanillic acid and quercetin-3-D-galactoside are phenolic compounds downstream of CGA
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biosynthesis. Ferulic acid was detected at three hours under 4 mM nitrate deficiency and at seven
days at 27.4 and 16 mM nitrate. At 27.4 and 16 mM, a slight increase was observed over time, while at
4 mM nitrate, an increase followed by a decrease was observed after 14 days. In all nitrate conditions,
vanillin showed a slight decrease over time, reaching its minimum at 14 days and then an increase after
21 days. Vanillic acid was detected in all nitrate treatments at several sampling times without a clear
tendency. Finally, quercetin-3-d-galactoside was detected in normal and nitrate-deficient treatments at
seven days and three hours, respectively. In all nitrate treatments, an upward trend was noticeable
through the time course experiment.
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Table 2. Phenolic compound dynamics obtained in the temporary kinetic course of the cell cultures in suspension of C. obtusifolia. The concentration is expressed in µg
g−1 dry weight.

Compounds Nitrates (mM)
Time

3 Hours 7 Days 14 Days 21 Days 28 Days

Ph
en

yl
pr

op
an

oi
d

pa
th

w
ay

U
ps

tr
ea

m

Shikimic acid
27.4 ND ND ND ND ND
16 ND 6.4 ± 5.6 20.3 ± 0.6 17.4 ± 5.4 27.4 ± 15.7
4 ND ND 14.3 ± 6.8 26.9 ± 23.9 20.6 ± 4.2

t-Cinnamic acid
27.4 ND ND ND ND ND
16 ND ND ND 3.9 ± 0.8 2.2 ± 2.1
4 ND ND ND ND ND

p-coumaric acid
27.4 ND ND ND ND 2.2 ± 1.2
16 ND ND ND ND ND
4 7.3 ± 7.9 7.2 ± 11.1 ND ND ND

Caffeic acid
27.4 89.6 ± 8.7 82.1 ± 15.9 63.0 ± 8.1 59.3 ± 2.3 53.0 ± 5.7
16 93.4 ± 23.3 93.6 ± 4.3 76.7 ± 6.1 250.9 ± 5.4 345.6 ± 50.7
4 84.2 ± 5.5 88.5 ± 18.2 86.4 ± 2.7 102.3 ± 45.5 85.5 ± 10.8

Chlorogenic acid
27.4 69,437.7 ± 13,071.5 65,014.6 ± 7730.3 46,218.1 ± 7753.6 50,271.1 ± 872.4 50,515.6 ± 8999.8
16 73,933.2 ± 26,317.3 62,615.2 ± 9428.4 60,899.9 ± 7435.3 82,379.5 ± 13,363.7 102,392.2 ± 10,253.0
4 61,346.7 ± 4250.8 57,679.7 ± 7739.2 59,133.0 ± 23,575.2 75,282.7 ± 22,141.7 67,328.4 ± 21,360.3

D
ow

ns
tr

ea
m

Ferulic acid
27.4 ND 4.6 ± 2.1 7.5 ± 0.5 7.9 ± 1.8 8.9 ± 0.8
16 ND 8.1 ± 5.9 8.2 ± 2.1 8.4 ± 1.7 8.1 ± 0.5
4 4.4 ± 1.4 7.4 ± 6.5 9.5 ± 1.4 8.2 ± 3.5 6.9 ± 1.0

Vanillin
27.4 22.7 ± 29.5 8.5 ± 1.8 3.0 ± 0.6 4.9 ± 0.3 19.1 ± 12.2
16 9.8 ± 3.6 12.5 ± 10.9 4.7 ± 1.9 25.7 ± 18.2 26.6 ± 15.1
4 43.8 ± 37.1 42.0 ± 56.7 5.9 ± 0.6 8.1 ± 4.4 10.3 ± 2.1

Vanillic acid
27.4 36.5 ± 58.4 10.2 ± 4.8 ND ND 17.9 ± 14.0
16 ND 18.2 ± 17.8 3.5 ± 1.2 18.7 ± 15.7 18.2 ± 16.6
4 39.3 ± 32.8 51.4 ± 79.7 ND 5.7 ± 7.5 4.1 ± 1.8

Quercetin-3-d-galactoside
27.4 ND 17.77 ± 4.81 20.80 ± 0.21 19.19 ± 2.71 21.12 ± 5.69
16 25.23 ± 11.46 39.77 ± 6.48 43.63 ± 1.44 55.97 ± 17.80 66.66 ± 13.73
4 23.00 ± 3.73 29.36 ± 12.93 40.52 ± 6.93 42.13 ± 12.22 54.88 ± 17.37

ND: not detected.
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2.3. Identification of Chemical Markers by Untargeted Metabolomics Analysis
The targeted metabolomics analysis was performed with 60 standards, most of them involved

upstream and downstream of CGA biosynthesis in the phenylpropanoid pathway. We were capable of
accurately quantifying nine of the main precursors of CGA (Table 2). Therefore, to address this question,
untargeted metabolomics analysis was performed. Principal component analysis (PCA) shows the
groupings for all nitrate conditions over time constructed with 2807 exact mass/retention time pairs
(EMRTs) (Figure 2). T[1] (first principle component score) and T[2] (second principle component score)
are the two most important variables that summarize the dataset and together explain 45.17% of the
dataset variance. Chemical profiles under any nitrate conditions are very similar at early time points
(three hours and seven days). At 14 days, the chemical profiles differ from those observed at three hours
and seven days but are similar under all nitrate conditions. Major differences were observed at later
times, mainly at 21 days. Therefore, further statistical analysis was performed at 21 days comparing
normal (27.4 mM) and nitrate-deficient (16 mM) conditions (Figure 3). The upper left quadrant shows
the grouping after the statistical analysis performed, and both nitrate treatment samples are grouped
separately. Each point in the upper right and lower left quadrants of the orthogonal partial least
squares discriminant analysis (OPLS-DA) S-plot represents an EMRT where the farther the position
along the x- and y-axes is, the greater the contribution to the variance between the groups and the
higher the reliability of the analytical result are, respectively. These EMRTs are considered to represent
chemical markers. In the nitrate deficiency treatment (right upper quadrant) at 21 days, some EMRTs
were tentatively identified as phenolic compounds based on their exact mass spectrometric fingerprints
(lower right quadrant), see Supplementary Table S2. Caffeic acid and CGA were previously identified
and quantified by the targeted metabolomics approach, and the compound concentrations were higher
under the nitrate-deficient condition (16 and 4 mM) than under the normal nitrate treatment (27.4 mM).
Feruloylquinic acid and coumaric acid glucoside are phenolic compounds apparently not involved in
CGA biosynthesis, while coumaroylquinic and caffeoylshikimic acids are direct precursors of CGA.
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Figure 2. Untargeted metabolomics analysis. Principal component analysis (PCA) mediated grouping
based on the chemical profiles of suspension cell cultures of C. obtusifolia cultured in normal nitrate
(27.4 mM) and nitrate-deficient (16 and 4 mM) conditions over the sampling times (3 h, 7, 14, 21 and
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28 days). Each point in the plot corresponds to an observation (sampling time_nitrate concentration).
“T” and “C” represent time and concentration, respectively. T3, T7, T14, T21 and T28 represent
the sampling times of 3 h, 7, 14, 21 and 28 days, respectively. C27, C16 and C4 represent nitrate
concentrations of 27.4, 16 and 4 mM, respectively. The chemical profile dataset consisted of 2807
exact mass/retention time (EMRTs). T[1], first principle component score and T[2], second principle
component score (x- and y-axis respectively), are the two most important new variables that summarize
the dataset and together explain 45.17% of the dataset variance. The different groups are surrounded
by dashed lines. The T21_C27.4 and T21_C16 samples are outlined to highlight the treatments used for
further statistical analysis.
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2.4. Construction of the Unigene Set Generated from RNA Isolated from C. obtusifolia Cell Suspensions

A total of 556,632,315 paired-end reads were generated from the 45 libraries that were sequenced.
On average, 37,108,821 paired-end reads were generated for each of the libraries, one for each
concentration of nitrates at each time (three hours, 7, 14, 21, and 28 days) in all the time courses tested.
Each of the three sequenced biological replicates contributed approximately 12,369,607 million paired
reads. Before de novo assembly, the raw reads were filtered to include only those with acceptable quality
according to the established threshold. In addition, “long sequences” were generated by merging
the paired-end reads that showed overlapping end regions, see Supplementary Table S3. Both sets
of data (long sequences and nonmerged paired-end reads) were used to assemble the transcriptome
of C. obtusifolia (see methods for more details). In total, 222,691 unigenes were generated, ranging
between 200 and 17,269 bp with an average length of 245 bp.

The out-of-frame insertions/deletions in the coding regions were corrected using the AlignWise
pipeline [19] (Supplementary Materials for more details). After the frameshift was corrected, the
redundant sequences were eliminated. A sequence was considered redundant if it presented at least
95% identity with respect to another unigene, maintained along 90% or more of the sequence length.
The corrected and nonredundant unigene set comprised curated transcripts from C. obtusifolia with a
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total of 118,756 unigenes, whose coding regions can be translated into proteins/peptides, shown in
Supplementary Table S4. Only these sequences were considered for future analysis.

2.5. Annotation and Functional Categorization of the C. obtusifolia Transcriptome

Most of the proteins translated from the coding regions identified in the nonredundant unigenes of
C. obtusifolia (a total of 111,306 proteins) showed significant similarity (value- e < 10−5) with proteins of
at least one of the twelve plant species against which they were compared. The percentage of annotated
unigenes according to the species compared ranged between 81.94% and 92.01% (Figure 4). With the
exception of two species used as references (Vitis vinifera and Theobroma cacao), the percentage of
C. obtusifolia unigenes that can be annotated as a function of other species varies with the phylogenetic
relationship (Figure 4).

Regarding the functional categorization of the C. obtusifolia unigenes, Gene Ontology (GO) terms
were assigned based on the information on the homologs identified in the Arabidopsis thaliana genome,
see Supplementary Table S5. A total of 5607 unigenes (2.51% of the total) were assigned to at least one
or more distinct subcategories or GO terms. All of them belonged to some of the three major categories
(“biological process”, represented by 392 GO terms; “molecular function”, 107 GO terms; and “cellular
components”, 82 GO terms).
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Figure 4. Percentage of C. obtusifolia unigenes annotated by identification of protein homologs from
other plant species. BLASTp similarity searches were performed using the translated coding sequence
(CDS) identified in C. obtusifolia nonredundant unigenes. Reference proteomes correspond to some
angiosperm plant species selected based on previous reports that confirm their chlorogenic acid (CGA)
content. These species are shown according to their relationship and evolutionary history (Cannabis
sativa (CaSa); Prunus persica (PrPe); Cucumis sativus (CuSa); Ricinus communis (RiCo); Populus trichocarpa
(PoTr); Cicer arietinum (CiAr); Glycine max (GlMa); Theobroma cacao (ThCa); Arabidopsis thaliana (ArTh);
Vitis vinifera (ViVi); Solanum lycopersicum (SoLy); Coffea arabica (CoAr)).

2.6. Identification of C. obtusifolia Genes Differentially Expressed in Response to Nitrate Starvation

To compare the expression levels of the C. obtusifolia unigenes in each of the samples analyzed and
to identify those that are differentially expressed in response to nitrate starvation, the RNA-seq by
Expectation-Maximization pipeline (RSEM) [20] and DEseq software were used [21]. First, an expression
profile matrix was created, which included 111,306 annotated unigenes (rows) and the number of
expected reading counts calculated in each of the generated libraries (columns). To make the expected
reading count values across the samples comparable, RSEM also calculates transcripts per million
(TPM) and fragments per kilobase of contigs/unigenes per million mapped reads (FPKM) values, see
Supplementary Table S6. In this study, the value of FPKM was chosen as the representative value
of the expression profiles. The differentially expressed genes (DEGs) were identified once expected
reading counts were normalized through a pairwise comparison using the sampling points (three
hours, 7, 14, 21 and 28 days) at 27.4 mM as a control and comparing them against those at 16 mM
and 4 mM, respectively. A total of 5606 unigenes were selected as differentially expressed in at
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least one of the comparisons made. A Venn diagram with the DEGs showed that the conditions
27.4 mM versus 16 mM had the highest number of DEGs (4762), followed by 27.4 mM vs 4 mM,
with 3230 genes, 16 mM vs 4 mM with 508 genes (Figure 5a), shown in Supplementary Table S7.
To obtain a graphic representation of how the DEGs respond to nitrate deficiency over time, heatmaps
based on a hierarchical clustering approach were created (Figure 5b–d). Interestingly, when the 16 or
4 mM stress condition was compared with the control condition (27.4 mM), it was evident that most
of the DEGs responded to stress positively or negatively at early time points (three hours), and the
changes became less evident later (Figure 5b–d).
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Figure 5. Venn diagram (a) shows the numbers of common and specific differentially expressed
genes (DEGs) identified over time in pairwise sample comparisons, for example, the control treatment
(27.4 mM) versus nitrate deficiency (16 mM). The heat maps represent a hierarchical clustering analysis
of DEGs identified after pairwise comparison of different treatments: 27.4 mM vs 16 mM (b); 27.4 mM
vs 4 mM (c); 16 mM and 4 mM (d). The heat maps in the figure were constructed using heatmap.2 in
the “gplots” package of R [22]. Log2-transformed fold change values were calculated for the indicated
sampling points (3 h, 7, 14, 21 and 28 days). Horizontal rows represent individual unigenes, and
vertical columns represent time points. As shown on the color scale at the bottom of the figure, blue
indicates downregulated (−), red indicates upregulated (+), and white indicates unchanged values.

2.7. Gene Ontology Enrichment Analysis of the DEGs

To identify the functional categories enriched in the DEGs, the Gene Ontology (GO) tool [23] was
used [24]. A total of 581 functional categories were enriched, including 392 (67.4%), 107 (18.4%) and 82
(14.1%) categories belonging to biological processes, molecular functions and cellular components,
respectively (Figure 6a and Supplementary Table S5). The largest number of enriched GO terms
was displayed from the list of DEGs identified in the 16 mM vs 27.4 mM contrast. However, it is
important to note that a large number of GO terms are shared after comparing the enriched functional
categories on the lists of DEGs, which were selected after comparing any of the nitrate deficiency
treatments (16 and 4 mM) vs the control condition (27.4 mM). As expected, only a small number of
enriched categorical results from the list of DEGs resulted from comparing the two conditions that
represented the use of abiotic stress (nitrate starvation) (Figure 6b). Some subcategories resulted from
our special interest (Figure 6c). For example, the subcategory “response to nitrate” (GO: 0010167)
includes proteins such as NRT2.5 (AT1G12940) with a high-affinity nitrate transporter [25], and the
categories “response to reactive oxygen species” (GO: 0000302) and “reactive oxygen species metabolic
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process” (GO: 0072593) show results consistent with previous reports showing that hydrogen peroxide
modulates root cell responses to nutrient deprivation, including nitrogen deprivation [26]. Related to
the last categories described, it is also important to emphasize the presence of some specific genes, e.g.,
the “response to oxidative stress” category. This group includes the unigene UN063823, a homolog
of peroxirredoxin (PRX, AT3G52960), an enzyme involved in hydrogen peroxide detoxification [27].
In addition, the unigenes UN069212, UN075426, UN076799 and UN033315 encode peroxidase protein
homologs (AT5G15180, AT2G39040 and AT5G05340) and ascorbate peroxidases (ATG52880) [28–33].
Subcategories such as “cell death” (GO: 0008219) and “programmed cell death” (GO: 0012501) attracted
our attention due to their relationship with cell viability, which is compromised at the endpoints
sampled at 8 and 16 mM. Another subcategory, the “L-phenylalanine metabolic process” (GO: 0006558),
appears enriched in the comparison of 27.4 mM versus 16 mM, but not 27.4 mM versus 4 mM.
This suggests that compounds that use L-phenylalanine as a biosynthetic intermediate can be better
induced under moderate stress conditions. The unigenes UN059693, UN073057, UN061336 and
UN064046, homologues of the enzyme phenylalanine ammonia lyase (PAL), are part of a multigenic
family involved in an interesting defense network in plants, which is induced in response to various
environmental stresses, such as nutrient deficiency [34–36]. The expression of some members of this
family is correlated with the induction of genes involved in the defense response of plants and in the
response to oxidative stress [35,37].
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Figure 6. Pie chart (a) showing the distribution of the 587 subcategories identified within the 3 different
Gene Ontology (GO) major categories. All these subcategories resulted from analysis of the enrichment
of GO terms in the lists of differentially expressed genes. The Venn diagram (b) depicts the number of
shared and unique functional subcategories belonging to the “biological process” category resulting
from the differentially expressed genes identified by pairwise comparison of treatments (27.4 mM vs
16 mM, 27.4 mM vs 4 mM, 16 mM vs 4 mM). Finally, (c) shows some GO terms enriched with the
highest number of grouped differentially expressed genes. Some of these categories are discussed and
can explain (at least in part) the biological phenomenon of nitrate deficiency responses evaluated in
this study.
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2.8. Identification of Orthologous Genes and Search for Unigenes of C. obtusifolia Encoding Enzymes Involved
in CGA Synthesis

In addition to the homolog searches, an analysis was carried out with the OrthoMCL program
to identify and group orthologs (putative) between the compared species shown in Supplementary
Table S8, including C. obtusifolia (Figure 7a). A total of 17 orthogroups with a total of 54 unigenes
of C. obtusifolia were identified and considered to be orthologs of reference enzymes involved in
CGA biosynthesis are shown in Supplementary Table S9. These alignments for each orthogroup
between all proteins were performed to reconstruct the corresponding phylogenetic tree, shown
in Supplementary Materials Figure S5a–q (see as example Figure 7b). Generally, in most of the
phylogenetic trees, the orthologous proteins were resolved as expected, considering their evolutionary
history (Figure 4). According to the identity matrices shown in Supplementary Tables S10–S26, the
similarities between the sets of orthologous enzymes are in the range of 40% to 70% (see example
Figure 7c). It should be noted that in cases in which orthologous proteins were grouped into several
sister clades, the unigenes of C. obtusifolia belonging to the clades containing the reference proteins
were considered the primary candidates involved in the CGA biosynthesis pathway. Moreover, using
RNA-seq data, the expression patterns of all the candidate genes involved in the CGA pathway were
analyzed. The FPKM values obtained for each unigene were used for this purpose and they are
shown in Supplementary Table S27 and Figure S6a–q. (1) phenylalanine ammonium lyase (PAL),
(2) trans-cinnamate 4-monooxygenase (C4H), (3) p-coumaroyl quinate/shikimate 3′-hydroxylase (C3′H),
(4) hydroxycinnamoyl-CoA quinate hydroxycinnamoyltransferase and hydroxycinnamoyl-coenzyme
A shikimate/quinate hydroxycinnamoyl transferase (HQT/HCT), (5) tapetum specific methyltransferase
1 (CCoA), (6) chorismate synthase, (7) 4-coumarate-CoA ligase (4CL) and (8) caffeoyl shikimate esterase
(CSE) were some of the enzymes involved in the route and showed considerable expression with FPKM
values not lower than 50 (these values are shown in Supplementary Table S27 and Figure S6c,d,j–l,o–q).
These genes are intimately related to the path of phenylpropanoids in higher plants, as well as in
the biogenesis of hydroxycinnamic acids, such as ferulic acid, caffeic acid, CGA, among others, in
which their obvious overexpression is due to abiotic stress, there were also genes for tapetum-specific
methyltransferase 1, which synthesizes caffeoyl-CoA and feruloyl-CoA, and chorismate synthase,
which is the enzyme responsible for producing prephenate, a compound precursor of L-arogenate
and consequently of L-phenylalanine. Finally, the CGA biosynthesis pathway is described based
on chemical-analytical and theoretical-computational analysis, which is consistent with previously
reported results [38–40] (Figure 8).



Int. J. Mol. Sci. 2020, 21, 7572 12 of 27

Int. J. Mol. Sci. 2018, 19, x FOR PEER REVIEW  6 of 27 

 

biosynthesis are shown in Supplementary Table S9. These alignments for each orthogroup between 

all proteins were performed to reconstruct the corresponding phylogenetic tree, shown in 

Supplementary Materials Figure S5a–q (see as example Figure 7b). Generally, in most of the 

phylogenetic trees, the orthologous proteins were resolved as expected, considering their 

evolutionary history (Figure 4). According to the identity matrices shown in Supplementary Table 

S10-26, the similarities between the sets of orthologous enzymes are in the range of 40% to 70% (see 

example Figure 7c). It should be noted that in cases in which orthologous proteins were grouped into 

several sister clades, the unigenes of C. obtusifolia belonging to the clades containing the reference 

proteins were considered the primary candidates involved in the CGA biosynthesis pathway. 

Moreover, using RNA-seq data, the expression patterns of all the candidate genes involved in the 

CGA pathway were analyzed. The FPKM values obtained for each unigene were used for this 

purpose and they are shown in Supplementary Table S27 and Figure S6a–q. (1) phenylalanine 

ammonium lyase (PAL), (2) trans-cinnamate 4-monooxygenase (C4H), (3) p-coumaroyl 

quinate/shikimate 3′-hydroxylase (C3′H), (4) hydroxycinnamoyl-CoA quinate 

hydroxycinnamoyltransferase and hydroxycinnamoyl-coenzyme A shikimate/quinate 

hydroxycinnamoyl transferase (HQT/HCT), (5) tapetum specific methyltransferase 1 (CCoA), (6) 

chorismate synthase, (7) 4-coumarate-CoA ligase (4CL) and (8) caffeoyl shikimate esterase (CSE) were 

some of the enzymes involved in the route and showed considerable expression with FPKM values 

not lower than 50 (these values are shown in Supplementary Table S27 and Figure S6c,d,j–l,o–q). 

These genes are intimately related to the path of phenylpropanoids in higher plants, as well as in the 

biogenesis of hydroxycinnamic acids, such as ferulic acid, caffeic acid, CGA, among others, in which 

their obvious overexpression is due to abiotic stress, there were also genes for tapetum-specific 

methyltransferase 1, which synthesizes caffeoyl-CoA and feruloyl-CoA, and chorismate synthase, 

which is the enzyme responsible for producing prephenate, a compound precursor of L-arogenate 

and consequently of L-phenylalanine. Finally, the CGA biosynthesis pathway is described based on 

chemical-analytical and theoretical-computational analysis, which is consistent with previously 

reported results [38–40] (Figure 8). 

 

Figure 7. Unique genes and orthologs shared among the compared species (a). Each concentric circle
corresponds to a species ((1) Arabidopsis thaliana (ArTh); (2) Cannabis sativa (CaSa); (3) Cecropia obtusifolia
(CeOb); (4) Cicer arietinum (CiAr); (5) Coffea arabica (CoAr); (6) Cucumis sativa (CuSa); (7) Glycine max
(GlMa); (8) Populus trichocarpa (PoTr); (9) Ricinus communis (RiCu); (10) Solanum lycopersicum (SoLy); (11)
Theobroma cacao (ThCa); (12) Vitis vinifera (ViVi)). The blue blocks mark the intersections in pairs, the
green blocks refer to the unique genes of each species, and the red blocks correspond to genes shared
among all species compared. The number of orthologous genes is shown outside the concentric circles.
To generate this figure and visualize the multispecies intersections, the R package SuperExactTest was
used [41]. Phylogenetic reconstruction (b) represents the group of orthologous genes (orthogroup 776)
identified as possibly encoding hydroxycinnamoyl-CoA quinate hydroxycinnamoyltransferase and
hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyl transferase (HQT/HCT). The figure
shows a rooted tree used as an external group plant species belonging to the group of asterids using the
maximum likelihood (ML) model. (c) Identity matrix obtained after the phylogenetic reconstruction of
the same orthogroup.
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3. Discussion

3.1. Evaluation of Cell Proliferation of Cell Cultures in C. obtusifolia Suspension

C. obtusifolia cell suspensions exhibited a logarithmic phase between seven and 28 days
after the establishment of cell cultures under optimal nitrate conditions (27.4 mM) (Figure 1).
When cell suspensions were established under moderately limiting nitrate conditions (16 and 8 mM),
the logarithmic phase was similar to that under the control condition during the first 21 days. At the
end of the kinetics time course (28 days), at both concentrations (16 and 8 mM), cellular proliferation
was arrested, and the viability seemed to be compromised because of nitrate limitation (Figure 1).
Regarding the 4 mM treatment, an increase in cellular proliferation was observed, but this increase was
significantly less than that under the control treatment (27.4 mM). The loss of cellular viability observed
was consistent with the presence of certain enriched functional categories in the list of C. obtusifolia
unigenes. The categories identified as differentially expressed under the stress treatments (16 and
4 mM) by transcriptomic analysis included categories related to cell death, programmed cell death,
and oxidative stress, where the number of genes was considerably higher for 16 mM treatment (in
which a loss of viability was observed in terms of cell proliferation). These categories explain the
cellular decay since reactive oxygen species (ROS) accumulate during the kinetics time course and
could induce programmed cell death. Thus, autophagy could be one of the mechanisms that allows the
recycling and remobilization of nutrients before an imminent collapse due to its capacity to degrade
cellular content and decompose harmful or toxic material generated as a result of the accumulation of
ROS [42–44].

3.2. Identification of CGA by Chemical-Analytical Analysis

Our results show that CGA biosynthesis increased throughout the kinetics time course.
These results are consistent with those reported by [18], where the presence of this metabolite
increased along a kinetics time course of 32 days established for C. obtusifolia under nitrate-limiting
conditions. These results are also consistent with those reported in different plant species, such as
Morinda citrifolia L. [45], Cecropia peltata L. [46], Medicago truncatula Gaertn. [47] and Castilleja tenuiflora
Benth. [48], where nitrate restriction stress likewise induces CGA biosynthesis and other phenolic
compounds. In the case of isoorientin (ISO), the results obtained in this study contrast with those
reported by [18] in the same work, since in this study, no ISO was detected. The detection of CGA in
chemical-analytical analysis is because this phenolic compound is a constitutive SMe, and in response
to different types of stress (mainly abiotic), it does not require phenological states or an apparent
compartmentalization for its biosynthesis [49–51].

3.3. Induction of CGA Biosynthesis in Nitrate Deficiency

A substantial and sustained increase in CGA accumulation was observed throughout the
experiment. The measurements at 21 and 28 days showed the maximum point of CGA accumulation
and represented an increase of more than 50% with respect to the other conditions, including the
control (27.4 mM), see Supplementary Figure S2. These results provide confirmatory evidence that the
increase depends directly on nitrate starvation stress. Co-chromatography carried out by enriching
some of the samples with the commercial standard used as a reference provided evidence that the CGA
detected in C. obtusifolia cell suspensions corresponds to the regio-isomer 3-CQA. This is consistent with
many reports published in the literature, where it is reported that in the vast majority of plant species
chlorogenic acid (3-CQA) is the most abundant regio-isomer among the caffeoylquinic acid derivatives.
It is important to consider that according to the current International Union of Pure and Applied
Chemistry (IUPAC) specifications, 3-CQA is nowadays called 5-caffeoylquinic acid (5-CQA). This is due
to the fact that in 1976, the IUPAC reversed the order of numbering of the carbon atoms in the quinic
acid ring and suggested chlorogenic acid (3-CQA) as 5-CQA, despite this, most of the commercial
chemical suppliers still use the pre-IUPAC nomenclature. Therefore, in this work, as probably in many
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others previously published, CGA of C. obtusifolia corresponds actually to 5-CQA isomer considering
the correct IUPAC name [52–58].

3.4. Description of the CGA Biosynthetic Route from Chemical-Analytical and
Theoretical-Computational Analyses

Although CGA has been identified in different plant species, the complete biosynthesis pathway
is still debated [53]. Three routes have been proposed so far [38–40,53,59–61] based on studies in
dicotyledonous species such as Solanum lycopersicum L., Nicotiana tabacum L. and Cynara cardunculus
L. [62]. Although HCT and HQT are homologous proteins with a high percentage of identity (> 80%),
in some botanical taxa, these enzymes have been demonstrated to have a certain role. For example,
HCT is related to lignin biosynthesis [63], and HQT directly participates in CGA biosynthesis, studies
conducted in Nicotiana benthamiana Domin. demonstrated that the suppression of HQT decreases the
CGA content by up to 98% [39,40]. However, in some plant species, such as Arabidopsis thaliana (L.)
Heynh. there seems to be a single protein acting as a dual function HQT/HCT [AT5G48930] [64]. In the
case of C. obtusifolia, a unique orthologous protein of HCT and HQT was identified, both enzymes were
used as reference proteins and were placed in the same orthogroup with the corresponding ortholog
in Arabidopsis. These data, together with the metabolites identified as possible precursors, suggest
that the enzyme existing in C. obtusifolia performs a dual function. Its activity could be favored by the
availability of certain substrates, such as p-cumaroyl-shikimic acid and shikimic acid caffeoyl [38,63].
The fact that HQT and HCT belong to the same orthogroup indicates that these enzymes are present in
some species because of a gene duplication event or duplication of the complete genome (polyploidy).
Two copies of a single ancestral gene were subfunctionalized to perform a single function in a specific
way [65]. However, the enzyme present in species such as Arabidopsis or C. obtusifolia may be able
to continue to play a bifunctional role, both favoring the synthesis of certain phenolic compounds
such as CGA and promoting lignin biosynthesis. Other data that support this hypothesis include the
fact that only one of the four unigenes (UN073057) identified in the transcriptome of C. obtusifolia
was an ortholog of the PAL enzymes and showed a considerable increase in transcripts under nitrate
deficiency treatments, mainly at the earliest time point (three hours) evaluated. According to the
corresponding annotation, this unigene is homologous to the Arabidopsis PAL1 protein (AT2G37040).

Interestingly, a study in tobacco has shown that the expression of HQT and the orthologs of PAL
seem to be related to a considerable increase (approximately three times higher) in CGA detected after
independent overexpression of HQT and PAL [66]. The CGA increase was observed as a consequence
of PAL1 overexpression, reported only for this member of the PAL family, and it has been suggested
that the rest of the family members (PAL2, PAL3, and PAL4) could be involved in lignin synthesis [67],
but these functions differ according to the organism studied. Consequently, it has been reported that in
Arabidopsis species, the family coding for PAL proteins consists of five members, PAL1 and 2 are closely
involved in the biosynthesis of phenylpropanoids, but PAL1 is also involved in lignin biosynthesis [68].
Poplar (Populus trichocarpa Torr. & A. Gray ex Hook.) contains five members of the PAL family, and
it has been shown that PAL1 and PAL3 are strongly involved in the phenylpropanoid pathway [69],
while PAL2, PAL4, and PAL5 are predominantly responsible for lignin production [70,71]. The above
shows that, regardless of the number of PAL family members, there are members whose function
seems to be more closely related to the synthesis of phenylpropanoids, as demonstrated in this study.
Finally, the presence of the ortholog (UN086367) for the CSE enzyme (AT1G52760.1) stands out, its
participation as a key enzyme in the biosynthetic pathway of lignin and phenylpropanoids is still
debated because it is not yet clear if this catalytic step is preserved in most botanical lineages. However,
it has been shown that this enzyme is involved in phenylpropanoid biosynthesis in Arabidopsis thaliana,
Medicago truncatulata Godr. & Gren and Populus × euramericana Guinier because these botanical species
all contain homologous CSEs, which have been identified either in their genome and/or transcriptome;
in some cases, the amount of transcript and the corresponding enzyme have been positively related in
lignifying tissues and the phenylpropanoid pathway [72–76]. This is consistent with the observations
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in this study, where C. obtusifolia also potentially houses this enzyme, which makes sense considering
its high CGA biosynthesis in different organs of the plant.

According to the results and the analyses carried out in this study, a model is proposed (Figure 9)
of CGA biosynthesis in response to nitrate restriction in C. obtusifolia. This study suggests that nutrient
stress induces reactive oxygen species production (especially H2O2), which functions as a second
messenger, triggering a series of responses; moreover, prolonged exposure in the system induces
oxidative stress. As a defense mechanism, the cells activate an “antioxidant” response to modify
the redox state. As part of this response, the expression of specific genes is induced, such as PAL,
which increases the biosynthesis of metabolites with antioxidant properties such as CGA, allocating
nutritional resources to the functioning of secondary metabolism, compromising growth to promote
survival. If the stress is too prolonged or severe, programmed cell death is activated to detoxify the
cells and remobilize nutrients to avoid system collapse. This proposed model has a strong relationship
with the carbon–nutrient balance (CNB) hypothesis, which postulates that the carbon-nutrient status
of plants is determined by the availability of the source, and within the conceptual framework of
this hypothesis, the SMe in the plant tissues are synthesized according to the relative abundances in
the available resources. Environmental variation can influence the availability of certain resources
necessary for plant growth, such as nitrogen and carbon fixed during photosynthesis, this variation can
also directly affect and generate significant quantitative changes in the production of allelochemicals
and other secondary metabolites used as defense.
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Compounds marked in blue were identified in the targeted and untargeted metabolomic analyses.

4. Conclusions

In the present work, we performed an integrated study considering the transcriptome and
metabolome of C. obtusifolia under different nitrate concentrations. We found the accumulation of
different phenolic compounds involved in CGA biosynthesis and the upregulation of the genes involved
in its metabolic pathway.
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5. Materials and Methods

5.1. Callus and Cells in Suspension Cultures

According to previously reported methodology [18], in this study, we used young leaves of Cecropia
obtusifolia Bertol. collected from an acclimatized plant in a demonstration plot (South Biomedical
Research Center of the Mexican Institute of Social Security (CIBIS-IMSS), Xochitepec, Morelos, Mexico)),
which were kindly provided by Dr. Maria del Pilar Nicasio-Torres. Later, they were disinfected
using a soap solution and several rinses of 70% ethanol (3 min), 1.2% sodium hypochlorite solution
and 0.2% Tween-20 (10 min); as the final step, the leaves were washed at least three times using
sterile distilled water. Each disinfected leaf was cut into 5 mm2 sections and then transferred to glass
vessels (250 mL) with 40 mL of 50% Murashige and Skoog (MS) culture medium supplemented with
15 g L−1 sucrose and 8 g L−1 agar, followed by filtration with 50 mg L−1 chloramphenicol (Sigma) and
4.5 mg L−1 amphotericin B (Sigma). The explants were incubated at 26 ± 2 ◦C during a light:dark
(16:8-h) photoperiod under 32 µmol m−2 s−1 [77].

Once cell cultures were established, and after waiting one week, the non-contaminated leaf
explants were transferred to MS culture medium supplemented with 30 g L−1 sucrose, 2 mg L−1

2,4-dichlorophenoxyacetic acid (2,4-D), 0.5 mg L−1 of benzylaminopurine (BAP) and 8.0 g L−1 of
agar and pH adjusted to 5.8, as already reported as the best complements for callus development.
The explants were incubated at conditions as described above and subsequently transferred to a new
medium every 4 weeks until callus was obtained (Nicasio-Torres et al., 2012). The suspension cell
culture of C. obtusifolia was started by transferring 6 g of fresh biomass corresponding to the generated
callus, in 80 mL of liquid MS medium with sucrose 30 g L−1, 2,4-D, 2 mg L−1 and BAP, 0.5 mg L−1,
see Supplementary Tables S28 and S29. The cultures were placed in a rotatory shaker at 110 rpm
(New Brunswick Scientific Co.), employing the same culture conditions described previously. The cell
biomass was filtered under sterile conditions and cultured in the same fresh MS medium every 2 weeks
and culture conditions over a period of 5 months until enough biomass was obtained to establish the
kinetic temporary courses [18].

5.2. Temporal Kinetics of Cells in Suspension

CGA growth kinetics and production consisted of evaluating three independent biological replicas
at five time points after the establishment of stress, either nitrate deficiency or nitrate starvation: time 0
(T0; corresponding to the initial culture used from which the inoculate was taken, evaluated before the
transfer to the corresponding MS culture medium with reduced nitrates), T1 (3 h after the transfer at
T0 to new culture medium), T2 (7 days), T3 (14 days), T4 (21 days) and T5 (28 days). We used 27.4 mM
nitrate as a control and, as nitrate starvation, three different concentrations of total nitrates (16, 8 and
4 mM potassium/ammonium nitrate) in the culture medium. The biomass contained in each of the
flasks used in the kinetic was filtered, using a vacuum pump (BUCHI Vacuum Pump V-700) and filter
paper (Whatman, PWDF 0.45 µm) in a Kitasato flask until the excess MS medium was eliminated.
Subsequently, the biomass was fractionated. For the RNA extraction process, 300 mg of fresh biomass
was taken from the total and placed in a 1.5 mL tube, which was frozen with the help of liquid nitrogen
(−186 ◦C) and stored at −80 ◦C for later use. The remaining biomass was used in the high-performance
liquid chromatography (HPLC) analysis.

5.3. Quantitative Analysis of Methanolic Extracts by HPLC

The remaining biomass, once the required amount was taken for RNA isolation, was taken to dry
for 24 h (THELCO Laboratory oven) at 65 ◦C, and then extractions were carried out with methanol
(1:20 g L−1) at room temperature for 24 h. Three replicates were processed per sample. After filtering
and collecting the extracts obtained from the biomass, they were taken to dryness by reduced pressure
and were recovered in 10 mL of HPLC grade methanol, and subsequently analyzed. HPLC analysis
was performed in a Waters 996 device with a binary pump (2695) coupled to a diode array detector
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(2696) with a detection range of 190 to 600 nm operated by the Millenium System Manager Software
system (Empower 1), using a Spherisorb-ODS RP-18 column (250 × 4.6 mm, 5 µm, Waters) at 25 ◦C,
chromatographic separation was performed using a gradient elution system with A = acidulated water
(CF3-COOH, 0.5% trifluoroacetic acid (TFA)) and B = CH3CN, maintaining a constant flow of 1.2 mL
min−1 according to the following scheme: 2 min = 100% A; at minute 3, 95% of A; at minute 7, 70%
of A; at minute 12, 50% of A; at minute 17, 20% of A; at minute 21, 0% of A; and finally at minute
24, 100% of A, keeping it for 1 min. The evaluation of the samples was performed with commercial
standards with calibration curves of 10, 20, 40, 80 and 160 µg ml−1 for the CGA (Sigma-Aldrich; (Cat
C3878:) and 5, 10, 20, 40 and 80 µg mL−1 for ISO (Sigma-Aldrich), with wavelengths of λ = 327 for
CGA and the retention time was 13,299 min. The kinetic growth constants were calculated, and finally,
statistical analysis was performed with Number Cruncher Statistical Software (NCSS) software version
5 using a factorial analysis of variance (ANOVA) followed by Tukey’s range test. Values of p ≤ 0.05
were considered statistically significant.

5.4. Quantitative Analysis of Phenolic Compounds by Targeted Metabolomics Approach

The phenolic targeted metabolomics with methanolic extracts analysis was performed as described
by [78]. An Agilent 1290 ultrahigh-resolution liquid chromatograph (UPLC) coupled to a triple
quadrupole mass spectrometer (QqQ, Agilent 6460) with a dynamic multiple reaction monitoring
(dMRM) method with 60 authentic standards was used. The mobile phases consisted of water with
0.1% formic acid (A) and 90% of acetonitrile (aqueous solution) with 0.1% formic acid (B), both
MS grade (Sigma), and the flow was 0.1 mL min−1 (see Supplementary Table S30). The gradient
conditions for the mobile phase were as follows: 0 min 1% B, 0.1–40 min linear gradient 1–40%
B, 40.1–42 min linear gradient 40–90% B, 42.1–44 min isocratic 90% B, 44.1–46 min linear gradient
90–1% B, 46.1–47 min 1% B isocratic. The injection volume was 1 µL, and the column used was an
Agilent, Zorbax SB-C18, 2.1 × 50 mm, 1.8 Microns. The column temperature was 40 ± 0.8 ◦C. The mass
spectrometry conditions of the dMRM method are shown in Supplementary Materials Table S31.
Phenolic compounds quantification was performed with calibration curves in a concentration range
0.5–17 µM established for each compound; in some cases, we performed sample dilutions to fit to a
standard curve, see Supplementary Table S32.

5.5. Identification of Chemical Markers by Untargeted Metabolomics Analysis

To identify SMe as differential markers between treatments, methanolic extracts were previously
obtained, 500 µL of each sample was taken and placed in 1.5 mL tubes, and then 5 µL of formic acid at
0.1% was added to each sample as an ionizing agent. Finally, 300 µL of each sample was placed in
1 mL glass vials for the comparative analysis of metabolic profiles using a Waters class I UPLC coupled
to a high-resolution mass spectrometry Waters Synapt G2-Si quadrupole-time-of-flight (QTOF). The
discriminative criteria for the selection of SMe identified through the Metabolite and Chemical Entity
Database (METLIN) [79] were the following: (i) those metabolites that were analyzed and plotted
(S-plot) further away from the X and Y axis were selected, since they are the ones that contribute most
to differentiate the treatments that are contrasted; (ii) only those SMe that would yield an identification
were selected when comparing them in the database; (iii) only SMe were chosen that were represented
in plants and that had interference in the biosynthetic route of the compound of interest. The conditions
of analysis were the following: the mass spectrometric analysis was performed with Waters class I
UPLC coupled to a high-resolution mass spectrometry Waters Synapt G2-Si quadrupole-time-of-flight
(QTOF). Chromatography was carried out on an Acquity ethylene bridged hybrid (BEH) column
(1.7 µm, 2.1 × 50 mm) with a column and sample temperature of 40 ◦C and 15 ◦C, respectively. The
mobile phase consisted of (A) water and (B) acetonitrile, both with 0.1% of formic acid (SIGMA). The
gradient conditions of the mobile phases were 0–13 min linear gradient 1%–80% B, 13–14 min 80%
B isocratic, 14–15 min linear gradient 80%–1% B (total run time 20 min). The flow rate was 0.3 mL
min−1 and 1 µL of the extract was injected. The mass spectrometry analysis was performed with an
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electrospray ionization source in negative and positive mode. The capillary voltages of the sampling
cone and source compensation were 3000, 40 and 80 V, respectively. The source temperature was 100 ◦C
and the desolvation temperature was 20 ◦C. The desolvation gas flow was 600 L h−1 and the nebulizer
pressure was 6.5 Bars. Leucine-enkephalin was used as an internal calibrator (556.2771, [M + H]+,
554.2615, [M-H]−). The conditions used for the SMe analysis were mass range 50–1200 Da, function
1 CE, 6 V, function 2 CER 10–30 V, exploration time 0.5 s. The data were acquired and processed
with the MassLynx (version 4.1) and MarkerLynx (version 4.1) software. A discriminatory analysis of
orthogonal partial least squares (OPLS-DA) was carried out in order to identify specific biomarkers
of the different treatments. Retention times and mass/charge ratios were considered with a noise
threshold of 10,000 accounts. The Pareto scale was used to generate the scoring plots; and, finally,
in the obtained graphs (S-plots), the variables that contributed to the discrimination between two
analyzed groups were considered differential chemical biomarkers between conditions [80].

5.6. De Novo Transcriptome Assembly

For RNA isolation, library preparation and sequencing, three independent replicates per analyzed
condition were used, corresponding to concentrations of 27.4 mM (control), 16 and 4 mM (stress
induced by nitrate deficiency), with time points of 3 h, 7, 14, 21, and 28 days, resulting in a total
of 45 samples being processed (Supplementary Table S32). Zero time (considered the beginning of
the experiment) was eliminated from the comparison because 3 h after transferring the cells to the
corresponding stress conditions, no significant differences were observed in terms of cell proliferation
(for more information, see results section) at any of the tested concentrations.

Of the total biomass generated, 300 mg was fractionated, and only 100 mg of fractionated biomass
per sample was used for total RNA isolation, using the Plant RNA Purification Reagent Kit (Thermo
Fisher Scientific), following the manufacturer’s instructions. The RNA concentration was determined
with a BioSpec-nano UV-VIS spectrophotometer (Shimadzu) with absorbances at 260 nm [81,82].
The integrity of the RNA was evaluated on a 1% nondenaturing agarose gel with the Invitrogen™ 1Kb
Plus DNA Kit (Invitrogen) and analyzed with the BIORAD Gel DocTM EZ Imager with ImageLab Sol
build 8. Approximately 3.5 µg of the total RNA isolated per sample was used to generate 45 libraries,
for which the TruSeq RNA Sample Preparation v2 Kit (Illumina) was used following the manufacturer’s
instructions, and index codes were added to identify each sample independently. The quality of
the libraries sequenced was evaluated by capillary electrophoresis with a Bioanalyzer 2100 (Agilent
Technologies). Each cDNA library was prepared at a final concentration of 20 mM and sequenced using
the NextSeq500 (Illumina) with the 2 × 150 bp paired-end sequencing protocol format. All sequencing
data have been deposited in NCBI Sequence Read Archive (SRA) under accession no. PRJNA594936.

Subsequently, the transcriptome assembly was carried out. First, the raw data in fastq format
were filtered to eliminate low-quality sequences using a python script, available from GitHub [83].
The parameters used for the selection of high-quality (HQ) paired-end reads were -q 30 (minimum
quality score to keep), -p 90 (minimum percent of bases in the sequence that must have a [–q] quality)
and -a 28 (the minimum average quality). Then, the SeqPrep program [84] with the options -L 150
(minimum reading length) and -o 25 (minimum overlap of bases to join two readings) was used to
identify overlapping regions at the ends of reads R1 and R2 and to remove adapter remnants and
orphan reads.

Trinity assembler [85] was used to carry out the de novo assembly using the paired-end sequences
that passed the quality filters, including the long sequences resulting from the union of paired-end
readings that showed overlapping regions. The Trinity program was executed using the default
parameters in which all the generated data (45 libraries) were combined. The resulting contigs,
called unique transcripts or unigenes, were processed with the SeqClean program [86] to trim and
eliminate terminal regions of low complexity and rich in undetermined bases (N’s) or poly A/T
tails from the sequences. As a precautionary measure to identify and eliminate the existence of
possible contaminating sequences, the DeconSeq program [87] was used. It was expected that the
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unigenes resulting from the assembly process would be free of contaminants because the cell cultures
were established under aseptic conditions. Only the unigenes processed according to the previously
described process and whose sequences were greater than or equal to 200 bp were considered in
subsequent steps of the analysis.

5.7. Identification and Annotation of Protein Coding Regions

To generate a nonredundant data set representative of the C. obtusifolia transcriptome, coding
regions were identified in the unigene sequences, and the erroneous reading frameshifts were corrected.
These framing errors caused by insertions or deletions and resulting from the assembly process were
identified by the alignment of each assembled unigene against homologs present in a “homemade”
database of coding sequences and their corresponding proteins from approximately 100 plant species
whose genomes have been fully sequenced (latest versions available in GenBank for selected angiosperm
plant species). For this purpose, we used the AlignWise pipeline [19], an algorithm that, in an orderly,
recursive and systematic way, handles different programs such as the Basic Local Alignment Search
Tool (BLAST) [88] for the identification of homologous sequences with a high percentage of similarity;
multiple sequence alignment by log-expectation (MUSCLE) [89] to align multiple sequences; and
GeneWise [90], which identifies the coding regions and corrects erroneous frameshifts. Subsequently,
the BLASTClust program [91] was used to create a set of nonredundant sequences. Coding sequences
derived from unigenes with a nucleotide level that showed 95% identity along a region representing at
least 90% of the length of another unigene were eliminated to avoid redundancies.

Using the best BLAST hit method (BBH), homologs to C. obtusifolia proteins were identified using
an E-value threshold ≤ 10−5. Twelve different species of angiosperm plants belonging to specific
lineages in the eudicotyledonous class were used as references. Species such Cannabis sativa, Prunus
persica, Cucumis sativa, Ricinus communis, Populus trichocarpa, Cicer arietinum, Glycine max, Theobroma
cacao, Arabidopsis thaliana, and Vitis vinifera were included as members of the asterid monophyletic
group, while Solanum lycopersicum and Coffea arabica were included as an external group (members
of the rosid clade). This group of plant species was selected because they have been reported to
contain high amounts of CGA. The proteomes of these species represent the total of predicted gene
models in their genome, except Cannabis sativa, for which the proteins used as references came from
available transcriptomic data. All these sequences were obtained from the latest versions available in
GenBank [92]. In addition to the search for homologous proteins identified in the genome of other
plant species, the process of annotating the unigene set of C. obtusifolia also included the assignment of
Gene Ontology terms [23] (GO terms) [24]. The unigenes of C. obtusifolia inherited these terms from the
homologous proteins identified in Arabidopsis thaliana.

5.8. Expression Profiles and Identification of Differentially Expressed Genes (DEGs)

The genes that responded to nitrate starvation were identified by comparing the overall expression
profiles from each set of transcriptomic data generated and analyzed over time (3 h, 7, 14, 21 and
28 days). RSEM software was used [20] because it uses short reading mappers, such as Bowtie2 [93],
to independently assign the readings generated for each condition (different concentrations of nitrates
at each sampling point) to each unigene resulting from the process assembly. The number of readings
assigned to a single unigene represents the relative abundance of mRNA produced by a particular gene
in a given sample. The expectation maximization algorithm implemented in RSEM produces a matrix
of expression profiles where transcript abundance is represented by the “expected counts” and their
normalized values, transcripts per million (“TPM”) and fragments by kilobases of contigs/unigenes per
million mapped readings (“FPKM”) (Supplementary Table S6). The expected reading counts estimated
by RSEM were used as input for DESeq [21], a package of R/Bioconductor [22] that normalizes samples
by pairwise comparison and uses the relative logarithmic expression method to adjust the relationship
values of the gene expression levels in relation to the initial value, given the hypothesis that most genes
are not differentially expressed. After pairwise sample comparisons (27.4/16 mM, 27.4/4 mM, and 16/4
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mM), a threshold was selected to identify differentially expressed unigenes, an adjusted probability
value (adjusted p-value) ≤ 0.01 in a level confidence interval (1 − α), that is, a minimum confidence
level of 99%. Finally, with the enrichment analysis of GO functional categories performed after the
annotation process, it was possible to obtain information regarding the biological processes involving
the unigenes of C. obtusifolia differentially expressed in response to stress due to nitrate starvation.
This ontological-functional enrichment allowed us to identify processes that are affected in response to
the stimulus and their importance in the adaptation of the organism.

5.9. Identification of Orthologous Genes

Orthologous and paralogous genes were identified using the OrthoMCL program [94] and
the Markov clustering algorithm (MCL) with an inflation value of 1.5 [95]. To avoid most false
positive results, a minimum entry length of 30 amino acids was considered in all the proteins
used in the annotation analysis, and the threshold used for bidirectional BLAST (all vs all) was an
E-value of < 10−10. The proteomes included in the orthology analysis were supplemented by adding
sequences of 15 proteins from different plant species (Supplementary Table S33). These enzymes were
considered “reference enzymes” because all of them have been functionally characterized, and their
participation in the CGA biosynthetic pathway has been demonstrated (MetaCyc database) [96].

5.10. Phylogenetic Trees

Alignments and phylogenetic relationships between the proteins identified as orthologs of different
plant species were grouped with the “reference enzymes” known to be involved in CGA synthesis
and solved with the SeaView program [97]. MUSCLE [89] and PhyML v3.0 [98] were used for the
alignments and phylogenetic analysis. The PhyML option was used under the Le and Gascuel (LG)
model. To define the initial topology of the trees, in all cases, the distance method bio-neighbor-joining
(BIoNJ) was used, while equilibrium frequencies, topologies, and branch length were optimized.
The representative tree was selected after comparing the trees generated by the nearest-neighbor
interchange (NNI) method and by the subtree pruning and regrafting (SPR) method. Finally, the
support value of the branches was estimated using the approximate likelihood-ratio test (aLRT) [99].

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/20/
7572/s1. Figure S1: Chromatographic profiles and absorption spectra of commercial standard of CGA and
methanolic extract of suspension cell cultures (T21). Figure S2: Levels of CGA accumulation in relation to
the reduction of total nitrates, in suspension cell cultures of C. obtusifolia along the kinetic time course. Figure
S3: Chromatographic profiles and absorption spectra of methanolic extract (T21), and the same sample point
enrichment with the commercial standard of CGA. Figure S4: Main secondary metabolites identified by mass
spectrometry in both metabolomic analyses. Figure S5: Phylogenetic reconstruction for the group of orthologs
genes identified as possible enzymes involved in CGA pathway. Figure S6: Levels of expression in FPKM for
the orthologs gene group identified in the transcriptome of C. obtusifolia. Table S1: Abundance profile and
standard deviation of secondary metabolites identified from methanolic extracts. Table S2: Tentative identification
of phenolic compounds based on their fingerprints by mass spectrometry analysis. Table S3: Summary of
sequencing data generated from cell cultures in suspension of C. obtusifolia. Table S4: Collection of representative
transcripts of C. obtusifolia. Table S5: Functional categorization of C. obtusifolia. Table S6: Matrix expression profile
of RNA-seq libraries with the expression values obtained using the Bowtie2 program. Table S7: Differential
expression analysis performed using the DESeq package. Table S8: Analysis to identify orthologs made by
comparing different botanical species capable of synthesizing CGA. Table S9: Orthologs genes involved in
the biosynthesis of chlorogenic acid (CGA). Table S10: Identity matrix of orthogroup 7162, corresponding
to the orthologous enzyme RPI2 (probable ribose-5-phosphate isomerase 2). Table S11: Identity matrix of
orthogroup 8244 corresponding to the orthologous enzyme RPE (D-ribulose-5-phosphate 3-epimerase). Table
S12: Orthogroup 1804 identity matrix corresponding to the orthologous enzyme TKL-1, TKL-2 (Transketolase
1 & 2). Table S13: Identity matrix of orthogroup 639 corresponding to the orthologous enzyme DHS 1 and
2 (phospho-2-dehydro-3-deoxyheptonate aldolase 1 & 2). Table S14: Identity matrix of orthogroup 7791
corresponding to the orthologous enzyme DHQS (3-dehydroquinate synthase). Table S15: Orthogroup 694
identity matrix corresponding to the orthologous enzyme DHQSD (3-dehydroquinate dehydratase/shikimate
dehydrogenase). Table S16: Identity matrix of orthogroup 2332 corresponding to the orthologous enzyme SK-1
(shikimate kinase 1). Table S17: Identity matrix of orthogroup 5166 corresponding to the orthologous enzyme EPSP
(3-phosphoshikimate 1-carboxyvinyltransferase). Table S18: Orthogroup 2732 identity matrix corresponding to the
orthologous enzyme Chorismate synthase. Table S19: Orthogroup 205 identity matrix corresponding to the PAL
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orthologous enzyme (phenylalanine ammonia lyase). Table S20: Orthogroup 851 identity matrix corresponding to
the orthologous enzyme C4H (Trans-cinnamate 4-monooxygenase). Table S21: Identity matrix of orthogroup
776 corresponding to the orthologous enzyme HQT/HCT (hydroxycinnamoyl-CoA quinate hydroxycinnamoyl
transferase & hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyl transferase). Table S22: Identity
matrix of orthogroup 1085 corresponding to the orthologous enzyme C3′H (p-coumaroyl quinate/shikimate
3′-hydroxylase). Table S23: Identity matrix of orthogroup 2776 corresponding to the orthologous enzyme CCoA
(probable caffeoyl-CoA O-methyltransferase). Table S24: Identity matrix of orthogroup 2935 corresponding to the
orthologous enzyme CCoA (tapetum specific methyltransferase 1). Table S25: Identity matrix of orthogroup 396
corresponding to the orthologous enzyme 4CL (4-coumarate-CoA ligase). Table S26: Identity matrix of orthogroup
11033 corresponding to the orthologous enzyme CSE (caffeoyl shikimate esterase). Table S27: Matrix of the
expression profiles of the RNA-seq libraries. The expression values were obtained using the Bowtie2 program.
Table S28: Concentrations of culture medium of Murashige and Skoog (MS). Table S29: Supplements used the
culture medium of Murashige and Skoog (MS). Table S30: Chromatographic conditions for Agilent ultrahigh
resolution liquid chromatograph. Table S31: Conditions of the Agilent 6460 mass spectrometer. Table S32: Analysis
conditions and quantification ranges for the 60 standard compounds used to quantify phenolic compounds of
interest. Table S33: Reference enzymes included in the orthology analysis.

Author Contributions: Conceptualization, E.I.-L.; data curation, J.D.C.-Z.; funding acquisition, E.I.-L.;
investigation, J.D.C.-Z., P.N.-T., J.L.M.-V., J.A.G.-A. and E.I.-L., J.D.C.-Z., P.N.-T., J.L.M.-V. and J.L.M.-V.;
supervision, E.I.-L.; validation, J.D.C.-Z., P.N.-T., J.L.M.-V., J.A.G.-A. and E.I.-L.; visualization, J.D.C.-Z. and E.I.-L.;
writing—original draft, J.D.C.-Z.; writing—review and editing, E.I.-L. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Consejo Nacional de Ciencia y Tecnología (CONACyT) ‘Investigación
Científica Básica’ grant number 223323 (awarded to Enrique Ibarra-Laclette).

Acknowledgments: CONACyT is also thanked for the scholarship provided to Jorge David Cadena-Zamudio to
perform his postgraduate studies (number 677298/608610). We thank Pilar Nicasio and her research group in
CIBIS-IMSS for their help and advice in lab work. We thank Josué Pérez-Lira for his excellent technical assistance
at INECOL. Alexandro Alonso-Sánchez and Emanuel Villafán are thanked for their assistance with RNAseq
libraries preparation and for the configuration and compilation of bioinformatic tools required and used in this
study, and Israel Bonilla Landa for support in the design of the biogenesis route. The authors also wish to thank
the Institute of Ecology A.C. (INECOL), for all the facilities provided including the access to the high-performance
computing resource (HUTZILIN), required to carry out this research.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Verpoorte, R. Secondary metabolism. In Metabolic Engineering of Plant Secondary Metabolism; Springer: Berlin,
Germany, 2000; Volume 21, pp. 467–479.

2. O’Connor, S.E. Engineering of secondary metabolism. Annu. Rev. Genet. 2015, 49, 71–94. [CrossRef]
3. Zhang, D.; Jayasena, N.; Lyashevsky, A.; Greathouse, J.L.; Xu, L.; Ignatowski, M. TOP-PIM:

Throughput-oriented programmable processing in memory. In Proceedings of the 23rd International
Symposium on High-Performance Parallel and Distributed Computing, Vancouver, BC, Canada, 23–27 June
2014; pp. 85–98.

4. Caretto, S.; Linsalata, V.; Colella, G.; Mita, G.; Lattanzio, V. Carbon fluxes between primary metabolism and
phenolic pathway in plant tissues under stress. Int. J. Mol. Sci. 2015, 16, 6378–26394. [CrossRef]

5. Manach, C. Polyphenols: Food sources and bioavailability. Am. J. Clin. Nutr. 2004, 79, 727–747. [CrossRef]
6. Cordell, G.A.; Kinghorn, A.D.; Pezzuto, J.M. Separation, structure elucidation and bioassay of cytotoxic

natural products. In Bioactive Natural Products. Detection, Isolation and Structural Determination; Colegate, S.M.,
Molyneux, R.J., Eds.; CRC Press: London, UK, 1993; Volume 31, pp. 196–219.

7. Mans, D.R.A.; Da Rocha, A.B.; Schwartsmann, G. Anti-cancer drug discovery and development in Brazil:
Targeted plant collection as a rational strategy to acquire candidate anti-cancer compounds. Oncologist 2000,
5, 185–198. [CrossRef]

8. Andrade-Cetto, A.; Heinrich, M. Mexican plants with hypoglycaemic effect used in the treatment of diabetes.
Ethnopharmacology 2005, 99, 325–348. [CrossRef]

9. Herrera-Arellano, A.; Aguilar-Santamaría, L.; García Hernández, B.; Nicasio-Torres, P.; Tortoriello, J. Clinical
trial of Cecropia obtusifolia and Marrubium vulgare leaf extracts on blood and serum lipids in type 2 diabetics.
Phytomedicine 2004, 11, 561–566. [CrossRef] [PubMed]

http://dx.doi.org/10.1146/annurev-genet-120213-092053
http://dx.doi.org/10.3390/ijms161125967
http://dx.doi.org/10.1093/ajcn/79.5.727
http://dx.doi.org/10.1634/theoncologist.5-3-185
http://dx.doi.org/10.1016/j.jep.2005.04.019
http://dx.doi.org/10.1016/j.phymed.2004.01.006
http://www.ncbi.nlm.nih.gov/pubmed/15636168


Int. J. Mol. Sci. 2020, 21, 7572 23 of 27

10. Nicasio-Torres, P.; Santamaría-Aguilar, L.; Aranda, E.; Ortiz, S.; Gonzáles, M. Hypoglicemic Effect and
Chlorogenic Acid Content in Two Cecropia species. Phytother. Res. 2005, 19, 661–664. [CrossRef]

11. Revilla-Monsalve, M.C.; Andrade-Cetto, A.; Palomino-Garibay, M.A.; Wiedenfeld, H.; Islas-Andrade, S.
Hypoglycemic effect of Cecropia obtusifolia Bertol aqueous extract on type 2 diabetic patients. Ethnopharmacology
2007, 111, 636–640. [CrossRef] [PubMed]

12. Andrade-Cetto, A.; Becerra-Jiménez, J.; Cárdenas-Vázquez, R. Alfa-glucosidase-inhibiting activity of some
Mexican plants used in the treatment of type 2 diadetes. Ethnopharmacology 2008, 116, 27–32. [CrossRef]

13. Martínez-Toledo, V.; Ordáz-Tellez, M.; Castañeda-Sortibrána, A.N.; Andrade-Cetto, A.; Rodríguez-Arnaiz, R.
Genotoxicity testing of Cecropia obtusifolia extracts in two in vivo assays: The wing somatic mutation and
recombination test of Drosophila and the human cytokinesis-block micronucleus test. Ethnopharmacology 2008,
116, 58–63. [CrossRef] [PubMed]

14. Cadena-Zamudio, J.D.; Nicasio-Torres, M.P.; Guerrero-Analco, J.A.; Ibarra-Laclette, E. Ethnopharmacological
studies of Cecropia obtusifolia (Urticaceae) and its importance in the treatment of type 2 diabetes mellitus:
A mini-review. Acta Botánica Mex. 2019, 126, 1–14.

15. Ortiz, O.O.; Rivera-Mondragón, A.; Pieters, L.; Foubert, K.; Caballero-George, C. Cecropia telenitida Cuatrec.
(Urticaceae: Cecropieae): Phytochemical diversity, chemophenetic implications and new records from
Central America. Biochem. Syst. Ecol. 2019, 86, 103935. [CrossRef]

16. Rivera-Mondragón, A.; Bijttebier, S.; Tuenter, E.; Custers, D.; Ortíz, O.O.; Pieters, L.; Foubert, K. Phytochemical
characterization and comparative studies of four Cecropia species collected in Panama using multivariate
data analysis. Sci. Rep. 2019, 9, 1–14. [CrossRef] [PubMed]

17. Rivera-Mondragón, A.; Broeckx, G.; Bijttebier, S.; Naessens, T.; Fransen, E.; Kiekens, F.; Foubert, K.
Ultrasound-assisted extraction optimization and validation of an HPLC-DAD method for the quantification
of polyphenols in leaf extracts of Cecropia species. Sci. Rep. 2019, 9, 1–16. [CrossRef] [PubMed]

18. Nicasio-Torres, M.P.; Meckes-Fischer, M.; Aguilar-Santamaría, L.; Garduño-Ramírez, M.L.;
Chávez-Ávila, V.M.; Cruz-Sosa, F. Production of chlorogenic acid and isoorientin hypoglycemic compounds
in Cecropia obtusifolia calli and in cell suspension cultures with nitrate starvation. Acta Physiol. Plant 2012, 34,
307–316. [CrossRef]

19. Evans, T.; Loose, M. AlignWise: A tool for identifying protein-coding sequence and correcting frame-shifts.
BMC Bioinform. 2015, 16, 376. [CrossRef]

20. Li, B.; Dewey, C.N. RSEM: Accurate transcript quantification from RNA-Seq data with or without a reference
genome. BMC Bioinform. 2011, 12, 323. [CrossRef] [PubMed]

21. Anders, S.; Huber, W. Differential expression analysis for sequence. Genome Biol. 2010, 11, 1. [CrossRef]
22. The R Project for Statistical Computing. Available online: https://www.r-project.org/ (accessed on 15 May 2018).
23. The Gene Ontology Resource. Available online: http://geneontology.org/ (accessed on 23 April 2018).
24. Ashburner, M.; Ball, C.A.; Blake, J.A.; Botstein, D.; Butler, H.; Cherry, J.M.; Davis, A.P.; Dolinski, K.;

Dwight, S.S.; Eppig, J.T.; et al. Gene Ontology: Tool for the unification of biology. Nat. Genet. 2000, 25, 25–29.
[CrossRef]

25. Lezhneva, L.; Kiba, T.; Feria-Bourrellier, A.B.; Lafouge, F.; Boutet-Mercey, S.; Zoufan, P.; Sakakibara, H.;
Daniel-Vedele, F.; Krapp, A. The Arabidopsis nitrate transporter NRT2.5 plays a role in nitrate acquisition
and remobilization in nitrogen-starved plants. Plant J. 2014, 80, 230–241. [CrossRef]

26. Shin, R.; Schachtman, D.P. Hydrogen peroxide mediates plant root cell response to nutrient deprivation.
Proc. Natl. Acad. Sci. USA 2004, 101, 8827–8832. [CrossRef] [PubMed]

27. Queval, G.; Foyer, C.H. Redox regulation of photosynthetic gene expression. Philos. Trans. R. Soc. B Biol. Sci.
2012, 367, 3475–3485. [CrossRef] [PubMed]

28. Finkemeier, I.; Goodman, M.; Lamkemeyer, P.; Kandlbinder, A.; Sweetlove, L.J.; Dietz, K.L. The mitochondrial
type II peroxiredoxin F is essential for redox homeostasis and root growth of Arabidopsis thaliana under stress.
Biol. Chem. 2005, 280, 12168–12180. [CrossRef] [PubMed]

29. Galland, M.; Huguet, R.; Arc, E.; Cueff, G.; Job, D.; Rajjou, L. Dynamic proteomics emphasizes the importance
of selective mRNA translation and protein turnover during Arabidopsis Seed Germination. Am. Soc. Biochem.
Mol. Biol. 2014, 13, 252–268.

30. Hossain, M.S.; ElSayed, A.I.; Moore, M.; Dietz, K.J. Redox and reactive oxygen species network in acclimation
for salinity tolerance in sugar beet. J. Exp. Bot. 2017, 68, 1283–1298. [CrossRef]

http://dx.doi.org/10.1002/ptr.1722
http://dx.doi.org/10.1016/j.jep.2007.01.014
http://www.ncbi.nlm.nih.gov/pubmed/17291702
http://dx.doi.org/10.1016/j.jep.2007.10.031
http://dx.doi.org/10.1016/j.jep.2007.10.041
http://www.ncbi.nlm.nih.gov/pubmed/18078727
http://dx.doi.org/10.1016/j.bse.2019.103935
http://dx.doi.org/10.1038/s41598-018-38334-4
http://www.ncbi.nlm.nih.gov/pubmed/30742130
http://dx.doi.org/10.1038/s41598-018-37607-2
http://www.ncbi.nlm.nih.gov/pubmed/30765714
http://dx.doi.org/10.1007/s11738-011-0830-9
http://dx.doi.org/10.1186/s12859-015-0813-8
http://dx.doi.org/10.1186/1471-2105-12-323
http://www.ncbi.nlm.nih.gov/pubmed/21816040
http://dx.doi.org/10.1186/gb-2010-11-10-r106
https://www.r-project.org/
http://geneontology.org/
http://dx.doi.org/10.1038/75556
http://dx.doi.org/10.1111/tpj.12626
http://dx.doi.org/10.1073/pnas.0401707101
http://www.ncbi.nlm.nih.gov/pubmed/15173595
http://dx.doi.org/10.1098/rstb.2012.0068
http://www.ncbi.nlm.nih.gov/pubmed/23148274
http://dx.doi.org/10.1074/jbc.M413189200
http://www.ncbi.nlm.nih.gov/pubmed/15632145
http://dx.doi.org/10.1093/jxb/erx019


Int. J. Mol. Sci. 2020, 21, 7572 24 of 27

31. Maruta, T.; Tanouchi, A.; Tamoi, M.; Yabuta, Y.; Yoshimura, K.; Ishikawa, T.; Shigeoka, S. Arabidopsis
chloroplastic ascorbate peroxidase isoenzymes play a dual role in photoprotection and gene regulation under
photooxidative stress. Plant Cell Physiol. 2010, 51, 190–200. [CrossRef]

32. Kim, B.H.; Kim, S.Y.; Nam, K.H. Genes encoding plant-specific class III peroxidases are responsible for
increased cold tolerance of the brassinosteroid-insensitive 1 mutant. Mol. Cells 2012, 34, 539–548. [CrossRef]

33. Ozyigit, I.I.; Filiz, E.; Vatansever, R.; Kurtoglu, K.Y.; Koc, I.; Öztürk, M.X.; Anjum, N.A. Identification and
comparative analysis of H2O2 scavenging enzymes (Ascorbate peroxidase and glutathione peroxidase) in
selected plants employing bioinformatics. Front. Plant Sci. 2016, 7, 301. [CrossRef]

34. Pietrowska-Borek, M.; Katarzyna, N.; Małgorzata, Z.; Andrzej, G. Diadenosine polyphosphates (Ap3A
and Ap4A) behave as alarmones triggering the synthesis of enzymes of the phenylpropanoid pathway in
Arabidopsis thaliana. FEBS Open Biol. 2011, 1, 1–6. [CrossRef]

35. Wong, J.H.; Namasivayam, P.; Abdullah, M.P. The PAL2 promoter activities in relation to structural
development and adaptation in Arabidopsis thaliana. Planta 2012, 235, 267–277. [CrossRef]

36. Kolahi, M.; Jonoubi, P.; Majd, A.; Tabandeh, M.R.; Hashemitabar, M. Differential expression of phenylalanine
ammonia-lyase in different tissues of sugarcane (Saccharum officinarum L.) during Development. BioResources
2013, 8, 4912–4922. [CrossRef]

37. Raes, J.; Rohde, A.; Christensen, J.H.; Van de Peer, Y.; Boerjan, W. Genome-wide characterization of the
lignification toolbox in Arabidopsis. Plant Physiol. 2003, 133, 1051–1071. [CrossRef] [PubMed]

38. Hoffmann, L.; Maury, S.; Martz, F.; Geoffroy, P.; Legrand, M. Purification, cloning, and properties of an
acyltransferase controlling shikimate and quinate ester intermediates in phenylpropanoid metabolism.
J. Biol. Chem. 2003, 278, 95–103. [CrossRef] [PubMed]

39. Niggeweg, R.; Michael, A.J.; Martin, C. Engineering plants with increased levels of the antioxidant chlorogenic
acid. Nat. Biotechnol. 2004, 2, 746–754. [CrossRef]

40. Sonnante, G.; D’Amore, R.; Blanco, E.; Pierri, C.L.; De Palma, M.; Luo, J.; Martin, C. Novel
hydroxycinnamoyl-coenzyme a quinate transferase genes from artichoke are involved in the synthesis of
chlorogenic acid. Plant Physiol. 2010, 153, 1224–1238. [CrossRef] [PubMed]

41. The R Project for Statistical Computing. Available online: https://cran.r-project.org/web/packages/
SuperExactTest/index.html (accessed on 23 June 2018).

42. Bassham, D.C. Plant autophagy—More than a starvation response. Curr. Opin. Plant Biol. 2007, 10, 587–593.
[CrossRef] [PubMed]

43. Pérez-Pérez, M.E.; Lemaire, S.D.; Crespo, J.L. Reactive oxygen species and autophagy in plants and algae.
Plant Physiol. 2012, 160, 156. [CrossRef]

44. Hacquard, S.; Spaepen, S.; Garrido-Oter, R.; Schulze-Lefert, P. Interplay between innate immunity and the
plant microbiota. Annu. Rev. Phytopathol. 2017, 55, 565–589. [CrossRef]

45. Farzami-Shepher, M.; Ghorbanli, M. Effects of nutritional factors on the formation of anthraquinones in
callus cultures of Rheum ribes. Plant Cell Tissue Organ Cult. 2002, 68, 171–175. [CrossRef]

46. Mora-Izquierdo, A.; Nicasio-Torres, M.P.; Sepúlveda-Jiménez, G.; Cruz-Sosa, F. Changes in biomass allocation
and phenolic compounds accumulation due to the effect of light and nitrate supply in Cecropia peltata plants.
Acta Physiol. Plant. 2011, 33, 2135–2147. [CrossRef]

47. Thalineau, E.; Fournier, C.; Gravot, A.; Wendehenne, D.; Jeandroz, S.; Truong, H.N. Nitrogen modulation of
Medicago truncatula resistance to Aphanomyces euteiches depends on plant genotype. Mol. Plant Pathol. 2018,
19, 664–676. [CrossRef] [PubMed]

48. Cortes-Morales, J.A.; López-Laredo, A.R.; Zamilpa, A.; Bermúdez-Torres, K.; Trejo-Espino, J.L.; Trejo-Tapia, G.
Morphogenesis and secondary metabolites production in the medicinal plant Castilleja tenuiflora Benth.
Under nitrogen deficiency and starvation stress in a temporary immersion system. Rev. Mex. Ing. Química
2018, 17, 229–242. [CrossRef]

49. Clé, C.; Hill, L.M.; Niggeweg, R.; Martin, C.R.; Guisez, Y.; Prinsen, E.; Jansen, M.A. Modulation of chlorogenic
acid biosynthesis in Solanum lycopersicum; consequences for phenolic accumulation and UV-tolerance.
Phytochemistry 2008, 69, 2149–2156. [CrossRef] [PubMed]

50. Lallemand, L.A.; Zubieta, C.; Lee, S.G.; Wang, Y.; Acajjaoui, S.; Timmins, J.; McCarthy, A.A. A structural
basis for the biosynthesis of the major chlorogenic acids found in coffee. Plant Physiol. 2012, 160, 249–269.
[CrossRef]

http://dx.doi.org/10.1093/pcp/pcp177
http://dx.doi.org/10.1007/s10059-012-0230-z
http://dx.doi.org/10.3389/fpls.2016.00301
http://dx.doi.org/10.1016/j.fob.2011.10.002
http://dx.doi.org/10.1007/s00425-011-1506-9
http://dx.doi.org/10.15376/biores.8.4.4912-4922
http://dx.doi.org/10.1104/pp.103.026484
http://www.ncbi.nlm.nih.gov/pubmed/14612585
http://dx.doi.org/10.1074/jbc.M209362200
http://www.ncbi.nlm.nih.gov/pubmed/12381722
http://dx.doi.org/10.1038/nbt966
http://dx.doi.org/10.1104/pp.109.150144
http://www.ncbi.nlm.nih.gov/pubmed/20431089
https://cran.r-project.org/web/packages/SuperExactTest/index.html
https://cran.r-project.org/web/packages/SuperExactTest/index.html
http://dx.doi.org/10.1016/j.pbi.2007.06.006
http://www.ncbi.nlm.nih.gov/pubmed/17702643
http://dx.doi.org/10.1104/pp.112.199992
http://dx.doi.org/10.1146/annurev-phyto-080516-035623
http://dx.doi.org/10.1023/A:1013837232047
http://dx.doi.org/10.1007/s11738-011-0753-5
http://dx.doi.org/10.1111/mpp.12550
http://www.ncbi.nlm.nih.gov/pubmed/28296004
http://dx.doi.org/10.24275/uam/izt/dcbi/revmexingquim/2018v17n1/Cortes
http://dx.doi.org/10.1016/j.phytochem.2008.04.024
http://www.ncbi.nlm.nih.gov/pubmed/18513762
http://dx.doi.org/10.1104/pp.112.202051


Int. J. Mol. Sci. 2020, 21, 7572 25 of 27

51. Naveed, M.; Hejazi, V.; Abbas, M.; Kamboh, A.A.; Khan, G.J.; Shumzaid, M.; WenHua, L. Chlorogenic
acid (CGA): A pharmacological review and call for further research. Biomed. Pharmacother. 2018, 97, 67–74.
[CrossRef]

52. Clifford, M.N. Chlorogenic acids and other cinnamates–nature, occurrence and dietary burden. Sci. Food
Agric. 1999, 79, 362–372. [CrossRef]

53. Clifford, M.N.; Jaganath, I.B.; Ludwig, I.A.; Crozier, A. Chlorogenic acids and the acyl-quinic acids: Discovery,
biosynthesis, bioavailability and bioactivity. Nat. Prod. Rep. 2017, 34, 1391–1421. [CrossRef]

54. Panico, R.; Powell, W.H.; Richer, J.C. A Guide to IUPAC Nomenclature of Organic Compounds (Vol. 2); Blackwell
Scientific Publications: Oxford, UK, 1993.

55. Clifford, M.N. Chlorogenic acids and other cinnamates–nature, occurrence, dietary burden, absorption and
metabolism. J. Sci. Food Agric. 2000, 80, 1033–1043. [CrossRef]

56. Kremr, D.; Bajer, T.; Bajerová, P.; Surmová, S.; Ventura, K. Unremitting problems with chlorogenic acid
nomenclature: A review. Química Nova 2016, 39, 530–533. [CrossRef]

57. Kundu, A.; Vadassery, J. Chlorogenic acid-mediated chemical defence of plants against insect herbivores.
Plant Biol. 2019, 21, 185–189. [CrossRef]

58. Mills, C.E.; Oruna-Concha, M.J.; Mottram, D.S.; Gibson, G.R.; Spencer, J.P. The effect of processing on
chlorogenic acid content of commercially available coffee. Food Chem. 2013, 141, 3335–3340. [CrossRef]
[PubMed]

59. Ulbrich, B.; Zenk, M.H. Partial purification and properties of hydroxycinnamoyl-CoA: Quinate
hydroxycinnamoyl transferase from higher plants. Phytochemistry 1979, 18, 929–933. [CrossRef]

60. Villegas, R.J.; Kojima, M. Purification and characterization of hydroxycinnamoyl D-glucose. Quinate
hydroxycinnamoyl transferase in the root of sweet potato, Ipomoea batatas Lam. J. Biol. Chem. 1986, 261,
8729–8733. [PubMed]

61. Comino, C.; Hehn, A.; Moglia, A.; Menin, B.; Bourgaud, F.; Lanteri, S.; Portis, E. The isolation and mapping
of a novel hydroxycinnamoyltransferase in the globe artichoke chlorogenic acid pathway. BMC Plant Biol.
2009, 9, 30. [CrossRef]

62. Tuan, P.A.; Kwon, D.Y.; Lee, S.; Arasu, M.V.; Al-Dhabi, N.A.; Park, N.I.; Park, S.U. Enhancement of
chlorogenic acid production in hairy roots of Platycodon grandiflorum by over-expression of an Arabidopsis
thaliana Transcription Factor AtPAP1. Int. J. Mol. Sci. 2014, 15, 14743–14752. [CrossRef]

63. Hoffmann, L.; Besseau, A.; Geoffroy, P.; Ritzenthaler, C.; Meyer, D.; Lapierre, C.; Pollet, B.; Legranda, M.
Silencing of hydroxycinnamoyl-coenzyme a shikimate/quinate hydroxycinnamoyltransferase affects
phenylpropanoid biosynthesis. Plant Cell 2004, 16, 1446–1465. [CrossRef]

64. Eudes, A.; Pereira, J.H.; Yogiswara, S.; Wang, G.; Benites, V.T.; Baidoo, E.E.K.; Lee, T.S.; Adams, P.D.;
Keasling, J.D.; Loqué, D. Exploiting the substrate promiscuity of hydroxycinnamoyl-CoA: Shikimate
hydroxycinnamoyl transferase to reduce lignin. Plant Cell Physiol. 2016, 57, 568–579. [CrossRef]

65. Panchy, N.; Lehti-Shiu, M.; Shiu, S.H. Evolution of gene duplication in plants. Plant Physiol. 2016, 171,
2294–2316. [CrossRef]

66. Chang, J.; Luo, J.; He, G. Regulation of polyphenols accumulation by combined overexpression/silencing key
enzymes of phyenylpropanoid pathway. Acta Biochim. Biophys. Sin. 2009, 41, 123–130. [CrossRef]

67. Reichert, A.I.; He, X.Z.; Dixon, R.A. Phenylalanine ammonia-lyase (PAL) from tobacco (Nicotiana tabacum):
Characterization of the four tobacco PAL genes and active heterotetrameric enzymes. Biochem. J. 2009, 424,
233–242. [CrossRef]

68. Vanholme, R.; Storme, V.; Vanholme, B.; Sundin, L.; Christensen, J.H.; Goeminne, G.; Boerjan, W. A systems
biology view of responses to lignin biosynthesis perturbations in Arabidopsis. Plant Cell 2012, 24, 3506–3529.
[CrossRef] [PubMed]

69. Tsai, C.J.; Harding, S.A.; Tschaplinski, T.J.; Lindroth, R.L.; Yuan, Y. Genome wide analysis of the structural
genes regulating defense phenylpropanoid metabolism in Populus. New Phytol. 2006, 172, 47–62. [CrossRef]
[PubMed]

70. Shi, R.; Shuford, C.M.; Wang, J.P.; Sun, Y.H.; Yang, Z.; Chen, H.C.; Tunlaya-Anukit, S.; Li, Q.; Liu, J.;
Muddiman, D.C.; et al. Regulation of phenylalanine ammonia-lyase (PAL) gene family in wood forming
tissue of Populus trichocarpa. Planta 2013, 238, 487–497. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.biopha.2017.10.064
http://dx.doi.org/10.1002/(SICI)1097-0010(19990301)79:3&lt;362::AID-JSFA256&gt;3.0.CO;2-D
http://dx.doi.org/10.1039/C7NP00030H
http://dx.doi.org/10.1002/(SICI)1097-0010(20000515)80:7&lt;1033::AID-JSFA595&gt;3.0.CO;2-T
http://dx.doi.org/10.5935/0100-4042.20160063
http://dx.doi.org/10.1111/plb.12947
http://dx.doi.org/10.1016/j.foodchem.2013.06.014
http://www.ncbi.nlm.nih.gov/pubmed/23993490
http://dx.doi.org/10.1016/S0031-9422(00)91451-1
http://www.ncbi.nlm.nih.gov/pubmed/3722170
http://dx.doi.org/10.1186/1471-2229-9-30
http://dx.doi.org/10.3390/ijms150814743
http://dx.doi.org/10.1105/tpc.020297
http://dx.doi.org/10.1093/pcp/pcw016
http://dx.doi.org/10.1104/pp.16.00523
http://dx.doi.org/10.1093/abbs/gmn014
http://dx.doi.org/10.1042/BJ20090620
http://dx.doi.org/10.1105/tpc.112.102574
http://www.ncbi.nlm.nih.gov/pubmed/23012438
http://dx.doi.org/10.1111/j.1469-8137.2006.01798.x
http://www.ncbi.nlm.nih.gov/pubmed/16945088
http://dx.doi.org/10.1007/s00425-013-1905-1
http://www.ncbi.nlm.nih.gov/pubmed/23765265


Int. J. Mol. Sci. 2020, 21, 7572 26 of 27

71. de Jong, F.; Hanley, S.J.; Beale, M.H.; Karp, A. Characterization of the willow phenylalanine ammonia-lyase
(PAL) gene family reveals expression differences compared with poplar. Phytochemistry 2015, 117, 90–97.
[CrossRef]

72. Vanholme, R.; Cesarino, I.; Rataj, K.; Xiao, Y.; Sundin, L.; Goeminne, G.; Kim, H.; Cross, J.; Morreel, K.;
Araujo, P.; et al. Caffeoyl shikimate esterase (CSE) is an enzyme in the lignin biosynthetic pathway in
Arabidopsis. Science 2013, 6, 1103–1106. [CrossRef]

73. Escamilla-Treviño, L.L.; Shen, H.; Hernandez, T.; Yin, Y.; Xu, Y.; Dixon, R.A. Early lignin pathway enzymes
and routes to chlorogenic acid in switchgrass (Panicum virgatum L.). Plant Mol. Biol. 2014, 84, 565–576.
[CrossRef]

74. Ha, C.M.; Escamilla-Trevino, L.; Yarce JC, S.; Kim, H.; Ralph, J.; Chen, F.; Dixon, R.A. An essential role of
caffeoyl shikimate esterase in monolignol biosynthesis in Medicago truncatula. Plant J. 2016, 86, 363–375.
[CrossRef]

75. Saleme, M.; Cesarino, I.; Vargas, L.; Kim, H.; Vanholme, R.; Goeminne, G.; Van, R.A.; Fonseca, F.; Pallidis, A.;
Voorend, W. Silencing caffeoyl shikimate esterase affects lignification and improves saccharification. Plant
Physiol. 2017, 175, 1040–1057. [CrossRef]

76. Liu, Q.; Luo, L.; Zheng, L. Lignins: Biosynthesis and biological functions in plants. Int. J. Mol. Sci. 2018,
19, 335. [CrossRef]

77. Murashige, T.; Skoog, F. A revised medium for rapid growth and bioassay with tobacco tissue culture. Physiol.
Plant. 1962, 15, 473–497. [CrossRef]

78. Juárez-Trujillo, N.; Jiménez-Fernández, V.M.; Guerrero-Analco, J.A.; Monribot-Villanueva, J.L.; Jiménez
Fernandez, M. Caracterización del aceite y harina obtenido de la semilla de uva silvestre (Vitis tiliifolia). Rev.
Mex. Cienc. Agrícolas 2017, 8, 1113–1126. [CrossRef]

79. Guijas, C.; Montenegro-Burke, J.R.; Domingo-Almenara, X.; Palermo, A.; Warth, B.; Hermann, G.; Wolan, D.W.
METLIN: A technology platform for identifying knowns and unknowns. Anal. Chem. 2018, 90, 3156–3164.
[CrossRef] [PubMed]

80. Monribot-Villanueva, J.L.; Elizalde-Contreras, J.M.; Aluja, M.; Segura-Cabrera, A.; Birke, A.;
Guerrero-Analco, J.A.; Ruiz-May, E. Endorsing and extending the repertory of nutraceutical and antioxidant
sources in mangoes during postharvest shelf life. Food Chem. 2019, 285, 119–129. [CrossRef] [PubMed]

81. Jayasena, A.S.; Secco, D.; Bernath-Levin, K.; Berkowitz, O.; Whelan, J.; Mylne, J.S. Next generation sequencing
and de novo transcriptomics to study gene evolution. Plant Methods 2014, 10, 34. [CrossRef]

82. Xiao, M.; Zhang, Y.; Chen, X.; Lee, E.; Barber, C.J.S.; Chakrabarty, R.; Desgagné-Penix, I.; Haslam, T.M.;
Kim, Y.; Liu, E. Transcriptome analysis based on next-generation sequencing of non-model plants producing
specialized metabolites of biotechnological interest. Biotechnology 2013, 166, 122–134.

83. GitHub. Available online: https://github.com/Czh3/NGSTools/blob/master/qualityControl.py (accessed on
10 October 2017).

84. GitHub. Available online: https://github.com/jstjohn/SeqPrep (accessed on 13 November 2017).
85. Grabherr, M.G.; Haas, B.J.; Yassour, M.; Levin, J.Z.; Thompson, D.A.; Amit, I.; Adiconis, X.; Fan, L.;

Raychowdhury, R.; Zeng, Q.; et al. Trinity: Reconstructing a full-length transcriptome without a genome
from RNA-Seq data. Nat. Biotechnol. 2011, 29, 644–652. [CrossRef]

86. Sourceforge. Available online: https://sourceforge.net/projects/seqclean/ (accessed on 18 November 2017).
87. Sourceforge. Available online: http://deconseq.sourceforge.net/manual.html (accessed on 28 November 2017).
88. Altschul, S.F.; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.J. Basic local alignment search tool. Mol. Biol.

1990, 215, 403–410. [CrossRef]
89. Edgar, R.C. MUSCLE: Multiple sequence alignment with high accuracy and high throughput. Nucleic Acids

Res. 2004, 32, 1792–1797. [CrossRef]
90. Birney, E.; Andrews, T.D.; Bevan, P.; Caccamo, M.; Chen, Y.; Clarke, L.; Down, T. An overview of Ensembles.

Genome Res. 2004, 14, 925–928. [CrossRef]
91. The National Center for Biotechnology Information (NCBI News). Available online: www.ncbi.nlm.nih.gov/

Web/Newsltr/Spring04/blastlab.html (accessed on 24 May 2018).
92. The National Center for Biotechnology Information (NCBI). Available online: https://www.ncbi.nlm.nih.gov

(accessed on 27 September 2017).
93. Langmead, B.; Salzberg, S.L. Fast gapped-read alignment with Bowtie 2. Nat. Methods 2012, 9, 357–359.

[CrossRef]

http://dx.doi.org/10.1016/j.phytochem.2015.06.005
http://dx.doi.org/10.1126/science.1241602
http://dx.doi.org/10.1007/s11103-013-0152-y
http://dx.doi.org/10.1111/tpj.13177
http://dx.doi.org/10.1104/pp.17.00920
http://dx.doi.org/10.3390/ijms19020335
http://dx.doi.org/10.1111/j.1399-3054.1962.tb08052.x
http://dx.doi.org/10.29312/remexca.v8i5.112
http://dx.doi.org/10.1021/acs.analchem.7b04424
http://www.ncbi.nlm.nih.gov/pubmed/29381867
http://dx.doi.org/10.1016/j.foodchem.2019.01.136
http://www.ncbi.nlm.nih.gov/pubmed/30797326
http://dx.doi.org/10.1186/1746-4811-10-34
https://github.com/Czh3/NGSTools/blob/master/qualityControl.py
https://github.com/jstjohn/SeqPrep
http://dx.doi.org/10.1038/nbt.1883
https://sourceforge.net/projects/seqclean/
http://deconseq.sourceforge.net/manual.html
http://dx.doi.org/10.1016/S0022-2836(05)80360-2
http://dx.doi.org/10.1093/nar/gkh340
http://dx.doi.org/10.1101/gr.1860604
www.ncbi.nlm.nih.gov/Web/Newsltr/Spring04/blastlab.html
www.ncbi.nlm.nih.gov/Web/Newsltr/Spring04/blastlab.html
https://www.ncbi.nlm.nih.gov
http://dx.doi.org/10.1038/nmeth.1923


Int. J. Mol. Sci. 2020, 21, 7572 27 of 27

94. Li, L.; Stoeckert, C.J.; Roos, D.S. OrthoMCL: Identification of ortholog groups for eukaryotic genomes.
Genome Res. 2003, 13, 2178–2189. [CrossRef] [PubMed]

95. Enright, J.A.; Van Dongen, S.; Ouzounis, C.A. An efficient algorithm for large-scale detection of protein
families. Nucleic Acids Res. 2002, 30, 7. [CrossRef] [PubMed]

96. MetaCyc Metabolic Pathway Database. Available online: https://metacyc.org/ (accessed on 11 February 2018).
97. Guindon, S.; Gascuel, O. A simple, fast, and accurate algorithm to estimate large phylogenies by maximum

likelihood. Syst. Biol. 2003, 52, 696–704. [CrossRef] [PubMed]
98. Guidon, M.; Hutter, J.; VandeVondele, J. Auxiliary density matrix methods for hartree−fock exchange

calculations. Chem. Theory Comput. 2010, 6, 2348–2364. [CrossRef] [PubMed]
99. Anisimova, M.; Gascuel, O. Approximate likelihood-ratio test for branches: A fast, accurate, and powerful

alternative. Syst. Biol. 2006, 55, 539–552. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1101/gr.1224503
http://www.ncbi.nlm.nih.gov/pubmed/12952885
http://dx.doi.org/10.1093/nar/30.7.1575
http://www.ncbi.nlm.nih.gov/pubmed/11917018
https://metacyc.org/
http://dx.doi.org/10.1080/10635150390235520
http://www.ncbi.nlm.nih.gov/pubmed/14530136
http://dx.doi.org/10.1021/ct1002225
http://www.ncbi.nlm.nih.gov/pubmed/26613491
http://dx.doi.org/10.1080/10635150600755453
http://www.ncbi.nlm.nih.gov/pubmed/16785212
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Effect of Nitrate Starvation on the Proliferation Kinetics of C. obtusifolia Cells 
	Determination of Phenolic Compounds by Targeted Metabolomics 
	Identification of Chemical Markers by Untargeted Metabolomics Analysis 
	Construction of the Unigene Set Generated from RNA Isolated from C. obtusifolia Cell Suspensions 
	Annotation and Functional Categorization of the C. obtusifolia Transcriptome 
	Identification of C. obtusifolia Genes Differentially Expressed in Response to Nitrate Starvation 
	Gene Ontology Enrichment Analysis of the DEGs 
	Identification of Orthologous Genes and Search for Unigenes of C. obtusifolia Encoding Enzymes Involved in CGA Synthesis 

	Discussion 
	Evaluation of Cell Proliferation of Cell Cultures in C. obtusifolia Suspension 
	Identification of CGA by Chemical-Analytical Analysis 
	Induction of CGA Biosynthesis in Nitrate Deficiency 
	Description of the CGA Biosynthetic Route from Chemical-Analytical and Theoretical-Computational Analyses 

	Conclusions 
	Materials and Methods 
	Callus and Cells in Suspension Cultures 
	Temporal Kinetics of Cells in Suspension 
	Quantitative Analysis of Methanolic Extracts by HPLC 
	Quantitative Analysis of Phenolic Compounds by Targeted Metabolomics Approach 
	Identification of Chemical Markers by Untargeted Metabolomics Analysis 
	De Novo Transcriptome Assembly 
	Identification and Annotation of Protein Coding Regions 
	Expression Profiles and Identification of Differentially Expressed Genes (DEGs) 
	Identification of Orthologous Genes 
	Phylogenetic Trees 

	References

