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Published for the first time in 2012, Plants will celebrate its 10th anniversary. To mark
this significant milestone and celebrate the achievements made throughout the years, we
intend to publish a Special Issue entitled “10th Anniversary of Plants—Recent Advances
and Perspectives”. In the past decade, the continuous support of the authors, editors, and
reviewers, as well as the readers, has resulted in noteworthy success and the achievement
of a common goal, as well as the sustained reputation of Plants in the world of science. In
parallel with the development of our journal, great success has also been achieved across
the field of plant science itself, from the molecular to the ecosystem level, and many new
findings are based on new methodological approaches. Apart from the fact that this Special
Issue will serve as a celebration of the anniversary, it should also serve as a guide for
discoveries in plant science and thus for the development of the journal.

This anniversary Special Issue contains 101 papers, the majority comprising articles
(77 papers), followed by reviews (20 papers), communications (3 papers), and one protocol.
The number of citations for this 10th anniversary Special Issue papers should be emphasized
on this occasion; in the first year, this value has already reached almost 400, thereby
confirming the importance and scientific impact of this collection as well as predicting an
enviable future. Over 600 authors from all over the world contributed to the published
papers of this Special Issue. Considering the satisfactory quality and diversity of the
submissions, seven papers received the “featured” status, including four articles [1-4]
and two reviews [5,6]. This status is awarded under very strict criteria defined by the
publication policy of Plants. “Feature papers represent the most advanced research with
significant potential for high impact in the field. A Feature Paper should be a substantial
original Article that involves several techniques or approaches, provides an outlook for
future research directions and describes possible research applications. Feature papers are
submitted upon individual invitation or recommendation by the scientific editors and must
receive positive feedback from the reviewers.” The number of papers with this status in
relation to the total number of papers indicates the enviable scientific quality and impact
of this Special Issue. The Plants editorial team practices the “Editor’s Choice” option.
“Editor’s Choice articles are based on recommendations by the scientific editors of MDPI
journals from around the world. Editors select a small number of articles recently published
in the journal that they believe will be particularly interesting to readers, or important in the
respective research area. The aim is to provide a snapshot of some of the most exciting work
published in the various research areas of the journal.” This status was deservedly awarded
to four papers, two articles [7,8], one review paper [9], as well as one protocol-type paper
in this Special Issue [10]. An indispensable opportunity was to recognize the best paper
from the 10th anniversary Special Issue. This complex task was assigned to the editors in
charge of the issue. Scientific rigor, significance, citation, and originality were assessed in
detail for all papers in the Special Issue. After that, the paper with the highest marks was
announced [11].

During the establishment of the 10th anniversary Special Issue of Plants, no specific
topic was defined, but all potential papers which were within the aims and scope of

Plants 2023, 12, 1696. https:/ /doi.org/10.3390/plants12081696 https:/ /www.mdpi.com/journal /plants
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Plants were considered, and, based on that, the Special Issue was entitled “10th Anniver-
sary of Plants—Recent Advances and Further Perspectives”. The published papers are
characterized by great diversity concerning the topics in plant sciences, reflecting recent
developments and the main trends, particularly in plant molecular biology and physiology,
genetics, and phytochemistry. Though a complex task, based on the main topic, objects
of research, as well as the contribution of the results, it was possible to categorize the
papers into several groups. One group of papers is dedicated to molecular biology and the
physiology of plants, applying modern molecular methodological approaches, cell biology,
microbiology, etc., where molecular and physiological processes, interactions, stress resis-
tance, etc. are elucidated. This group includes articles [1,2,7,12-26], communications [27,28],
and review papers [5,6,11,29-34] with significant results applicable both in science and
practice. The biology and ecology of plant secondary metabolites, their identification, and
biological and therapeutic activity from different aspects of the phytochemistry of edible,
aromatic, medicinal, or potentially medicinal plants are represented in a significant number
of articles [3,8,35-49], as well as review papers [9,50,51]. The morphology and systematics
of plants, as well as taxonomic methods, are also the subject of significant articles [52-56]
and one review paper [57]. A similar number of papers are devoted to the scientific and
practical aspects of ecology and the environment, comprising several articles [4,58-61] and
one review [62]. The diversity of the topics of the Special Issue indicates the significant
representation of agricultural plants in the trends of plant science. Physiology, molecular
biology, and genetics, with a special aspect on the biotechnological approach, are covered
in an impressive number of papers, such as articles [63-94], communications [95], and
reviews [96-101], as well as the protocol described [10].

The abovementioned information illustrates the twofold significance of this Special
Issue. It is a culmination of ten years of efforts to improve the quality of Plants and, at
the same time, serves as a general overview of the achievements of plant sciences in the
current period. I would like to take this opportunity to thank all the authors on behalf of the
editorial office, especially for their interest in participating and willingness to share their
experiences in science, as well as for the high-quality contributions submitted. We would
like to thank the numerous reviewers for their valuable comments, which contributed to
the quality of the published articles and thus to the overall quality of the Special Issue.

In terms of gratitude, it is imperative to note that the realization of the Special Issue
was only possible thanks to the cooperation and dedication of the Special Issue editorial
team—Prof. Dr. Milan Stankovi¢ (University of Kragujevac, Kragujevac, Serbia), Prof.
Dr. Paula Baptista (Mountain Research Centre—CIMO, Braganga, Portugal), and Prof. Dr.
Petronia Carillo (University of Campania Luigi Vanvitelli, Caserta, Italy). I would also like
to thank the Plants editorial office, especially Ms. Sumi Sun, for their collaboration and
guidance during the initiation, review, and editing process of the issue.

It has been my great pleasure to invest time and effort in editing this special issue, as
well as to contribute over the past decade in the positions of assistant and associate editor
of Plants.
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Abstract: Perenniality, the ability of plants to regrow after seed set, could be introgressed into
cultivated rye by crossing with the wild relative and perennial Secale strictum. However, studies in the
past showed that Secale cereale x Secale strictum-derived cultivars were also characterized by reduced
fertility what was related to so called chromosomal multivalents, bulks of chromosomes that paired
together in metaphase I of pollen mother cells instead of only two chromosomes (bivalents). Those
multivalents could be caused by ancient translocations that occurred between both species. Genetic
studies on perennial rye are quite old and especially the advent of molecular markers and genome
sequencing paved the way for new insights and more comprehensive studies. After a brief review of
the past research, we used a basic QTL mapping approach to analyze the genetic status of perennial
rye. We could show that for the trait perennation 0.74 of the genetic variance in our population
was explained by additively inherited QTLs on chromosome 2R, 3R, 4R, 5R and 7R. Fertility on the
other hand was with 0.64 of explained genetic variance mainly attributed to a locus on chromosome
5R, what was most probably the self-incompatibility locus S5. Additionally, we could trace the Z
locus on chromosome 2R by high segregation distortion of markers. Indications for chromosomal
co-segregation, like multivalents, could not be found. This study opens new possibilities to use
perennial rye as genetic resource and for alternative breeding methods, as well as a valuable resource
for comparative studies of perennation across different species.

Keywords: Secale cereale; Secale montanum; Secale strictum; QTL mapping; molecular marker; self-
incompatibility; fertility; seed set

1. Introduction

In 2019, rye was grown on about 4.2 million hectares worldwide resulting in an overall
production of about 12.8 million tons [1]. This data, however, must be mainly based
on annual rye (Secale cereale L.) because only a limited number of perennial rye (Secale
cereale x Secale strictum) cultivars were available and to our knowledge the last breeding
efforts were done more than a decade ago. According to the original habitat of Secale
strictum Presl. (syn. Secale montanum Guss.) in dry, stony or sandy mountain areas or as
weed in or along cultivated fields [2], the breeding goal for perennial rye was to develop
cultivars for poor and sandy soils that could be used as forage [3-5] or as soil cover and
(especially winter) pasture for solely grazed areas [6] or combined as fodder and grain
crop in low-input farming [7,8]. Beside high drought (and cold) tolerance more traits of
S. strictum were interesting for breeding: large root systems, high tillering capacity, weed
suppression, pest resistances, tolerance to (heavy) metals like nickel, zinc, aluminum and
manganese and high protein content of kernels [2,9-11].

Secale cereale x Secale strictum crosses aiming for establishing perennial rye culti-
vars were made by several groups worldwide. Reimann-Phillipp in Germany released
two tetraploid varieties ‘Permontra’ (winter type) and ‘Sopertra’ (spring type) and pro-
duced diploid breeding material that did not reach official variety registration [8], but
was used in this study. Kruppa and Kotvics in Hungary released the varieties ‘Kriszta’
and ‘Perenne’ [3,5] and Myers in Australia produced the (non-registered) cultivar ‘Black
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Mountain’ [6]. The Letbridge Research and Developmental Centre in Canada developed
the cultivar “ACE-1" based on selections derived from Reimann-Philipp [4].

Compared to the annual S. cereale, all breeding efforts were confronted with fragile
rachis (brittle ear), low grain yields, loose stands especially in the years after first harvest,
low fertility, long periods of flowering and ripening and high ergot infections arising
as consequence of the latter two in combination with wet weather conditions [4-8,10].
Crossing barriers between S. cereale and S. strictum were the main reason for the low
fertility and cytological studies of pollen mother cells (PMCs) revealed abnormalities. In
metaphase I (or anaphase) of the PMCs, where the sister chromatids usually pair together
(= seven bivalents), often a multivalent of six chromatids (= three chromosomes in ring or
line formation) plus four bivalents (= four chromosomes) was found and this indicated
(two) translocations on the three multivalent-forming chromosomes (Figure 1a) [12-16].
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Figure 1. Visualization of multivalents in S. cereale x S. strictum progenies according to results from Stutz [17]. (a) In

S. cereale x S. strictum a multivalent of six chromatids could be detected in metaphase I of pollen mother cells. This was

caused by translocations between three chromosomes of the two parental species (in color). Following [17], the numbers

indicate the chromosomal assignment, the black framing of the chromosomes indicates a potential duplication and the

dashed line the separation point for chromosomal line configurations that were also observed. (b) In an F,-generation, in

rare cases also multivalents with four chromatids could be observed. This could be explained by a crossing over within

the ring conformation (top). When the resulting gametes (two possible configurations) were then combined with S. cereale

gametes, two differently composed four-chromosome multivalents could be formed and another two different compositions

would be possible when they would be combined with the S. strictum gametes. Here, only the combination with S. cereale
gametes is shown and more details can be found in [17].



Plants 2021, 10, 1210

With low frequency, even more chromosomal constitutions could be identified in
the progenies [12-14,16], however, some of the results had to be questioned [17] because
S. strictum accessions that were used showed multivalents also for plants of wild S. strictum,
which was in disagreement with the other authors listed before. The phenomenon of
multivalent formations and explanations for the different constitutions were best described
in Stutz [18] and Dierks and Reimann-Philipp [19]. The important link between low fertility
and chromosomal translocations was the assumption that DNA of all seven chromosomes
was required for a viable gamete. The arbitrary segregation of the six multivalent chromo-
somes would only result in fertile gametes when all three chromosomes of a single parental
species would segregate together. If the arbitrary segregation of the chromosomes of the
multivalent was considered, Dierks and Reimann-Philipp [19] calculated that functional
chromosomal constitutions could be expected in 25 percent of the cases only. Additional
fertility problems of S. strictum and potential fertile abnormal chromosomal constitutions
may had influenced this theoretical ratio in a way that fertility assessment of microga-
metes (pollen) and macrogametes (kernels/inflorescences) often exceeded the theoretical
expectation calculated from chromosomal segregation ratios [12,19].

Aside of cytogenetically caused non-fertility in the S. cereale x S. strictum progenies,
we added another fertility-related factor in our experiment by crossing a self-incompatible
S. cereale X S. strictum genotype with a self-fertile inbred line. The cultivated rye S. cereale is
generally a self-incompatible cross-pollinating species, but self-fertile genotypes (resulting
in inbred lines) were developed by recurrent selection of partially self-fertile plants detected
in extremely large populations (N > 50,000) [20]. The self-incompatibility in rye has been
referred to gametophytic mechanisms and interaction of two loci named S and Z [21] and
two loci on chromosome 1R and 2R have been referred to those genes [22-24]. The genes for
self-fertility (or pseudocompatibility) have been referred to the same loci [25,26] and self-
fertility can be interpreted as special allele Sf of the self-incompatibility locus [27,28]. Aside
of the S and Z loci (= S1 and S2 loci), a further self-fertility locus S5 was located on chromo-
some 5R [28,29]. Even more dominant self-fertility genes were found on chromosomes 1R,
4R, 5R and 6R [29].

Based on microscopic studies, the chromosomes involved in multivalent formation
were referred to 2R, 6R and 7R [8] and due to the reasons listed before, the identification of
any gene thereon would be challenging. For the perennial habit (perenniality), Dierks and
Reimann-Philipp [19] concluded that a major (dominant) gene P was located on one of the
respective chromosomes. The fertility problems of all the breeding attempts with S. cereale
x S. strictum progenies did support this hypothesis and the only disagreement with this
theory coming from Stutz [18], could be regarded to the misinterpretation of the perennial
phenotype. Other traits like the fragile rachis (“brittle ears”) typical for S. strictum, or
spring/winter type (vernalization requirement for flower induction) when crossed with
spring-type S. cereale were inherited independently from the multivalent according to
Dierks and Reimann-Philipp [19], however, also close correlation of perenniality and
fragile rachis had been observed in experiments where only 1% of the Fp-plants showed
perenniality without fragile rachis [20].

Nevertheless, recombination was also observed between the homologous chromo-
somal segments of the multivalent. Thus, if the perenniality gene P would be located at
a (distal) chromosomal position where still recombination occurred, it must be possible
to identify perennial S. cereale recombinants. If there would be no crossing over between
a P-carrying S. strictum chromosome and a S. cereale chromosome resulting in viable ga-
metes, the mapping of the perenniality gene would be impossible with classical crossing
experiments and consequently, the breeding of fertile perennial rye varieties would require
homozygosity for all three translocated S. strictum chromosomes [18,19]. Even further,
any introgression of S. cereale would disturb this configuration and lead again to a high
percentage of non-viable gametes and hence reduced fertility. However, Stutz [18] found
another multivalent constitution by analyzing a F, generation. There, single genotypes
showed pollen mother cells with only four chromatids (=2 chromosomes) and five re-
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maining bivalents in metaphase I. This could be explained by a crossing over across the
six-chromatid ring multivalent in the F; plants (Figure 1b). These configurations would be
especially valuable for genetic studies and breeding, because two possible configurations
of four-chromosome multivalents with different chromosomes involved could theoretically
occur (Figure 1b) and thus it would allow to identify the respective chromosomes and with
further crossing and recombination steps also the gene loci.

To our knowledge, the last genetic studies of perennial rye were at the methodological
level of chromosome microscopy, but perenniality (and fertility) was also studied in other
cereals (rice, sorghum, maize, wheat) and their perennial wild relatives by means of
molecular markers [30-36] and sequence based genomics and transcriptomics [37-40]. All
those studies showed that the genetics of perenniality was highly complex. Several QTLs
and even more gene candidates, of which often several could be located in one single QTL
were found. Interestingly, almost all loci that were identified independently in the separate
species could be connected through syntenic gene motifs (DNA and protein sequences)
across the species, showing that this trait was highly conserved between the species.

For this study, a F, population originating from crossing an annual and self-fertile
inbred line with a perennial and self-incompatible plant from an improved perennial
population that was originally derived from breeding material of Reimann-Philipp [8] was
phenotypically assessed for perenniality and fertility and genomically with an Infinium
iSelect 10K SNP-chip. At first, we present the phenotypes for both traits separately and
the relation between them, then results from studying the pure marker data in regard to
multivalents and other abnormalities and finally the QTL-mapping results for both traits.

2. Results
2.1. Phenotype

For both traits, perenniality and fertility, a high amount of genetic variance was
observed (Table 1). Perenniality (1-9) was assessed at two sites, but the maximum value
of 9 was only recorded once for a single plant and the maximum calculated BLUE was 8
(Figure 2). Most of the phenotypic variance was explained by the genotype, but also the
genotype—location interaction was high (Table 1).

Table 1. Variance components (Var.comp.) with standard errors (St. Error) and entry-mean heritability
(H?2) for the traits perenniality (scored in 1-9 scale) and fertility (scored from 0 to 100%). Fertility was
assessed in one location and hence some factors could not be assessed (n.a.).

Perenniality (1-9) Fertility (0-100%)
Var. Comp. St. Error Var. Comp. St. Error
Location (L) 0.22 0.39 n.a. n.a.
Replicate 0.08 0.09 2.6 4.4
Genotype (G) 3.72 0.51 313.7 38.9
GxL 1.18 0.21 n.a. n.a.
Residual 1.39 0.10 94.9 9.5
H? 0.81 0.87

The lowest observation for fertility was 10%, but only a few plants showed this low
fertility and all estimated BLUES were higher than 20% (Figure 2). Most of the phenotypic
variance was explained by the genotype but no genotype-location interaction could be
calculated. For both traits, the entry-mean heritability was high (0.81 and 0.87) but the
phenotypic distributions were non-normal (Figure 2). Correlation between both traits was
only moderate (0.37). This and the observation of highly perennating genotypes combined
with high fertility (Figure 2) indicated an incomplete linkage of both traits. The opposite
off-correlation extreme, no perenniality and low fertility, could not be found indicating that
still the annual genotypes were the most fertile.

10



Plants 2021, 10, 1210

35 Perenniality (1-9)

25 1

20 -
cor =-0.37***

Frequency

15 +

10

Frequency -

[N ]
@ ™~
L |

~ 60

Qo O O © O
n < O N -
| | | | |

100
1

90

Fertility (0-100%)
60
!

40
1
.
L
L

T
0
l

L]

.

L]

LSDsge, [ 1]

N

Figure 2. Histograms and correlation plot based on the estimated genotypic means (best linear
unbiased estimators, BLUES) of perenniality (scored from 1 to 9) and non-fertility (scored from 0 to
100%). The calculated correlation (cor) was estimated to be —0.37 and highly significant with o« < 1%
(***). The least-significant differences (LSD) on « < 5% significance level were plotted as bars in the
bottom-left corner of the correlation plot.

2.2. Marker Studies

The study of pure marker data had two purposes. Firstly, this was the basis for QTL
mapping and secondly, we could use it to find indications for chromosomal abnormalities
like multivalents that would had directly influenced fertility. We could successfully apply
the Infinium iSelect SNP chip that was initially developed for S. cereale, for a S. cereale x
S. strictum population. After filtering, 2641 markers remained from the 10K SNP assay
and entered into the analysis. Caused by the few possible recombination events generally
observable in Fp-generations, 2314 markers were intercorrelated with one (=redundant),
many in several combinations, resulting in 789 unique markers. For those, the “A” marker
allele had a frequency of 25.5% on average, the “B” allele of 22.8%, the heterozygous of
51.5% and the missing values 0.1%. A linkage map could be constructed and except for
some chromosomal regions, it covered the full genome when compared with overlap-
ping markers (n = 812) from a previously published linkage map [41] (Figure 3). Some
chromosomal regions (on 2R, 3R, 5R and 7R) were less covered with molecular markers
compared to the previously published map (Figure 3). However, the map from Bauer
et al. [41] had many more markers (N = 87,820) and no (large) differences in the marker
order of both maps were observed so that our map was still considered sufficient for the
linkage mapping.

11
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Figure 3. Chromosome-wise comparison of a linkage map constructed from the marker data analyzed
here (Perennial, left) with a previously published linkage map [41] (right). Overlapping markers of
the respective linkage groups (1R-7R) are connected by lines. For comparisons of the absolute sizes
in cM, an arrow indicating the chromosomal order with a length of 100 cM is displayed in the left of
the plot. The number of markers in each linkage group of the constructed linkage map (Perennial) is

reported (n).

The largest gap on the top arm of chromosome 2R was also characterized by high
segregation distortion, where the “B” marker alleles were reduced to zero resulting in a
1:1 ratio for the “A” and “H” allele. The full reduction of the “B” marker allele at zero
could not be visualized in Figure 4, because we filtered the marker data set in a first step
(before linkage map construction). If we used a linkage map based on other material
like the one from Bauer et al. [41], the gap would be flanked by the markers isotig16940
at 114.7cM and C3277_855 at 124.3 cM. We referred this locus to the self-incompatibility
locus Z [23,24] what is probably equal to the self-fertility locus S2 [25,26]. The missing
of the “B” allele and segregation ratio of 1:1 for the “A” and “H” allele agreed well with
a self-fertility model with pollen compatibility [28] and previously reported segregation
ratios [25]. Segregation distortion to a lower extend could also be observed at the top
arms of chromosome 4R and 6R, but it was considered irrelevant for following results.
The successful construction of a linkage map was also an indicator that the linkage of
markers was not influenced by chromosomal segregation abnormalities like multivalents.
We further correlated all markers with each other and did not find any high correlation
between markers of certain chromosomes (Figure S1) like it would be expected if only a
certain parental chromosome (chromatid) combination would result in fertile gametes as
proposed for example by Stutz [18] (Figure 1a).

12
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Figure 4. (a) Test of markers allele frequencies for distortion from the expected 1:2:1 (A, H, B) ratio of markers on the seven
linkage groups (1R-7R). The -logg of a Chi-square test is displayed. The horizontal dashed line gives a (unadjusted) global
5% threshold level. (b) The allele frequency for the respective marker alleles (A, H, B) are displayed (red, green, blue) along
the chromosomes. The horizontal lines give the expected frequencies 0.25 for the homozygous state (A, B) and 0.5 for the
heterozygous state (H). The lines were drawn by connecting single marker-based estimates.

2.3. Mapping

To detect markers associated with perenniality or fertility, we tested different proce-
dures (scans) without marker cofactors and with differently selected cofactors and results
were presented in Table 2 and Figures S2-57, marker sequences can be found in Table S1.
The cofactors and cofactor selection methods only marginally influenced the mapping
results. Difference in detected loci between the methods could only be observed for the
markers that explained the least variance in single marker fits (QTL-Fla, QTL-F1b, QTL-P2,
QTL-P2).

For perenniality, three QTL were consistently found by all methods (Table 2). They
were located on chromosome 4R (QTL-P4), chromosome 5R (QTL-P5) and chromosome
7R (QTL-P7). Those QTLs also explained most of the genetic variance, each 0.16, 0.23 and
0.24, respectively. The effects for the first two were mainly codominant with effect sizes of
1.15 and 1.34, whereas the latter was dominant (d effect = cd effect) or even over-dominant
(d effect > cd effect), i.e., having a codominant effect of 0.64 and a dominant effect 1.61.
All QTL (QTL-P2 to QTL-P7) were highly additive as the explained genetic variance of
a model with markers from all QTL together was 0.74 and exactly the same as when
explained variances of the single marker fits would be summed up. When combinations of
the three QTLs explaining most of the variance (QTL-P4, QTL-P5, QTL-P7) were compared
(Figure 5a), the genotypes having all three wild type alleles (H or B) had the highest peren-
niality followed by genotypes with two wild type alleles of which the combinations of
QTL-P4 with QTL-P5 and QTL-P5 with QTL-P7 were on average higher than the combina-
tion of QTL-P4 with QTL-P7 (Figure 5a). However, for all combinations also genotypes
with only little or even no perennation could be found (Figure S8).
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Figure 5. Genotypic means for perenniality (a) and fertility (b) clustered by marker alleles A, H and B (x-axis) of the most
significant markers in the respective QTLs. For perenniality (a) the H and B allele was combined in one group (H|B) and all

genotype means were additionally plotted as dots in the boxplot display (box at first and third quartile with median in

center). The number of genotypes with the respective marker allele combinations is written above the x-axis within the plot.

The trait fertility was mainly explained by a major QTL (QTL-F5) on chromosome
5R explaining 0.64 of the genetic variance (Table 2, Figure 5b). The codominant effect was
—18.4 and the dominant effect with 14.9 almost as high as the codominant. The negative
effect size indicated that the A allele (inbred line) was leading to higher fertility (Figure 5b).
More QTLs (QTL-Fla, QTL-F1b, QTL-F4) on chromosome 1R and 4R could be found. The
additional QTLs explained only 0.06 to 0.13 of the genetic variance, had smaller (negative)
effect sizes and the (positive) dominant effects of QTL-Fla and QTL-F1b again indicated
the fertility to be dominantly inherited by the parental A allele for those two loci.

Additionally to this basic QTL mapping approach, we studied epistatic effects in
terms of marker—marker interactions (Figures 59-S14) and to detect those, all possible
combinations with cd-cd, d-d and cd-d marker interactions were tested in a model with the
same markers as single (cd and d) main effects simultaneously. As this resulted in many
more tests, we adjusted the global significance threshold. With this stricter threshold no
significant marker-marker interactions could be found, except of some single neighboring
markers on chromosome 4R with cd-d interaction being significant. Nevertheless, for both
traits several chromosomal regions showed high p-values for marker-marker interactions,
but only a few were associated with the main QTLs we found. We concluded that with the
given study set-up (population size and phenotypic error) we could not infer any useful
conclusion regarding epistasis. Anyway, a detailed visualization can be found in Figures
59-514. We also estimated explained covariance of both traits for the respective QTLs,
but the explained covariance estimated for each QTL (Table 2) was generally low and the
largest influence on the explained genetic covariance for a single marker were QTL-F4,
QTL-F5, QTL-P4 and QTL-P5 with values between 0.25 and 0.39 each.

3. Discussion

Our study revealed new insights into perenniality and fertility of S. cereale x S. strictum
progenies and we could show that perenniality was a complex trait with several QTLs
involved compared to fertility (or non-fertility) which was mainly caused by a self-fertility
allele at a self-incompatibility locus coming from the perennial parent. We could not find
any indications for abnormalities in chromosomal segregation (multivalents) and their
relation to low fertility, but as this was intensively discussed in previous studies we will
discuss it in more detail here. It will be followed by a discussion of the results from mapping
fertility and perenniality. Due to the scarce genomic-related literature on perenniality in
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rye, we addressed the usefulness of results from other species (species sytheny) and finally
ended in future breeding perspectives.

3.1. Multivalents

We could not find an ultimate explanation why we could not prove the presences of
multivalents with molecular markers. It was most reasonable, that the perennial genotype
that we had used as parent did not result in multivalents (anymore), because it belonged to
an improved perennial population from Reimann-Phillipp, who continued (also privately)
with perennial rye breeding after releasing his research works on this topic and his major
selection criterium was high fertility. Stutz [18] showed a possible way out of multiva-
lents (Figure 1b) where crossing overs between the chromosomes could reduce the initial
six-chromatid multivalent into a four-chromatid multivalent and it may be possible that
following recombination events would have even led to chromosomal constitutions with-
out any multivalent. Additionally, recombination was observed between the chromosomes
of the multivalent [18,19] what additionally could had caused translocated chromosomal
segments to become smaller and reduced the lethality for gametes with certain combi-
nations of translocated chromosomes. Even further, not only the genetic resource itself
but also the perennial F; plant was chosen based on high fertility from crosses that had
been made with several perennial plants to develop the population under study. Even
more could the (indirect) selection against the “B” allele at the self-incompatibility loci Z
have influenced the constitution of the respective population as it would be located on
one of the multivalent forming chromosomes [8]. To further clarify this issue, again the
chromosomes in metaphase I of the pollen mother cells must be (microscopically) studied.
Unfortunately, the material used here was not maintained as inbred lines, but remaining
kernels of the same cross are currently developed into inbred lines so that more seeds for
future studies combining both, molecular markers and microscopy of metaphase chromo-
somes in pollen mother cells would be available. If we could show, that the crossing barrier
in terms of multivalent formation was overcome (or not an issue at all), it would allow (the
three multivalent forming chromosomes of) S. strictum to be used as new (secondary) rye
breeding pool, what may be especially interesting in terms of disease or drought resistance.
Surprisingly, in a diversity study based on molecular markers [42] a single variety Gonello
(KWS Lochow), that was characterized by high frost tolerance, was related to S. strictum
showing that this wild species may had already been used in annual rye breeding.

3.2. Fertility

The locus QTL-F5 could be identical with the S5 locus [25,26] and the high amount of
explained genetic variance of this locus proved it to be the main reason for non-fertility. It
was surprising, that even though we did not place isolation bags on the heads of the plants,
we most probably detected a self-incompatibility locus (with a segregating self-fertility
allele) to explain most of the genetic variance for fertility. The reason could be that the
experiment was flowering 2-3 weeks later than the rye stand growing on the experimental
station so that the main pollen cloud could not pollinate the experiment. Additionally, the
genotypes were grown as single plants in a distance of each other (about 0.25 m) so that
also within the experiment cross pollination was reduced. Still, for confirmation of limited
self-fertility it would be necessary to use isolation bags preventing any cross-pollination in
future experiments. In this study, no genotype was completely sterile. In rye, there were
several loci known for self-incompatibility, three of them were located on chromosome
IR, 2R and 5R and reported most often [23-27] but also loci on 4R and 6R have been
proposed [29]. When self-fertility is interpreted as a special allele Sf at those loci, we
hypothesised that the expression of Sf lead to an universal (or complementary) structure
resulting in successful pollination. However, the pollination was only successful when Sf
was expressed in both, pollen and stigma. Important for the segregation of the respective
alleles at both loci was that a pollen structure would be defined by one haplotype (n = 1x)
and consequently no pollen with the “B” allele at locus Z could fertilize the macrogamete.
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Ratio

This resulted in a 1:1 ratio of the “A” and “H” allele at the Z locus, what was proven by
marker segregation. The pistil surface on the other side was in diploid stage and here a
single (dominant) “A” allele must had expressed the self-fertility as we could show by
the respective effect sizes (Table 2, Figure 5b). We visualized our hypothesis in Figure 6.
However, we never (microscopically) studied the growth of the pollen tube on the stigma
and eventually also other mechanisms could prevent the fertilization of the macrogamete.
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Figure 6. Visualization of self-fertility hypothesis for locus S2 (Z) and S5 (subscript 2 and 5) with the respective parental
alleles for the inbred line (A) and self-incompatible genotype (B). The hypothesis displayed here was that both, pollen and

stigma, carry proteins or any structure (black) on the surface that was responsible for the self-incompatibility mechanism.

Those structures were expressed by a respective allele at each (multiallelic) locus. The Z locus was causal for the pollen
(circles) and the S locus for the stigma (rounded rectangles). Self-fertility (Sf) could have been expressed by a mutation at

each locus (pollen = blue, stigma = orange) that resulted in no or a special (protein) structure causing, if matched with a

similar or complementary structure on the opposite surface (= two colored surfaces), successful pollination. Because the
pollen was haploid and the stigma diploid, the Z alleles segregated 1:1 (AyA:A,B5) and the S5 alleles 1:2:1 (A5As5:A5B5:B5Bs)
and the ratio of the combination of both loci is displayed in the figure. The Sf allele for the stigma (55) was dominant.

Previous studies were mainly based on marker segregation [25,27] and in further
inbreeding generations, the alleles for the S5 locus would theoretically deviate more and
more from a 1:1 ratio (of randomly segregating parental alleles), because certain genotypes
could not be self-pollinated (Figure 6). In the F3 generation, therefore, we would expect an
average ratio of the S5 alleles of A:H:B = 3:2:1 (= 2:1 ratio of parental alleles A and B). Due
to excess of pollen, the macrogametes could be successfully self-pollinated even when the
Z locus was heterozygous so that the interaction between both loci could (principally) not
be validated on marker basis. If we assume that there were only two target sides (pollen or
stigma surface) affected by expressed Sf alleles, it may even be possible that there were
more (stigma-based) self-incompatibility loci segregating in this population, that could
not be detected because they were masked by the Z and the S5 locus. Further, the high
amount of explained genetic variation of the S5 locus indicated that the lack of fertility
was mainly dependent on self-incompatibility and not on chromosomal abnormalities
and the additional QTLs we detected could also be additional self-incompatibility loci.
For the identification of reasons for fertility other than self-incompatibility, additional
studies of pollen vitality or germination, as done in early studies [12], could also help to
better assess non-fertility. In this study, (extremely) sterile plants could also be caused by
pollen sterility instead of self-incompatibility that we did not investigate. Unintentionally,
the self-incompatibility loci were also selection factors for perenniality. As discussed
before, the unintentional selection at the Z locus may have even helped to select crosses
with “advanced” perennial genotypes. The second self-incompatibility locus S5 could
additionally help to shorten the distance to QTL-P5, because it explained 0.35 of the
genetic covariance between non-fertility and perenniality (Table 2). Though, in following
generations the most-fertile and most perennating genotypes must be selected. A random
continuous self-pollination could otherwise result in a reduction of perennial genotypes.
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3.3. Perenniality

To the best of our knowledge, this is the first mapping study for perenniality in rye. We
could show, that perenniality was not caused by a single major gene like it was proposed
by Dierks and Reimann-Phillip [19] and five QTLs could be located on chromosomes
2R, 3R, 4R, 5R and 7R that in combination explained 0.74 of the genetic variance. All
identified QTLs were highly additive so that three of them, QTL-P4, QTL-P5 and QTL-P7,
with the highest explained genetic variance, each ranging from 0.16 to 0.24 may be most
interesting for breeding. However, a fixation of three QTLs simultaneously would require
large population sizes and for the marker-defined clusters still a large variation between the
genotypes was observed (Figure 5a). Future (backcross) populations with defined marker
combinations must proof potential redundancy of the identified QTLs (genes) and whether
the number of QTLs for perenniality could be reduced to still reach a high trait level. We
additionally tried to estimate marker—-marker interaction but concluded that it was not
significant. Here, the adjustment of the genome-wide error might had been too strict.
With the given method for adjustment [43] it was computationally not possible to enter all
marker-marker interactions into a PCA and calculate the effective marker number from it
directly. Thus, we used the number of all possible combinations of effective markers from
the single marker fit as effective marker number (=qeg(qegr — 1)) for the global-threshold
adjustment of the marker-marker interactions. Additionally, the incremental fit of the fixed
model effects reduced the power for the (lastly fitted) marker-marker effects and hence
most probably, the procedure was generally over-adjusted. An example for epistasis could
be found in rice where a dominant complementary gene action for Rhz2 and Rhz3 was
concluded [31].

Aside from the genetic complexity, the trait was also dependent on the environment.
This was shown by large genotype-location interaction (Table 1) and could be explained,
by the expression of the perennial phenotype by several genes, of which each could be
differently affected by environment. If we would split up the trait perenniality (and the
environment) into more factors, like number of axillary buds (shoots), general number of
tillers or sensitivity to vernalization, we may probably gain a better understanding of the
different genetic and environmental factors. In this study, multi-environment trials were
limited by the use of the F, generation that we had chosen to reduce the influence of (at
this point) unknown fertility reasons. With further inbreeding generations, more seeds
would be available to replicate a single genotype (line) in several environments. To still not
neglect this issue, we vegetatively cloned the single genotypes, resulting in plants strong
enough to be tested in two (ecologically highly) different environments.

3.4. Species Synteny

To our knowledge, this was the first mapping study of perenniality in rye, but in
other cereals perenniality has already been mapped and even further, certain loci could be
connected across species (e.g., in rice, sorghum, teosinte, Leymus-wildrye) by comparing
gene, marker or protein sequences [30-32,35,37,38,40,44,45]. Because rye was generally
shown to be highly syntenic to some of those species [46,47], it could be interesting to
compare our results with the other species. However, on a phenotypic level, the perenniality
in our study differed from the other crops, because there, perennial genotypes were
simultaneously characterized by rhizomatous growth. On a genomic level, it was difficult
to make proper comparisons, because so far for rye only reference genome sequences for
the annual crop (S. cereale) had been published [47,48] and functional perennation genes
could principally only be found in genomes of perennial species (genotypes). If we expect
similar genes for perenniality across cereals, the comparison of genomic sequences from
perennation-associated QTLs in perennial species could be a valuable resource to dissect
perennation from related traits and to filter the vast amount of potential gene candidates.
The sequence of perennial rice, Oryza longistaminata, was already published [49] and
perennial sorghum, Sorghum propinquum, was mentioned to be sequenced [45]. To our
knowledge, research on perennation in the closest rye relatives, wheat (Triticum aestivum)
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and barley (Hordeum vulgare) ended with crosses between crop and wild relative [50,51]. In
terms of basic knowledge of perenniality, studies of the model plant Arabidopsis thaliana or
better its perennial relative Arabis alpina were also useful. A perenniality-related flowering
gene was identified [52] and the study showed that flowers of Arabis alpina developed from
the main shot and the axillary buds (meristems) were most important for the perennial
life cycle. Another study [53] showed that the axillary buds that were developed at a
distance from the shoot apical meristem (SAM) and before the onset of vernalization,
remained dormant during flowering and this was the prerequisite for perenniality. Caused
by vernalization and the following determination of the SAM into flowers, also axillary
buds in proximity were developed and their fate of vegetative growth (in the first flowering
period) was determined. This showed, that one key mechanism for perenniality was
the conservation of axillary buds and consequently the isolation or even protection from
plant hormones triggering flower induction and later senescence. The fact, that axillary
buds were developed before flowering showed that plant resources were invested into the
vegetative growth (instead of seed set) before flowering and seed yield reduction due to
perenniality would mainly be caused by less (dense) tillers compared to annual plants. An
important question would be, to what extent the roots were affected by the senescence
of flowering shoots and how the plant can reach new nutrients, especially when plants
cannot spread out by rhizomatous growth like in perennial rye. It was also shown that
environmental factors like the duration of cold treatment influenced the percentage of
plants that showed senescence after seed set [53].

3.5. Breeding Perspectives

Compared to the trait fertility, which could be reduced to a single self-incompatibility
locus, perenniality remained a complex topic in which we, as a first step, identified QTLs
for perenniality in rye. The trait also showed high genotype-environment interaction. In
comparison to our experimental set up with intensively cherished single-plant growing
practice, more farming-like practices with field plots previously showed worse results in
the degree of perenniality. When perennial genotypes were grown in large-drilled yield
plots, the regrowth in the second year was much lower compared to a single plant growing
practice and the yield of the perennial progenies was reduced compared to annual rye
sown a second time in the same plot [54] illustrating that intense intra-plot competition
negatively affects perenniality. Perennial rye varieties were better suited for dual purpose
use (grain + biomass), grazing or mixed cropping [3,5,54] and it is probable that such
practical challenges would also appear in other perennial cereals like wheat or barley as
soon as they reach higher breeding progress. In wheat, the progress was challenged by
the hexaploid karyotype of wheat combined with the diploid or tetraploid karyotype of
the perennial (Thinopyrum, Leymus) species [35,51]. Recombination between the genomes
was lacking and as a solution amphiploid wheat was discussed to serve as potential new
breeding pool [55], but has previously also been found as impractical [56]. Generally, all
species comparisons highlighted that perenniality must be well defined [57] and also for rye
the differences in the phenotype could be refined for more detailed studies. Especially with
a focus on future breeding efforts, the identification of perenniality-related plant structures
like dormant buds or shoots in the young rye plants could be a powerful selection criterion
and allow the trait perenniality to be assessed even before flowering and hence to shorten
the breeding cycle.

Aside from breeding perennial varieties, perenniality may be interesting as an addi-
tional tool for rye breeding. The conservation of single plants over several years without
development of inbred lines would allow to implement new breeding strategies, especially
for population breeding. By means of polycross or (incomplete) diallel methods [58,59]
the combining ability of a single genotype (plant) could be estimated from its offspring
after crossing with a tester population and based on it, superior (perennial) plants could be
intercrossed after the two-year testing procedure to build up a new improved population.
Such a methodology was so far only possible by special short-day cultivation practices
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keeping clones of the plants in a vegetative state alive over several years that was in practice
not very successful [60,61]. Later on, in vitro propagation of single rye plants was tried,
but after the long storage period under cold conditions the plants quickly switched into the
generative stage resulting in one or a few tillers only and thus restricting seed availability.
Beside this special breeding purpose, the largest potential of perennial rye was to use it as
genetic resource for trait introgression into cultivated (hybrid) rye, because we observed a
good resistance to leaf rust (Puccinia recondita) and stem rust (P. graminis f.sp. secalis).

4. Materials and Methods
4.1. Breeding Material

Breeding material of a self-incompatible perennial rye population originally derived
from a cross S. cereale x S. strictum was received from Reimann-Philipp who selected
for high levels of fertility and perennation over several cycles. Several plants thereof
were crossed plant-wise with a self-fertile breeding line of the hybrid rye program of
the University of Hohenheim (L301-N) in the greenhouse in 2014. From the resulting F;
plants (sown in autumn 2014), the most fertile single plant with high perenniality was
self-pollinated under an isolation bag (in 2015) resulting in the F, population ‘L301-N X
84/1' that derived from a single gamete of the perennial rye population. We had to analyze
this F, population and could not self the population subsequently (e.g., by single-seed
descent), because otherwise the non-fertile plants would have been eliminated equaling
a strong (natural) selection and producing a bias to our mapping population given the
correlation of fertility and perenniality.

4.2. Field Trials

In autumn 2015, the F, population was sown in trays and transplanted in pots af-
ter having 2-3 leaves. When the plants (= genotypes) produced enough axillary shoots
(tillers), 200 plants were vegetative cloned (ripped apart) resulting in four clones per
genotype. Two clones of each genotype were planted as replicates in the field located
in Stuttgart-Hohenheim (48°42'54” N 9°11/22” E, 389 m above sea level, mean annual
temperature 10.1 °C, mean annual precipitation 691 mm) and two clones at ‘Oberer Lin-
denhof’ (48°28'26” N 9°18'18” E, 720 m above sea level, mean annual temperature 6.8 °C,
mean annual precipitation 942 mm) close to Wiirtingen (St. Johann, Germany). We used
spaced planting with a distance of 0.25 m from each neighboring plant. The genotypes
plus some checks were grown in two randomized complete blocks at each location. The
plants flowered in 2016, seeds were harvested subsequently and the plants cut by hand to
20-30 cm above the ground, so that perenniality (plant regrowth) could be assessed some
weeks later according to the following.

Perenniality was assessed on a 0 to 9 scale, indicating the amount of new arising tillers
in relation to the remaining stubble from the initial shoots. Zero indicated no regrowth
of the plant and nine a full regrowth resulting in about the same number of tillers as
remaining stubbles from harvest. To prevent false scorings due to germinated seeds that
fell out by threshing, the plots were cleaned with a commercial leaf blower after harvest. In
Hohenheim, the seed set or better non-seed set (“Schartigkeit”) of the heads was visually
scored as percentage (0-100%) of florets that did not develop seeds (in comparison to the
seed set of non-perennial self-fertile rye grown as check). Consequently, fully sterile plants
were scored with 100% non-seed set and fully fertile (like standard self-fertile rye) were
rated with 0% non-seed set. To simplify the wording throughout the paper, we calculated
the fertility by 100% minus non-seed set and used this term instead.

4.3. Marker Analysis and Linkage Map Construction

From the F, population, 182 genotypes and the respective parents were used for
marker analysis. The DNA was extracted from about 4-5 cm long, dried leaf samples
using the Macherey and Nagel (Diiren, Germany) NucleoSpin 96 Plant Il DNA extraction
kit. Marker analysis was done with a proprietary rye 10K Infinium iSelect SNP chip at
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KWS SAAT SE and Co. KGaA, Grimsehlstr. 31, 37555 Einbeck, Germany. The SNPs of
this assay were partially overlapping with the 5k-SNP assay of Martis et al. [46] and the
600k-SNP assay of Bauer et al. [41]. Only segregating markers were kept and coded as ABH
(parentl, parent2, heterozygous). When one of the parents had a missing or heterozygous
marker allele, the other parent was used as reference for ABH coding. If marker alleles
were heterozygous and/or missing for both parents, the markers were dropped from the
data frame. Additionally, markers with more than 10 percent missing values were dropped,
resulting in 2641 markers of which 2314 were correlated with one (= redundant) in several
combinations so that only a single marker thereof (with least missing values) was kept for
further analysis, resulting in 789 unique markers. Those markers had 0.1% missing values
on average and were imputed with the “imputeByFlanks” function from the R package
ABHgenotypeR [62]. After this, still seven missing values remained in the data. Those
were imputed manually. For linkage map construction we used the non-imputed data
and included the redundant markers as they were located at the same position anyway,
but allowed a better comparison of markers with the already published linkage map from
Bauer et al. [41]. The linkage map was constructed using the R package ASmap and the
“mst.map” function with “Kosambi” method [63,64]. Based on marker data, two genotypes
were identified as being identical, each to a further one. The duplicates (one genotype per
duplicate) were removed for linkage map construction and marker studies. For mapping,
both duplicates (two genotypes per duplicate) were removed.

4.4. Phenotypic Analysis and Mapping Procedure

Phenotypic means were calculated by using mixed models implemented in the soft-
ware ASReml for R [64,65]. Given by the experimental structure the model (1) was yjj; = p
+8i + Ij + 1k + (g1);j + ejjrg, with the observation y;jy explained by the overall intercept y and
effects for the ith genotype g, which was modelled as fixed for best linear unbiased esti-
mators (BLUEs) and as random to estimate variance components, and the further random
effects for the jth location I, the kth replicate (= cloned plant)  nested within the location,
the genotype-location interaction (gl);; and the error term ¢;;. As the fertility was only
assessed in a single location, the location effect and the respective interactions were not
fitted for this trait. The heritability was calculated by HZ? = agz/( ng +av.VD/2), where (732
is the genetic variance and av.VD the mean variance of a difference of two BLUEs [66].

The QTL-mapping procedure was based on single marker regression fitting each
marker as codominant (first) and as dominant (second) fixed effect. The codominant (cd)
markers were coded as 0, 1, 2 (A, H, B) and the dominant (d) as 0, 1, 0. For the trait
perenniality, also random effects for the (cd and d) marker-location interactions were
fitted. For each (fixed) effect the p-value was extracted from a Wald-test statistic of the
fixed effects. Additionally, a p-value for the combination of both effects was calculated by
adding up the (incremental) Wald-statistics of both effects and calculating p-values based
on Chi-square statistics with and adjusted number of degrees of freedom (df = 2). The
global significance threshold was calculated by the simpleM method [43]. Comparable
with Bonferroni correction, the defined genome-wide significance threshold « = 0.05 was
divided by the number of tests (markers) g in order to obtain the SNP-wise significance
level. Due to correlation of the markers, the tests were not independent and « was divided
by an effective number of markers g instead. The effective number of markers qe¢s was
calculated by running a principal component analysis (PCA) based on the marker data and
the number of eigenvalues that explained 99.5% of the variation of the SNP data. PCA was
based on a correlation matrix of the markers coded in 0, 1, 2 (A, H, B) and calculated by
using the “eigen” function in R [64]. The procedure was initially developed for genome-ide
association studies (GWAS) [43] and we considered the linkage mapping as special case
of GWAS resulting in an even smaller number qe¢ due to the high linkage of markers,
compared to GWAS studies.

To adjust for masking effects of genes located on other chromosomes than the single
marker in the fit, we additionally run two scans with models including markers (cd and
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d) as fixed cofactors fitted in the model sequence before the actual marker under testing
(cofactor-based mapping, CM). The two additional scans differed in terms of the cofactor
selection. For the first additional scan CM1, from each chromosome the most significant
markers were chosen, that passed the global significance threshold in a cofactor-free
scan (compare [67]). For the second additional scan (CM2), a simultaneous forward- and
backward-selection procedure was used to identify the respective cofactors. For simplicity
reasons and computational speed, this procedure was based on a linear model including
only the BLUEs and markers in cd coding. The procedure was implemented as “steps”
function in R [64]. We started the procedure with a Null model (only intercept) and used the
(Schwarz) Bayesian information criterion (BIC) [68] by setting k = log(Ngenotypes)- Similar
to the single marker regression without cofactors, p-values for cd and d marker effects were
extracted from the Wald-test statistics.

For all markers identified as significant we calculated effect sizes plus standard errors
from the estimated coefficients and coefficient error variance. The explained genetic
variance pg was calculated as reduction in the genetic variance estimated in the phenotypic
model (1) by additional marker effects, divided by the full genetic variance estimated
in model (1). We additionally ran a bivariate model including both, perenniality and
non-fertility in one model. We fitted random effects with unstructured variance-covariance
matrix for the genotype and the residual and with diagonal variance-covariance matrix
for the replicate. Only data with records from both traits was used and thus no location
effect was fitted. Similar to pg, the explained genetic covariance pcoyg was calculated
as reduction in the genetic covariance estimated in the bivariate phenotypic model by
additional marker effects divided by the full genetic covariance estimated in in the bivariate
phenotypic model.

To detect potential epistasis of marker]l (m1) with marker2 (m2), a scan with all
marker—marker interactions and possible d and c¢d combinations was run. The (incremental)
sequence of fixed effects was the following: ml.4 + m2.4 + mlg + m24 + mlgm24 +
mlgm24+ mlym2.4. The mly:m2.4 interaction was tested also vice versa (m24:m1l.q). No
additional cofactors were used in this run, but for the trait perenniality all fixed marker
effects were additionally fitted as random marker-location interactions. We defined the qe¢
for global significance threshold of epistasis effects as product of qegs and (qeg-1) as this
would be the number of all possible combinations. Due to the high number of marker—
marker combinations tested (n = 621,732) we did not run a PCA and not deduced qeg
specifically for the interactions.

5. Conclusions

We could show that perenniality in rye was quantitatively inherited and we identified
five QTLs with medium effect sizes of which some acted dominantly. This quantitative
nature could be challenging for breeding of perennial rye and if breeders aim for perennial
varieties, future studies should investigate the impact of the environment and to what
extent selection on perenniality-related plant structures or with molecular markers could
shorten breeding cycles. Reduced fertility was related to cytogenetic causes in previous
studies. We could show, that in our material it was mainly related to self-incompatibility
by identifying a locus that explained 0.64 of the genetic variance and is most probably the
55 locus, known from other studies. If the self-incompatibility is considered consequently,
reduced fertility should not be a concern in future breeding programs.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/plants10061210/s1, Table S1 DNA sequences of the reported markers; Figure S1 Pearson
correlation of markers; Figure S2 LOD scores for mapping the phenotype perenniality by single
marker regression; Figure S3 LOD scores for mapping the phenotype perenniality by single marker
regression and using additional markers from cofactor selection as cofactors; Figure S4 LOD scores
for mapping the phenotype perenniality by single marker regression and using additional markers
from a first run as cofactors; Figure S5 LOD scores for mapping the phenotype fertility by single
marker regression; Figure S6 LOD scores for mapping the phenotype fertility by single marker
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regression and using additional markers from cofactor selection as cofactors; Figure S7 LOD scores
for mapping the phenotype fertility by single marker regression and using additional markers from a
first fit as cofactors; Figure S8 Genotype means for the trait perenniality clustered by marker alleles;
Figure S9 Display of codominant-codominant marker-marker interaction of mapping perenniality;
Figure S10 Display of dominant-dominant marker—marker interaction of mapping perenniality;
Figure S11 Display of codominant-dominant marker—marker interaction of mapping perennial-
ity; Figure S12 Display of codominant-codominant marker-marker interaction of mapping fertil-
ity; Figure S13 Display of dominant-dominant marker-marker interaction of mapping fertility;
Figure S14 Display of codominant-dominant marker-marker interaction of mapping fertility.
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Abstract: Phytocannabinoids are a structurally diverse class of bioactive naturally occurring com-
pounds found in angiosperms, fungi, and liverworts and produced in several plant organs such as
the flower and glandular trichrome of Cannabis sativa, the scales in Rhododendron, and oil bodies of
liverworts such as Radula species; they show a diverse role in humans and plants. Moreover, phyto-
cannabinoids are prenylated polyketides, i.e., terpenophenolics, which are derived from isoprenoid
and fatty acid precursors. Additionally, targeted productions of active phytocannabinoids have
beneficial properties via the genes involved and their expression in a heterologous host. Bioactive
compounds show a remarkable non-hallucinogenic biological property that is determined by the
variable nature of the side chain and prenyl group defined by the enzymes involved in their biosyn-
thesis. Phytocannabinoids possess therapeutic, antibacterial, and antimicrobial properties; thus, they
are used in treating several human diseases. This review gives the latest knowledge on their role in
the amelioration of abiotic (heat, cold, and radiation) stress in plants. It also aims to provide synthetic
and biotechnological approaches based on combinatorial biochemical and protein engineering to
synthesize phytocannabinoids with enhanced properties.

Keywords: abiotic stress; cell homeostasis; heterologous host synthetic approach; terpenophenolics

1. Introduction

Phytocannabinoids are meroterpenoids bearing a resorcinol core with an isoprenyl,
alkyl, or aralkyl para-positioned side chain, or alkyl group usually containing an odd
number of carbon atoms—cannabinoids that have an even number of carbon atoms in
the side chain are rare. Phytocannabinoids can be obtained from angiosperms (flower-
ing plants), fungi, and liverworts (Figure 1). The first phytocannabinoid was isolated
from the Cannabis sativa family Cannabaceae, but it has a long controversial history of
its use and abuse [1,2]. From C. sativa more than 113 phytocannabinoids were isolated
and classified into several groups such as cannabidiols (CBDs), cannabigerols (CBGs),
cannabicyclols (CBLs), cannabidiols (CBNDs), cannabinols (CBNs), cannabitriols (CBTs),
cannabichromenes (CBCs), (—)-A9-trans-tetrahydrocannabinol (A°-THC) and miscella-
neous cannabinoids [1,3-5]. Compounds obtained from C. sativa predominately generate
alkyl-type phytocannabinoids with a monoterpene isoprenyl and the pentyl side chain [4,6].
In C. sativa, CBD, CBG, CBC, cannabichromevarine (CBCV), and A°-THC are the most
abundant cannabinoids in their respective acidic form. The acidic form of the cannabi-
noid (C22, “pre-cannabinoids”) is the final step of the cannabinoid biosynthetic pathway.
Oxidation, decarboxylation, and cyclization lead to the development of modified phyto-
cannabinoid via spontaneous breakdown or conversion product. The conversion mainly
occurs due to the poor oxidative stability of phytocannabinoids, especially with the alkyl
group. C. sativa produces the most common phytocannabinoids. In addition to this, the
brains of mammals have receptors that respond to the C. sativa cannabinoid, so they were
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termed as cannabinoid receptor types 1 and 2 (CB;R and CB,R) and thus participated in
the endocannabinoid system [1,3,4,7,8].

s e 4 —a
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CBC CBCA CBCV CBCVA

OH
/:\

OH
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Q
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OH
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AS-THC A®-THC AS-THCA AS-THCV

Figure 1. Structure of phytocannabinoids in Cannabis sativa. Abbreviations: CBC, cannabichromene;
CBCA, cannabichromenic acid; CBCV, cannabichromevarine; CBCVA, cannabichromevarinic acid; CBD,
cannabidiol; CBDA, cannabidiolic acid; CBDV, cannabidivarine, CBE, cannabielsoin; CBG, cannabigerol;
CBL, cannabicyclol; A3-THC, As—tetrahydrocannabinol; A°-THC, Ag—tetrahydrocannabinol; A°-THCA,
A9—te’trahydrocarmabinolic acid; A°-THCV, A9—tetrahydrocannabivarinic acid.

The Endocannabinoid system in humans and animals revealed that it participates in
the regulation of biological functions such as memory, brain system, mood and addiction
along with cellular and metabolic processes such as glycolysis, lipolysis, and the energy
balance system [7,9]. Other angiosperms such as Helichrysum umbraculigerum (Asteraceae)
native to South Africa, Amorpha fruticosa (Fabaceae), and Glycyrrhiza foetida (Fabaceae)
contains a bioactive compound bearing a cannabinoid backbone (Figure 2); they are charac-
terized as prenylated bibenzyl derivatives because the aralkyl side chain occurs [1,10].

Amorfrutin A Amorfrutin B Helichrysum-CBG

Figure 2. Structure of phytocannabinoids in Helichrysum and Glycyrrhiza plants.

Many Rhododendron species (family Ericaceae) such as Rh. dauricum native to North-
eastern Asia, Rh. adamsii found in Eastern Siberia and Mongolia, Rh. rubiginosum var.
rubiginosum native to Southwest China, and Rh. anthopogonoides grown in Southern China,
all generate active monoterpenoids that have a cannabinoid backbone. Phytocannabinoids
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are CBC types with an orcinol or methyl group side chain (Figure 3). Rh. dauricum par-
ticularly produces cannabinoids bearing sesquiterpene moiety such as daurichromenic
acid (DCA), grifolic acid (GFA), confluentin, and rhododaurichromenic acid [11-13].
Rh. adamsii produces cannabigerorcinic acid, DCA, cannabigerorcinic acid methylase, chro-
mane, and chromene monoterpenoids; Rh. rubiginosum produces cannabinoid rubigi-
nosins A-G [14,15]. Rh. anthopogonoides contains chromane/chromene derivatives such
as cannabiorcicyclolic acid, cannabiorcichromenic acid, anthopogochromenic acid, and
anthopogocyclolic acid (Figure 3) [16].

Anthopochromenic acid

(o] OH
Y \
o W

C; iorcichromenic acid Cannabiorcicyololic acid Confluentin
OH O OH O
= OH S = = OH
= =
Y HO
Daurichromenic acid Grifolic acid
HO. °
o ~ NN\
OH O . o
HO
o
Rubiginosin A

Figure 3. Structure of phytocannabinoids in Rhododendron plants.

Liverworts, such as Radula marginata, R. perrottetii, and R. laxirameae native to New
Zealand, produce active cannabinoids with bibenzyl backbones such as lunularic acid
and its dimeric form—vittatin (Figure 4) [17-20]. Some fungi, e.g., Albatrellus (Albatrel-
laceae, mycorrhizal fungi) species, also produce GFA along with its derivative confluentin,
grifolin, and neogrifolin (Figure 4). Additionally, Cylindrocarpon olidum generates cannabior-
cichromenic acid and halogenated cannabinoid, i.e., 8-chlorocannabiorcichromenic acid
(Figure 4) [1,21].
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Figure 4. Structure of phytocannabinoids in (a) liverworts and (b) fungi.
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This review focuses on the biosynthesis of different active phytocannabinoids in sev-
eral cellular compartments of C. sativa, Rhododendron, and Radula species. In this topic
framework, the most crucial criterion is the synthetic and biotechnological techniques for
the production of phytocannabinoids. The current review highlights the multi-faceted
role of different active phytocannabinoids in humans and plants. Interestingly, this review
briefly highlights the antimicrobial, antibacterial, and antibiotic properties of phytocannabi-
noid based on recent papers. Additionally, the role of phytocannabinoids in ameliorating
pathogenic attack, and environmental stresses, e.g., cold, heat, and UV radiation, is also
briefly assessed.

2. Phytocannabinoid Biosynthesis Sites

In C. sativa, phytocannabinoids are stored in glandular trichomes, located all over the
aerial part of the plant, so root surface and root tissues do not keep phytocannabinoid.
Female flowers possess a high density of phytocannabinoid [22,23]. Glandular trichomes
have balloon shaped secretory vessicle which store cannabinoid. High temperature or her-
bivory leads to trichome rupture, which releases the sticky contents on the plant parts with
viscous and non-crystallizing properties [24,25]. Higher temperatures increase cannabinoid
production. Furthermore, cannabinoid production is raised in the cannabis flower after
UV-B exposure. Nevertheless, phytocannabinoids act as a sun shield that absorbs lethal
UV radiation [26]. Rhododendron genus lepidote consists of small leaves surrounded by
glandular scales on both the abaxial and adaxial surfaces. These scales have lipophilic
globules that contain major bioactive compounds such as cannabinoids, terpenes; the
apoplastic space of the glandular scale also contains cannabinoids such as DCA in the
Rhododendron [27]. Liverworts have oil bodies that are membrane-bound cellular structures
that contain cannabinoids, aromatic oil, and terpenoid (cis configuration), mostly sesquiter-
penoids and diterpenoids. Oil bodies are odiferous bitter, pungent compounds, which
make them biologically active. Furthermore, these possess several ecological advantages
such as tolerance from temperature, light, or radiation [28,29].

3. Biosynthesis of Phytocannabinoids

This section focuses on detailed events undergone in the production of several phy-
tocannabinoids inside C. sativa, Rhododendron, and liverworts. Moreover, biosynthesis of
phytocannabinoids via biotechnological approaches in a heterologous host and synthetic
methods are discussed.

3.1. Cannabis sativa

Phytocannabinoids are prenylated polyketides, i.e., terpenophenolic compounds,
which are derived from isoprenoid and fatty acid precursors. Phytocannabinoid biosyn-
thesis occurs in different cellular compartments: gland cells cytosol, the plastids, and
the extracellular storage cavity. In the cytosol, oxidative cleavage of fatty acid such as
palmitic acid yields hexanoic acid; it further synthesizes olivetolic acid (OA). The next
step is prenylation of phenolic moiety (the polyketide derivatives, 5-pentenyl resorcinolic
acid, and OA) with the terpenoid geranyl pyrophosphate (GPP). This step originates from
the methylerythritol-4-phosphate (MEP) pathway in plastids. Cyclization (oxidative) and
storage of the final products take place outside the gland cells. Transport proteins and
vesicle trafficking participate in mobilizing intermediates across the morphologically highly
specialized interface between the gland cells and storage cavity [30-32].

In C. sativa, phytocannabinoids biosynthesis is divided into three important places:
cytosol (for polyketide pathway), plastids (MEP pathway for prenylation), and apoplastic
spaces (oxidocyclization and storage) (Figure 5). Inside cytosol, biosynthesis of phyto-
cannabinoids participates in the integration of major steps in polyketide and isoprenoid
metabolism. Fatty acids (C18) are sequentially desaturated, peroxygenated, and cleaved
into the hexanoic acid (C6) and C12 product via enzyme desaturase, lipoxygenase (LOX),
and hydroperoxide lyases, respectively. Hexanoic acid is converted into thioester hexanoyl-
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CoA; this reaction is catalyzed by acyl-activated enzyme 1 (AAE1). Later, hexanoyl-CoA
and malonyl-CoA (C2 donor) together via the action of olivetol synthase (OLS) and olive-
tolic acid cyclase (OAC) synthesizes OA. Moreover, it was reported that OAC is the dimeric
(x+p) barrel protein, it is the first plant enzyme that catalyzes (C2-C7) intramolecular aldol
condensation along with carboxylate retention; OAC contains distinctive active-site bearing
the pentyl-binding hydrophobic pocket and polyketide binding site, whereas it is devoid
of aromatase and thioesterase activities [31,33,34].
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Inside plastids, the MEP pathway synthesizes GPP. It prenylates OA, which forms
the intermediate branch-point and first cannabinoid which is cannabigerolic acid (CBGA),
and this reaction is catalyzed by cannabigerolic acid synthase (CBGAS). CBGA is an
essential cannabinoid because it acts as the precursor of several cannabinoids with an
alkylic pentyl side chain. In contrast, CBGAS is a transmembrane aromatic prenyltrans-
ferase (PT) that transfers plastid signals. Then CBGA is converted into A’>-THCA and
cannabidiolic acid (CBDA) with the help of two enzymes which are CBDAS and A%-
tetrahydrocannabinolic acid synthase (A’-THCAS). This conversion continues by reducing
oxygen (O,) into hydrogen peroxide (H,O,) via oxidative cyclization reactions. Addition-
ally, CBDAS and A’-THCAS are necessary flavoprotein enzymes that are dependent on O,
(electron acceptor) [1,30,31].

Another important enzyme, cannabichromenic acid synthase (CBCAS), dependent
from FAD and O,, takes part in the synthesis of cannabichromenic (CBCA). Additionally,
enzymes A’-THCAS and CBCAS have high sequence similarity at about a 96% nucleotide
level. Both remain active inside resin space, which shows that CBCAS participates as
an O, dependent flavoprotein that converts CBGA to cannabichromenic acid (CBCA)
with HyO; as the side product via an oxidocyclization reaction. Active cannabinoid A%-
THCA, CBDA, and CBCA with a pentyl side chain are synthesized in the apoplastic
cannabis space. Furthermore, these active phytocannabinoids undergo decarboxylation
and spontaneous rearrangement reactions on exposure to heat, radiation, or during storage.
Some phytocannabinoid having unknown C1-C4 alkyl side chain are synthesized from
acetyl-CoA, propanoyl-CoA, or pentanoyl-CoA [1,5,31,35].

3.2. Rhododendron

DCA and its derivative are produced and stored inside specialized glandular scales
in Rh. dauricum. DCA utilizes carbon atoms from acetyl-CoA and farnesyl-CoA, with
two significant intermediates, i.e., orsellinic acid (OSA) and GFA. DCA biosynthesis in
Rhododendron is split between the cytosol, plastid, and apoplastic spaces (Figure 6) [11,36].

The biosynthesis of DCA starts in the cytosol with polyketide formation, type III
polyketide synthase (PKS) helps in acetyl-CoA chain extension. Then another enzyme,
orcinol synthase (ORS), catalyzes orcinol, OSA, triacetic acid, tetracetic acid, lactone and
phloroacetophenone, where malonyl-CoA (three units) act as a carbon donor. Furthermore,
tetraketide cyclase catalyzes OSA from ORS [36,37]. OA is transported to the plastid
via a transporter, which is still unknown. Inside the plastids, the MEP pathway derives
farnesyl-CoA. The inhibition of the MEP pathway via clomazone decreases OSA and DCA
synthesis. In contrast, inhibition of the mevalonate-dependent pathway via mevastatin led
to an increment in OSA and DCA biosynthesis. Moreover, aromatic farnesyltransferase
Rh. dauricum prenyltransferase (PT) helps in regiospecific farnesylation; this enzyme mod-
erates sequence identity with UbiA aromatic PTs that lie within chloroplasts. Geranyl-CoA
and geranylgeranyl-CoA serve as the alternative prenyl donors used by PT, but their activ-
ity rate is 13%, and 2.5% of the activity acquired by farnesyl-CoA. GFA is synthesized as
the intermediate within the plastids. Then, within apoplastic spaces, an oxidocyclization
reaction takes place via DCA synthase (DCAS) forming CBC scaffold; reaction moves for-
ward by H,O, release. Like A>-THCAS and CBDAS, DCAS is active enzymatically outside
apoplastic spaces and dependent on O,. In Rh. dauricum, DCA decarboxylated forms
produce confluentin; spontaneous decarboxylation occurs via heat, irradiation, and during
storage, similar to the decarboxylation acidic to neutral phytocannabinoids in C. sativa
trichomes [5,11,37].

Apoplastic spaces serve as storage for many metabolites, essential oils, DCA, and conflu-
entin. Moreover, GFA and DCA act as phytotoxic compounds in Rh. dauricum cell culture,
as they induce cell death. Similarly, HyO, formed as a side product in DCA biosynthesis
also increases cell death by enhancing apoptosis-related reactions. However, to overcome
cell death, autotoxicity, and cell damage, DCA storage occurs in the apoplast, and H,O, is re-
leased to participate in the plant-defense system and provide plant immunity. In Rh. dauricum,
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transport proteins and vesicle trafficking mechanisms are still not well understood and remain
a valuable and exciting approach for further future investigations [1,2,37].
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3.3. Liverworts

It was reported that Radula marignata possesses enzymes for GPP biosynthesis and
helps in the biosynthesis of bibenzyl cannabinoid. Moreover, the production of bibenzyl
CBGA analog (i.e., lunularic acid, perrottetinenic acid, and perrottetinene) needs precursor
stilbene acid or dihydrostilbene acid, which is very rare, and compounds of this type were
found in Hydrangea macrophylla var. thunbergii and liverworts such as Marchantia polymorpha
and Convolvulus hystrix (Figure 7) [1,17,38].
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Stilbene acid is synthesized from type III PKS via coumaroyl-CoA or dihydrocoumaroyl-
CoA, CoA-activated precursors. Starter molecules are extended by malonyl-CoA with
decarboxylation, followed by a condensation reaction, which produces polyketide interme-
diate, which synthesizes different core structures. Hydrangic acid is the starter molecule
that acts as coumaroyl-CoA. It is extended utilizing malonyl-CoA (three units) as a C2
donor to synthesize tetraketide intermediate. These reactions are catalyzed via stilbene
synthase (STS)-type PKS enzymes. Ketoreductase (KR) leads to polyketide reduction
followed by STS-like C2 to C7 intramolecular aldol condensation, here retention of the
carboxylic group produces hydrangic acid. KR is involved in the loss of the C5-hydroxyl
group on the aromatic ring structure of hydrangic acid, contrary to the stilbene acid struc-
ture. In R. marginata, the precursor of stilbene acid or dihydrostilbene is derived from
the coumaroyl CoA or cinnamoyl-CoA; type III PKS enzyme helps in chain elongation,
later putative tetraketide cyclase or (dihydrostilbene acid cyclase, DHAC) helps in cycliza-
tion [1,18,38,39].

The lunularic acid precursor, prelunularic acid is produced by the type III PKS, named
bibenzyl synthase (BBS). Moreover, BBS catalyzes the reaction where dihydrocoumaroyl-
CoA serves as the starter molecule for the extension utilizing malonyl-CoA (3-units), which
serves as the carbon donor. Later, cyclization occurs on reduced polyketide, with a lack
of C5-hydroxyl group on the aromatic ring structure. Furthermore, type III PKS plays a
crucial role in the bibenzyl cannabinoid and its analog synthesis by also catalyzing the
carboxylate retaining reaction mechanism. KR is involved in the cyclization and assists
proper ring formation. Thus, after cyclization, lunularic acid is synthesized [40-42].

Perrottetinenic acid (PA) is synthesized in R. marginate [43]. The transcriptomic ap-
proach of liverworts bears the mRNA encoding for type III PKS (responsible for chain elon-
gation), which were later recognized as STS. Furthermore, it also exhibits a 60% homology
of the amino acid sequence to stilbene-carboxylate synthase in Marchantia polymorpha. Other
enzymes, such as double-bond reductase (DBR)—aromatic PT and oxidocyclase (perrot-
tetinenic acid synthase, PAS), are also responsible for the production of PA. DBR catalyzes
compounds that are precursors of phenylpropanoid, and generates dihydrocinnamoyl-
CoA. The production of bibenzyl phytocannabinoid is dispersed across the liverworts cells
in the same way as in cannabis and Rhododendron. Therefore, DHAC and DBR reside in
the cytosol, PT is localized in the plastids and PAS inside the oil body. Signal peptides act
as the crucial indicators for the encoding genes selection [18,39,41,44]. Another bibenzyl
cis-THC, (—)-cis-perrottetinene (cis-PET) was isolated from the liverwort R. perrottetii [45].
The cis configuration in the cyclohexene ring in cis-PET is comparable with A%-trans-THC.
PET resembles A°-THC in its 3D shape, and can bind to many of the same cannabinoid
receptors (CBRs) as A’-THC. Interestingly, PET also reduces the level of prostaglandins in
the brain—a compound with inflammatory properties that increase in response to A°-THC
and may be responsible for adverse effects [17].

3.4. Application of Biotechnological Approaches to Phytocannabinoids Production in
Heterologous Hosts

Phytocannabinoids can be generated in different heterologous hosts such as fungi,
bacteria, and plants with the help of biotechnological techniques. Several investigations
reported that in vitro culture of phytocannabinoids biosynthesis in C. sativa, with the
help of explants and micropropagation, is a widely used biotechnological approach for
phytocannabinoid production. Moreover, apart from C. sativa, Nicotiana benthamiana also
emerged as the favorable heterologous host for the production of phytocannabinoids. It
exhibits the production of several proteins and bioactive compounds and has glandular
trichomes that help overcome cell death, autotoxicity, and cell damage caused due to
intermediates produced during phytocannabinoids biosynthesis. In recent research, it was
found that a major biotechnological tool for phytocannabinoids production and inducing
genetic modification is established via the micropropagation technique. Additionally, cell
suspension culture, hairy root, and adventitious root culture also produce a small quantity
of cannabinoids. In Saccharomyces cerevisiae, galactose produces phytocannabinoids such
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as CBG, CBDA, A’-THCA, and minor phytocannabinoids such as cannabidivarinic acid
(CBDVA) and A%-tetrahydrocannabidivarinic acid (A’-THCVA) [46-51].

3.5. Production of Phytocannabinoids through Synthetic Approaches

Phytocannabinoids are terpenophenolic compounds that are produced by polyketide
and the MEP pathway. In the heterologous biosynthesis approach, two important path-
ways that are optimizing and engineering provide abundant precursors for cannabinoid
production. Additionally, these pathways are linked via aromatic PT, ubiquitous in plants,
animals, bacteria, and fungi [52,53]. Thus, this helps in the production of aromatic metabo-
lites such as coumarin, flavonoid, and phenylpropanoid at different reaction spectra [54].
As discussed, biosynthesis of phytocannabinoid is different in plants, fungi, and liverworts;
thus, the recent techniques which emerge out to be beneficial is by using the aromatic
PT-based approach to generate novel phytocannabinoids in the heterologous hosts formed
on combinational utilization of module over several species [52-54].

Similar to Humulus lupulus, inside trichomes of C. sativa, chalcone isomerases such
as proteins (CHILs) are expressed. Additionally, CHILs are polyketide binding proteins,
and their co-expression in heterologous cannabinoid production mechanism plays a piv-
otal role in augmenting biosynthesis. Apart from combinatorial biochemistry techniques,
enzyme-based approaches also play a remarkable role in phytocannabinoid production.
Furthermore, some non-natural precursors such as pentanoic acid, hexanoic acid, heptanoic
acid are incorporated inside the generated cannabinoid. Derivatization of phytocannabi-
noid diversifies their functionality. Glycosylation of phytocannabinoid reduces cell damage
and autotoxicity and increases cell stability and life; in a therapeutic context, glycosylated
phytocannabinoid enhances absorption, distribution, metabolism and, excretion (ADME)
features. Halogenation of cannabinoids (like DCA) by co-expression of halogenase AscD
derived from Fusarium exhibits several antifungal, antibacterial, antitumor, antiparasitic
properties. Thus, the synthetic biology technique serves as a new insight into the produc-
tion and designing of phytocannabinoids [55-58].

4. Phytocannabinoid Storage and Maintenance of Cell Homeostasis

The last step of phytocannabinoid biosynthesis and their storage both occur in different
cellular compartments like in C. sativa storage organs are resin present inside glandular
trichomes, in Rh. dauricum they storage takes place inside apoplast of glandular scale while
in R. marginata oil bodies are the storage organs [1]. In C. sativa, nuclear magnetic resonance
(NMR) based metabolomics of trichomes revealed storage of phytocannabinoids along
with terpenes, sugars, organic acid, amino acid, and choline [6]. Sugars, organic acids, and
choline, which present in appropriate stoichiometric ratios, give rise to natural deep eutectic
solvents (NADES) [59]. NMR-based techniques revealed that constituents for NADES
display proton-associated intermolecular interactions, forming aggregates to form larger
structures in the liquid phase [60]. NADES is a distinguished solvent bearing this property
when the water content is less than 40%; this unique property of NADES incorporates
them in the third membrane-less solvent phase inside biological systems [61,62]. A>-THCA
and CBDA support NADES mediated solubilization in trichomes and oil bodies as they
are virtually insoluble in water. In C. sativa and Rh. dauricum, oxidocyclase releases
H,0,. Furthermore, it participates in a plant-defense system and provides plant immunity.
NADES stabilizes the activity of oxidocyclases, whereas it also serves as a biological solvent
where the biosynthetic catalytic enzyme remains active and functional. NADES plays a
crucial role in a plant cell to maintain cell homeostasis. Thus, it plays a chief role in
stabilizing phytocannabinoid biosynthesis enzymes, their storage and further induces
cellular homeostasis. Recently, cytochrome P450 (CYP) enzymes, CYP79A1, CYP71E1, and
P450 oxidoreductase involved in the biosynthesis of the cyanogenic glucoside dhurrin,
which was stabilized NADES. Biosynthesis and appropriate storage of cannabinoids in
heterologous hosts need to be engineered to reduce autotoxicity and apoptosis [63,64].
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5. Biotechnology and In Vitro Propagation of Cannabis

Cannabis is an essential plant as it yields phytocannabinoid, which has multiple appli-
cations. Cannabis cultivation is regulated in several countries, so alternative biotechnologi-
cal and in vitro tissue culture approaches require attention. Meanwhile, these approaches
are beneficial to preserve cultivars or clones of plants with specific metabolites such as
phytocannabinoid. Micropropagation generates genetically stable plants; thus, this method
is beneficial for the clonal multiplication of cannabis. Nevertheless, micropropagation
of the cannabis plant is performed via adventitious buds and axillary buds located on
the nodal segment. Another method that is synthetic seed technology (encapsulation of
axillary bud or nodal segment in calcium alginate seeds) has also gained importance in
plant clonal propagation. It displays homogenous growth and development of plants and
genetic stability even after long storage [65,66].

Cannabis is not a well-known recalcitrant plant for transformation. The plant’s
regeneration capacity is low and is completely dependent on plant tissue, age, explants, and
a combination of plant growth regulators (PGRs), i.e., indole-3-acetic acid (IAA), indole-
3-butyric acids, 1-naphthaleneacetic acid (NAA), 2,4-dichlorophenoxyacetic acid, and
kinetin. Moreover, successful transformation is performed via Agrobacterium tumefaciens;
cells that do not regenerate the shoots are undifferentiated and can be transformed via
phosphomannose isomerize and calorimetric assays, which showed efficacious expression
of the transgene [67]. Cannabis transformation using shoot tip explants regenerates a
high amount of cannabinoid after infection with Agrobacterium tumefaciens [68,69]. For the
successful regeneration of cannabis, thidiazuron (behavior as cytokinin-like compound)
with kinetin (represent cytokinins) has not only the effect on the shoots but also shows a
high yielding capacity of phytocannabinoids. Dicamba (3,6-dichloro-2-methoxybenzoic
acid) herbicide is also known for inducing the regeneration of shoots from calli. Moreover,
a most potent and efficient transformation of cannabis was carried out using 1-2 cm of
hypocotyl explants and by supplementation of zeatin and 6-benzylaminopurine [65].

Another important tissue culture technique used for the production of bioactive
cannabinoids showing pharmaceutical effects is hairy root culture. In this system, both
Agrobacterium tumefaciens and Agrobacterium rhizogenes are used for transformation to yield
cannabinoids by establishing a hairy root system. Meanwhile, the most responsive tissue
for infection in this system is hypocotyl, which produces large quantities of hypocotyls or
engineered plants for the production of bioactive compounds that are industrially valuable;
for example, A>-THCA is produced by expressing A’-THCAS. The hairy root technique
is obtained by the increased growth rate, independent of a hormone, and has the same
metabolic potential as the original plant organ. In the hairy root system, cannabis callus was
cultured on a full-strength B5 medium feed with an NAA or IAA displayed increase in the
accumulation of phytocannabinoids. Rhizogenesis induction in cannabis undifferentiated
cells is crucial, as it can be performed on calli overexpressing some important transcription
factors (TFs) and genes which are involved in cannabinoid synthesis. Additionally, cannabis
hairy root culture is an efficient method implemented with adsorbents to reduce toxicity
problems [65,67].

Cannabis cell suspension culture transformation with the genes involved in the
cannabinoid synthesis pathway offers a great opportunity to enhance bioactive phyto-
cannabinoid production possessing pharmacological potential. Additionally, increased
production via cannabis cell suspension culture can be obtained through TF. TF have cas-
cade mechanism (that is when the master regulator of cannabinoid synthesis is identified;
there it can be expressed inducibly or constitutively inside cell suspension culture). Thus,
TF constitutes potent and efficient tool involved in plant metabolic engineering [65].

TE, belonging to the MYB family, was involved in cannabinoid production and tolerant
oxidative stress. TF expression in an inducible manner confers toxicity tolerance caused
due to the accumulation of phytocannabinoids during the growth of transformed cells.
Genetic engineering and plant cell suspension culture were elicited to induce the produc-
tion of specific cannabinoids. Additionally, in cannabis suspension cells, induction with
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biotic and abiotic elicitors did not cause an increment in phytocannabinoid synthesis. Non-
essential elements, such as silicon, play a key role in mitigating biotic and abiotic stress.
Additionally, silicon has a stimulatory effect on the production of cannabis secondary
metabolites like cannabinoids. Cyclodextrins are cyclic oligosaccharides bearing five or
more than five x-D-glucopyranose residues; these form an inclusion complex structure
with lipophilic compounds like cannabinoids. In plant cell suspension culture, cyclodex-
trins are used for the production of non-polar compounds such as stilbenes and other
cannabinoids. Moreover, cyclodextrins improve cannabinoid and other metabolite solubili-
ties in an aqueous environment. Cyclodextrins possess a similar structure to alkyl-derived
oligosaccharide released from the plant cell wall during a fungal infection; thus they act as
elicitors for the production of secondary metabolites. More investigations are needed on the
effect of cyclodextrins on the synthesis of non-polar cannabinoids in cannabis suspension
cultures [65,70].

6. Phytocannabinoids and Their Derivative Role and Bioactivity in Humans
and Animals

Phytocannabinoids are used as medicines since antiquity. They possess antimicro-
bial, antibacterial, and antifungal activity and serve as remarkable antibiotics (Table 1).
Additionally, cannabinoids show little antifungal power because fungi can metabolize
cannabinoids except a few, such as Phomopsis ganjae. An increasing number of developing
countries are relaxing their legislation around phytocannabinoids and cannabis-derived
products; legalized cannabis-derived product industries are increasing worldwide. They
are likely to constitute a projected US$ 57 billion market by the year 2027 [71].

Table 1. Bioactivity and effect of different phytocannabinoid in animals and humans.

Phytocannabinoids Bioactivity in Animals and Human References
A°-THC pleiotropic effects such as analgesic, muscle relaxation, and pain tolerance [1]
increases weight and appetite; improves sleep and depression; alters mood, [72,73]
behavior, feeling, and thoughts ’
cures neuropathic pain, spasticity, dysphoria, and anxiety disorders [74,75]
antiemetic activity, i.e., prevents vomiting in cancer patient 76]
during chemotherapy
displays antiglaucoma activity and reduces intraocular pressure [76]
A°-THCA neuroprotective and antitumor activity [77]
A’-THCV non-psychoactive effect; cures obesity [75]
effective against metabolic disorders, pancreatic disease, and 1]
hepatosteatosis syndrome
CBC non-psychotropic and anti-inflammatory activity [77,78]
CBD cures memory loss, obesity, convulsive disorder, and rheumatoid arthritis [79]
cures epilepsy; exhibits antipsychotic, antinausea, and antianxiety activity [80]
CBDA anti-inflammatory and antihyperalgesia effect [81,82]
CBG non-psychotic activity [75]
CBC, CBL, and DCA cures HIV and cancer; possess immune boosting activity [83]
CBG and amofrutin anti-inflammatory activity [84]
CBL anti-inflammatory, anti-microbial, antipsychotic, and antiallergic activity [5]
GFA and DCA anti-microbial activity [85]
PET increases analgesia, catalepsy, hypolocomotion and hypothermia [28]

6.1. Cannabinoid Receptors in Humans and Their Role

CB;R (cannabinoid receptor type 1, first cloned in 1990) mRNA is highly expressed in
the brain. It is also found in the heart, lung, ovary, adrenal gland, thymus, testes, prostate,
tonsils, bone marrow, and uterus. CB{R is also widely distributed inside non-neuronal
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tissues and inside various cells, tissues and also co-exist with other CBRs [86,87]. CB{R is
found inside the brain and displays high protein density and expression inside brain parts
such as the cerebellar molecular layer, substantia nigra pars reticulate, globus pallidus
external and internal, olfactory bulb, olfactory nucleus (anterior), hippocampus and layers
II-III, Va and VI of the cerebral cortex. Additionally, in humans, the highest CB;R level is
found inside the cingulated gyrus, motor cortices and frontal secondary somatosensory.
CB;R is found in moderate levels inside the hypothalamus and ventral striatum and low
levels in the brainstem; other respiratory control centers lack CB;R. Moreover, this is the
main reason CB;R has a low effect on respiratory and cardiovascular activities [88]. An-
other important receptor, CByR, has high density inside immune cells and tissues, whereas
a low amount is expressed inside the brain. Inside the brain, most of the presynaptic
CBRs are observed as CB1R, whereas it was displayed that presynaptic inhibitory CB,R
in GABAergic terminals of the hippocampus [86,87]. Phytocannabinoid applies its strong
physio-psychotropic and psychotogenic actions along with the modulation of fast synaptic
transmission in the brain showing its action on receptor CB{R, present in the synaptic
region. Additionally, fast synaptic activity encloses signaling via GABA and glutamate
(activate ionotropic receptors). However, CBR contributes to psychoactivity and neuro-
physiology along with phytocannabinoid [89]. CB,R is found inside pyramidal cells (II/III)
of the medial prefrontal cortex; when it activates, it causes IP3-dependent opening of
calcium-activated chloride channels and ultimately resulted in the inactivation of neuronal
firing [90,91].

G-protein-coupled receptors (GPR), such as GPR18 and GPR55, serve as potent phyto-
cannabinoid receptors. GPR18 is a “deorphanized” receptor present in cells and tissues of
the thymus, spleen, small intestine, lymph nodes, leukocytes, and gametes [92-95]. Phy-
tocannabinoids (e.g., A’-THC) are agonists to GPR18. It plays a potent role in signalizing
toxin-sensitive G-protein, Akt, PI3K, and p42/44 mitogen-activated protein kinase [96,97].
Additionally, cannabinoid (e.g., A°-THC) induces B-arrestin recruitment in the cells which
are transfected with GPR18 [86,95]. GPR55 is the important “deorphanized” metabotropic
receptor that interacts with several active phytocannabinoids; it is present in the central
nervous system (CNS), adipose tissues, adrenal gland, immune cells, small intestine, os-
teoblasts and osteoclast [98,99]. GPR55 displays a low sequence with both CB;R and CB,R
(about 15%); GPRs interact with Ga12 or Ga13, which results in activation of several path-
ways such as Rho-associated protein kinase, Ras homolog gene family member A (RhoA),
p38, MAPK/ERK pathways [91,100]. Some phytocannabinoids potently activate GPR5.
Moreover, GPR55 is the most complex CBR. The same ligand acts as an agonist, antagonist,
or neutral; it also possesses the allosteric modulator site [86,87]. Phytocannabinoids serve
as weak and partial agonists on the GPR55, but via the help of some cannabinoids (CBD,
cannabidivarine, CBDV), they inhibit lysophosphatidylinositol linked GPR55 activation.
Thus, GPR55, along with cannabinoids, can participate in curing cancer cells, obesity,
inflammation, neuropathic pain, osteoporosis, and neuromodulation. Transient receptor
potential (TRP) superfamily channels have 27 polymodal sensor cation channels classified
into six broad types in humans [101]. Among these six families, four groups interact with
cannabinoids and other derivatives. Thus, these participate in boosting the immune system,
with analgesia (pain reliever), and nociception (processing of sensory nervous system);
they also modulate inflammations and pain sensations [102-104].

Phytocannabinoids exerts strong therapeutic potential in humans assessed by the
meta-analysis of several clinical trials; it possesses a strong effect on health conditions
such as nausea, vomiting, insomnia (sleeping disorder), depression, anxiety, paraplegia
(paralyzes in a lower limb due to spinal cord injury), psychosis (emotional metal disor-
der), appetite stimulation in several syndromes [86]. Additionally, cannabinoids play a
significant role in ailments of human diseases and syndromes such as Tourette syndrome
(nervous system disorder such as continuous movements), AIDS, and treating intraocular
pressure of the eye in glaucoma [105]. The endocannabinoid system (internal lipid retro-
grade neurotransmitters which bind on CBR) along with phytocannabinoid is involved
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in modulating pharmacological, physiological, biological, and cognitive processes [106].
Due to the limited space, in this review, we only name diseases and ailments cured by
phytocannabinoids that are liver encephalopathy, hepatic disease, asthma, respiratory tract
changes, bronchospasm, bone remodeling and metabolism, osteoarthritis, and osteoporo-
sis. Phytocannabinoids may also be used to treat diseases related to CNS such as brain
trauma, stroke, brain aging, neuroinflammation, and neurodegradation. Additionally, they
have served as an anti-solid depressant to cure patients with suicidal tendencies; apart
from all this, they are a strong pain reliever and immunomodulator. Phytocannabinoids
are also given to pregnant women to avoid miscarriage and preimplantation embryo
development [86,105,107].

Phytocannabinoids have several medicinal properties in curing diseases and disorders
and assist as an important template for chemists to form novel and synthetic medicine [108].
Several investigations display the potential of synthetic cannabinoids in human ailments.
A°-THC and CBD together or alone form synthetic cannabinoids such as nabiximols,
Sativex®, nabilone, dronabinol, levonantradol, and other synthetic Ag-THC-analogs‘ These
synthetic cannabinoids are used to cure cancer pain, neuropathic pain, and spasticity
caused by sclerosis [75,105].

Phytocannabinoids have diverse therapeutic potential, but they have several ad-
verse risks, mainly due to fewer trials. Certainly, there is a necessity to support research
and investigation on phytocannabinoid legally and ethically; globally, the legalization of
cannabinoids encounters several controversies by society, researchers, and health prac-
titioners. Many countries such as Canada and the US also support phytocannabinoid
production for medical use. Colorado’s state is employing private support from the med-
ical cannabinoid (marijuana) industry to endorse future research on phytocannabinoids
and cannabis [108,109].

6.2. Bioactivity of Phytocannabinoids

Phytocannabinoids are of great clinical use in humans and mammals, but the plant
sources do not accumulate at high levels and are also regarded as endangered species.
This enhances the demand for the biosynthesis of phytocannabinoids via biotechnological
approaches to understand their bioactivity and role in medication. The prerequisite and
establishment for such biotechnological approaches should be proper and deep knowledge
of the pathways and mechanisms involved in phytocannabinoid production in C. sativa,
liverworts and Rhododendron species [1,2,78,105].

6.2.1. Neutral Cannabinoids

In humans, phytocannabinoids play a potent role in signal transduction. They show
crucial interaction with the G-protein coupled cannabinoid receptors (GPCRs such as CB;R
and CB;R), peroxisome proliferator-activated receptor y (PPARy), and TRP ion channel.
CB1R is the most abundant GPCR located in CNS, whereas CB;R is found in immune cells
and tissues. Thus, cannabinoids play a crucial role in signaling, immune, and CNS proper
functioning [72,74]. In humans, A’-THC displays pleiotropic effects such as analgesic
(relieve pain), relaxation, pain tolerance, and dysphoria (anxiety disorder); thus this reveals
A°-THC displays agonistic effects by the activation of CBjR of B-arrestin 2 recruitment
and signaling; also A°-THC is the essential psychoactive (alters mood, behavior, feeling
and thoughts by affecting CNS) bioactive constituent [73,104]. A°-THC is found in the
drug dronabinol (Marinol®), and the constituent of sesame oil plays potent antiemetic
(prevents vomiting) for cancer patients receiving chemotherapy. Additionally, it also stim-
ulates appetite in a patient with AIDS (acquired immunodeficiency syndrome); chronic
administration of doses increases weight and appetite. A’>-THC is also given to patients
with insomnia and depression as it improves sleep. In humans, A3-THC decreases in-
traocular pressure (fluid pressure inside the eye) and exhibits antiglaucoma activity [76].
Phytocannabinoid CBG possesses non-psychotic activity that has a lower affinity for both
CB;R and CB;R, several times lower than A°-THC. CBG has remarkable activity towards
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ligand-gated cation channels of superfamily TRP. CBG serves as an agonist of TRP type
ankyrin 1 (TRPA1) and TRP type vanilloid 1 (TRPV1), whereas it acts as an antagonistic of
TRP type melastatin 8 (TRPM8). A%-tetrahydrocannabivarinic acid (A°>-THCV) serves as
a non-psychoactive that is antagonistic to CB;R. In particular, A>-THCV potentially acts
against obesity-linked glucose intolerance. In humans, it acts as the potential phytocannabi-
noid for treating metabolic disorders, hepatosteatosis syndrome, and obesity. It also helps
recover fasting plasma glucose and pancreatic {3 cell functioning. Additionally, A’>-THCV
reduces adiponectin and apolipoprotein [75].

CBD plays a potent pharmacological role in humans by affecting CNS and some
peripheral portions, as it is highly antagonistic to CB;R and CB,R. Additionally, CBD also
acts as an essential allosteric modulator of receptor p-opioid (pain reliever), thus used
to relieve pain [75]. In humans, doses in the range of 10 to 700 mg CBD are not toxic
and are delivered to patients in the form of Epidiolex® with epilepsy treatment-resistant,
interlinked with CDKL5 deficiency disorder and many other disorders and syndromes [80].
CBD does not act as a psychoactive compound and can be delivered in patients receiving
pharmacotherapy. Furthermore, CBD reduces A’-THC-elicited psychotic disorders and
decreases the deleterious effect of A’-THC on memory which is hippocampus-dependent.
CBD acts as the potential cannabinoid to cure obesity, convulsive disorder, and rheumatoid
arthritis. Furthermore, CBD also possesses antipsychotic, antinausea, and antianxiety
properties [79].

CBC acts as the non-psychotropic which does not interact with CB;R and CB;R [5,78].
Additionally, CBC inhibits endocannabinoid inactivation and further activates TRPA1,
which helps recover intestinal inflammation and has several protective roles [110,111].
Additionally, CBC also possesses anti-inflammatory activity for curing lipopolysaccharide-
enhanced edema. In particular, till 2021, no CBC study involves humans [112].

6.2.2. Cannabinoid Acid

In C. sativa, CBDA, CBCA, CBDA, CBGA, and A’-THCA belong to the cannabinoid
acid group, which does not possess cannabimimetic or psychotropic bioactivity [5]. Con-
tinuous decarboxylation of A’-THCA leads to a low level of A’-THC [113]. A°-THCA has
more affinity than A’-THC and binds to PPARy, whereas it has a low affinity towards
CByR and CB,R. Additionally, A’-THCA possesses the neuroprotective property [77].
Phytocannabinoids of cannabis and their derivatives hamper the level of tumor necrosis
factor o after stimulating lipopolysaccharide in culture supernatants of some macrophages.
Additionally, phytocannabinoids, i.e., cannabinoid acid, also display their effect on phos-
pholipase activity specific to phosphatidylcholine; thus, this effects signaling. Cannabinoid
acids, e.g., CBDA, possess antihyperalgesic (i.e., reduce abnormally enhance pain) and
anti-inflammatory properties [114]. In mice, cannabinoid acid (i.e., CBDA, and A’-THCA)
treatment increased antihyperalgesic and anti-inflammatory properties with inflamma-
tions induced by carrageenan. Additionally, in mice, oral administration of cannabinoids
increases the antihyperalgesic property before carrageenan. In intestinal segments of house
musk shrews, CBDA enhances tissue reduction in the resting state with the help of non-
neuronal-associated pathways or pathways that are independent or are not associated with
CBjR or CB,R [82,115].

6.2.3. Bibenzyl Cannabinoids

Analogs of bioactive bibenzyl (aralkyl) compound such as CBG from few liverworts
have a phenethyl side chain; so bibenzyl CBG displays reduced affinity to cannabinoids
receptors [116]. Additionally, it has an affinity to TRPA1 and TRP 1-4, which are ionotropic
receptors, and shows a strong association to TRPMS [10]. Bibenzyl phytocannabinoids be-
longing to the class amofrutin were extracted from Glycyrrhiza foetida and Amorpha fruticosa.
They possess anti-inflammatory properties and are a strong activator of PPARy [84]. Biben-
zyl cannabinoid perrottetinene produced by Radula species shows a structural resemblance
to cannabis A%-THC, distinguishing it by having an aromatic side chain instead of a pentyl.
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In mammals, perrottetinene acts as the psychoactive compound that is agonistic to CB;R.
Furthermore, it enhances behavioral tetrads of analgesia, catalepsy, hypolocomotion, and
hypothermia. Interestingly, enantiomers produced in liverworts are the major hallmark of
their bioactivity and metabolic responses [28].

6.2.4. Rhododendron Cannabinoids

Rhododendron produces phytocannabinoids in the form of prenylated orcinoids. They
are generally classified in CBC or CBL type as they have chromane or chromene scaffold.
Prenylated orcinoids and their derivatives play a potent role in building and boosting up
the immune system in mammals and humans. Rhododendron cannabinoids possess anti-
cancer property; hence can be recommended to a cancer patient. It also has antithrombotic
activity. Furthermore, it also displays anti-inflammatory, antimicrobial, and antipsychotic
properties and has very low toxicity in humans when administered [5,37,83,117]. Other
essential phytocannabinoids of the Rhododendron species, DCA and rhododaurichromenic
acids, serve as the potent bioactive compounds in curing HIV as they possess anti-HIV
bioactivities. It was found that when DCA was administered in infected H9 cells, it showed
a half-maximal effective concentration (ECsp) of 15 nM, much lower than the azidothymi-
dine (a drug used to cure HIV), which has ECsj of 44 nM. Moreover, DCA with potent
anti-HIV bioactivity has a therapeutic index (TI) of 3701 and ECs of 5.67 ng mL~1 [81].
Moreover, rhododaurichromanic acid possesses anti-HIV properties with TI of 92 and ECs
of 370 ng mL.~!. Active phytocannabinoids from Rh. anthopogonoides such as cannabiorci-
chromenic acid (CBC-type), anthopogocyclolic acid, and anthopogochromenic acid, which
are CBL-type possess antiallergic activity as they inhibit the release of histamine [5,16,117].

7. Antibacterial and Antimicrobial Property of Phytocannabinoids

Cannabis fibers are used in textile industries as they are rich in active phytocannabi-
noids, which provide high biomass in less time. Hemp fibers, also called bast fibers, are
rich in A’-THC, cellulose, lignin, and other metabolites, so they are used in industries,
animal bedding, and used as a substitute for glass fibers. Hemp fibers also possess high
antibacterial properties because of the presence of phytocannabinoids, so they are used as
antibacterial finishing agents and in surgical industries. Recently it was found that cannabis
powder contains a high amount of cannabinoid content which possesses antibacterial prop-
erties against Escherichia coli. Interestingly, phytocannabinoids have high pharmacological,
antibacterial, and antimicrobial activities [65,78,105,118,119].

Cannabis extract contains antibacterial property against Bacillus subtilis and Staphylo-
coccus aureus, which are Gram-positive bacteria; also against Gram-negative bacteria E. coli,
Pseudomonas aeruginosa. In contrast, it displays no activity against fungal infections caused
by Aspergillus niger and Candida albicans. Phytocannabinoids, e.g., A°>~THC, CBG, CBN, CBD,
and CBC, possess antibiotic properties against methicillin-resistant Staphylococcus aureus.
CBD and A°-THC display bactericidal activity against streptococci and staphylococci. GFA
and DCA also show antimicrobial properties against Gram-positive bacteria. Moreover, the
prenyl group shows structural similarities to bioactive monoterpenes [58,65,85,108,120].

8. Phytocannabinoids in Stress Tolerance

Phytocannabinoids have a diverse role in humans and also exhibit antimicrobial,
antibacterial, and antibiotic activity. Apart from this, they also have some other biological
beneficial properties in mitigating biotic and abiotic stress in the plant. Cannabis trichomes
possess phytocannabinoid in large quantities. High temperatures or herbivory cause
trichome rupture and the release of the phytocannabinoid content, which protects the plant
from desiccation and high-temperature stress. Therefore, they enhance plant tolerance to
heat stress [2,79]. It was also reported that phytocannabinoid production was enhanced in
cannabis flowers after UV-B-induced stress. Thus, phytocannabinoids serve as a sun shield
against destructive UV-B radiation [26]. Liverworts oil bodies possess phytocannabinoid,
so they are not damaged by fungi and bacteria, insect larvae and adults, slugs, snails,
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and small mammals. Significantly, phytocannabinoids inside oil bodies provide tolerance
against several abiotic stresses such as cold temperature, heat, excessive light, and UV
radiation [26,29,58].

Additionally, phytocannabinoids provide resilience to desiccation. Liverworts are
unable to produce abscisic acid (ABA); besides this, they have phytocannabinoid, i.e.,
lunularic acid that shows the same activity as ABA, which is a plant hormone. There
is a lack of knowledge about the role of phytocannabinoids in biotic and abiotic stress
mitigation. Thus, more in-depth studies are still required to understand the mechanism
involved in stress tolerance via phytocannabinoids. However, studies must understand
their role in other plants’ stress amelioration [1].

9. Phytocannabinoid Foe

Why is cannabis cultivation illegal in many countries and what are the disadvantages
associated with phytocannabinoid consumption? Cannabis is the third most popular sub-
stance consumed after alcohol and tobacco. The USA and New Zealand are at the top rates
(42%) of consuming it; however, it is the most illicit drug used globally. Its consumption is
escalating among teenagers, and they are consuming it in the form of hashish and mari-
juana [86,121,122]. It was reported that almost everyone who tried cannabis (marijuana
or hashish) becomes a habitual abuser and dependent on cannabis; thus, this enhanced
the cannabis use disorder [123,124]. Cannabis elicits a plethora of biological, metabolic,
and physical responses. Nevertheless, everything depends on its utilization and what dose
it is consumed in (what, when, and how). Most commonly used cannabis marijuana is
prepared by drying leaves and flowering buds of the cannabis plant. Moreover, hashish
which is eventually stronger than marijuana, is the concentrated resin from the female
cannabis plant and is directly consumed via chewing and smoking. Kief is a trichomes
mass obtained from flowers and leaves, which is used to make hashish. Additionally,
hashish contains a mixture of several phytocannabinoids and terpenes [125]. Smoking or
dabbing marijuana is the most common way in the consumption of cannabinoids. Phy-
tocannabinoid delays the onset effect by half to two hour circulating level; circulating
level is greater when they are smoked or intravenously consumed. In particular, the
delay time in the onset of psychobiological effect is due to the biosynthesis of bioactive
phytocannabinoid metabolite or induction in endocannabinoid availability or to reach
receptors to show its effect. Cannabis consumption produces two kinds of effects: short-
term (acute) and long-term (chronic) [86]. In humans, acute consumption of cannabis
effect is classified into two groups: (i) physiological effect, which displays therapeutic
potential, and (ii) recreation effects which show the effect on brain identical to psychotic
state (psychotomimetic) [126,127]. Acute physiological effects include relaxation, hyper-
locomotion, resting of heart, and increase in thirst, appetite, and food palatability. Acute
psychotomimetic effects encompass enhanced sociability, euphoria (sense of great happi-
ness), relaxation, hallucinations, delusions, conceptual disorganization, paranoia, social
withdrawal, blurred vision, and decreased attention [128,129]. Furthermore, it also leads
to anxiety, panic attacks, and dysphoria; all of these effects are similar to schizophrenia.
Long-term (chronic) consumption of cannabis is related to addiction risk which depends
on age, gender, lifestyle, frequency of intake, dosage, and genetic makeup [122]. Long-term
cannabis consumption increases various alterations inside the human body (mainly heart,
brain, and nervous system) and develops the serious risk of several disorders such as
schizophrenia, neuropsychiatric syndrome, cerebellar infarction, vasoconstriction, and sev-
eral fatal cardiovascular problems. Additionally, cannabis consumption has a detrimental
effect on metabolic and biological processes; but these disorders are low if consumption of
alcohol is low; apart from this, cannabis consumption confers useful effects on the risk of
cardiometabolic factors such as insulin sensitivity, glycemia, lipid amount. Nevertheless, it
remains to be demonstrated whether long-term cannabis consumption in humans functions
as an activator or deactivator of CBRs [79,105,108,109,122,126].
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10. Conclusions and Future Prospects

Phytocannabinoids are bioactive naturally occurring terpenoids that were earlier
thought to be exclusive to C. sativa but have now also been produced in Rhododendron
species, some legumes, the liverwort genus Radula, and some fungi. Bioactive phyto-
cannabinoids show remarkable non-hallucinogenic biological properties determined by the
variable nature of the side chain and prenyl group defined by the enzymes involved in their
biosynthesis. The present review focused on genes and enzymes involved in biosynthesis
across several plant species such as cannabis, Rhododendron and liverworts were discussed
here. Moreover, these species are used in the combinatorial fashion to construct a required
new bioactive phytocannabinoid structure established on integrating peculiar prenyl moi-
eties, side chains, and unique cyclized core structures. Meanwhile, phytocannabinoids
biosynthesis involves a large collection of enzymes that can potently develop bioactive
phytocannabinoids via genetic engineering. This review gives a better understanding of
the diverse role of phytocannabinoids in humans, plants, microbiology, and biotechnology
(Figure 8). In particular, active phytocannabinoids play a crucial role in treating several
diseases in humans. They possess antibacterial and antimicrobial properties in several
industries. Recent studies also appraise phytocannabinoids role in cold, heat, and radiation
stress tolerance. Phytocannabinoids also protect the plant from pathogens and herbivory.
Moreover, the review also focuses on the foe of improper use of phytocannabinoids and
why it is banned in many countries.

Other active cannabinoids:
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Figure 8. Selective role of active phytocannabinoids in humans, mammals, plants, biotechnol-
ogy, and industries. Abbreviations: CBC, cannabichromene; CBCA, cannabichromenic acid; CBD,
cannabidiol; CBDA, cannabidiolic acid; CBG, cannabigerol; CBGA, cannabigerolic acid; CBN, cannabi-
nol; CBR, cannabinoid receptor; DCA, daurichromenic acid; PA, perrottetinenic acid; A°-THC,
A’-tetrahydrocannabinol.

The hypothesis is that phytocannabinoids have versatile use and are beneficial for
humans and plants if appropriately used. Further investigations are needed on genes and
enzymes involved in the biosynthetic pathway in different plant species. Comparative
study between type III PKS from cannabis and liverwort might explain their specificity
to particular molecular structure and insight of genetic and protein engineering. Semi-
synthetic techniques and chemical modification integration can be used for the biosynthesis
of different types of cannabinoids—it also modulates their bioactivity and bioavailability.
The availability of naturally occurring cannabinoids provides an insight into scrutinizing
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their role in plant stress tolerance, including individual and combinatorial exogenous
effects. Lastly, quantitative chemical profiling can also give a deep knowledge of the
occurrence and importance of NADES and their other possible role in plants and their role
in reducing autotoxicity.
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Abbreviations

AAE1 acyl-activated enzyme 1

ABA abscisic acid

ADME absorption, distribution, metabolism, excretion
BBS bibenzyl synthase

C4H cinnamate 4-hydroxylase

4CL 4-coumarate:CoA ligase

CBR cannabinoid receptor

CB;R cannabinoid receptor type 1
CB;R cannabinoid receptor type 2
CBC cannabichromene

CBCA cannabichromenic acid

CBCAS  cannabichromenic acid synthase
CBCV cannabichromevarine

CBCVA  cannabichromevarinic acid

CBD cannabidiol

CBDA cannabidiolic acid

CBDAS cannabidiolic acid synthase
CBDV cannabidivarine

CBDVA  cannabidivarinic acid

CBE cannabielsoin

CBG cannabigerol

CBGA cannabigerolic acid

CBGAS  cannabigerolic acid synthase

CBL cannabicyclol

CBN cannabinol

CBND cannabidiol

CBT cannabitriol

CHIL chalcone isomerases-like protein
CNS central nervous system

CYP cytochrome P450

DBR double-bond reductase

DCA daurichromenic acid

DCAS daurichromenic acid synthase

DHAC dihydrostilbene acid cyclase
Dicamba  3,6-dichloro-2-methoxybenzoic acid
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ECsg effective concentration

GFA grifolic acid

GPP geranyl pyrophosphate

GPR G-protein-coupled receptor
GPCR G-protein-coupled cannabinoid receptor
IAA indole-3-acetic acid

KR ketoreductase

LOX lipoxygenase

MEP methylerythritol-4-phosphate
NAA 1-naphthaleneacetic acid
NADES natural deep eutectic solvent
OA olivetolic acid

OAC olivetolic acid cyclase

OLS olivetol synthase

ORS orcinol synthase

OSA orsellinic acid

PA perrottetinenic acid

PAL phenylalanine ammonia-lyase
PAS perrottetinenic acid synthase
PET perrottetinene

PGR plant growth regulator

PKS polyketide synthase

PPARy peroxisome proliferator-activated receptor y
PT prenyltransferase

STS stilbene synthase

TAL tyrosine ammonia-lyase

TF transcription factor

TI therapeutic index

TRP transient receptor potential
TRPA1 TRP type ankyrin 1

TRPMS8 TRP type melastanin 8
TRPV1 TRP type vanilloid 1

AS-THC A8-tetrahydrocannabinol
A°-THC A°-tetrahydrocannabinol

A’-THCA  A%-tetrahydrocannabinolic acid
A°-THCAS  A°-tetrahydrocannabinolic acid synthase
A’-THCV  A%-tetrahydrocannabivarinic acid
A°-THCVA  A’-tetrahydrocannabidivarinic acid
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Abstract: Alternaria brown spot is a severe disease that affects leaves and fruits on susceptible
mandarin and mandarin-like cultivars, and is produced by Alternaria alternata. Consequently, there
is an urge to obtain new cultivars resistant to A. alternata, and mutation breeding together with
tissue culture can help shorten the process. However, a protocol for the in vitro selection of resistant
citrus genotypes is lacking. In this study, four methods to evaluate the sensitivity to Alternaria of
mandarin ‘Fortune” explants in in vitro culture were tested. The four tested systems consisted of:
(1) the addition of the mycotoxin, produced by A. alternata in ‘Fortune’, to the propagation culture
media, (2) the addition of the A. alternata culture filtrate to the propagation culture media, (3) the
application of the mycotoxin to the intact shoot leaves, and (4) the application of the mycotoxin to
the previously excised and wounded leaves. After analyzing the results, only the addition of the A.
alternata culture filtrate to the culture media and the application of the mycotoxin to the wounded
leaves produced symptoms of infection. However, the addition of the fungus culture filtrate to
the culture media produced results, which might indicate that, in addition to the mycotoxin, many
other unknown elements that can affect the plant growth and behavior could be found in the fungus
culture filtrate. Therefore, the application of the toxin to the excised and wounded leaves seems to be
the most reliable method to analyze sensitivity to Alternaria of ‘Fortune” explants cultured in vitro.

Keywords: brown spot; ACT; fungus culture filtrate; mycotoxin

1. Introduction

Alternaria alternata is a fungus that can produce severe damage in economically impor-
tant plants, including cereal crops, vegetables, and fruits. A. alternata is able to infect plants
producing host-selective toxins during the germination of spores on plant surfaces. Taking
these toxins into consideration, seven pathotypes can be distinguished [1]. A. alternata
pv. citri is the specific pathotype for Citrus reticulata and its hybrids, and produces the
host-specific Alternaria citri toxin (ACT), which provokes, in sensible mandarin trees,
the emergence of Alternaria brown spot (ABS), a severe disease whose main features are
lesions on leaves and immature fruits of the infected plants that can result in early fruit
abscission [2]. This reduces the quality and the commercial value of fruits in the market,
leading to huge economic losses globally every year [3].

‘Fortune’ mandarin (‘Fina’ clementine x ‘Dancy’ mandarin) is a Citrus reticulata hybrid.
Although this cultivar is widely harvested in Spain due to the excellent characteristics
of its fruits, it is sensible to ABS. Thus, obtaining new ABS-resistant cultivars with the
‘Fortune” organoleptic and farming qualities would be desirable for the mandarin market.
In this sense, mandarin breeding programs are trying to include these features in their
new selections. However, citrus breeding programs using conventional methods involve
several difficulties associated with long juvenile periods, high heterozygosity, polygenic
traits, and complicated genetic systems [4]. To overcome these difficulties, breeders have
developed mutation breeding techniques [5], which could lead to a new cultivar with the
desirable qualities of ‘Fortune’, but excluding the sensitivity to ABS.
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If mutation breeding is increasingly considered to be a powerful alternative for the
generation of genetic variations for plant breeding in citrus, tissue culture offers the
possibility of managing large populations in a limited space while allowing a more rigorous
control of the environmental conditions [6] and reducing the time spent until the selection
of a genotype can be performed. To make a selection in ex vitro plants, waiting until they
are grown to evaluate them is imperative. However, tissue culture offers the possibility
of making an early selection of plant material, which saves space, time, and human
resources [7]. Hitherto, a tissue culture protocol for mutant selection has been developed in
potato and apple for two different species of the genus Alternaria [8,9] and in sugarcane for
Fusarium sacchari [10]. However, there is no in vitro selection protocol for genotypes that
are resistant to Alternaria alternata in citrus, and this is key to evaluate mutants developed
in vitro.

In this study, four systems aimed to test the tolerance of ‘Fortune’ mandarin tissue
cultured plants, which are very sensitive to ABS, to A. alternata were compared. Sensitivity
to an A. alternata culture filtrate, as well as the ACT, was tested.

2. Results
2.1. ACT or Culture Filtrate Addition to the Culture Media

After four weeks of culture, no effect of the ACT in the culture media was observed
in the ‘Fortune’ shoots. Actually, no significant differences were found either in the
proliferation rate, length, productivity, or leaf damage with any treatment (data not shown).

When the A. alternata culture filtrate was added to the culture media, ‘Fortune’ explants
were significantly (p < 0.0001) affected by the filtrate volume in the culture media in
all of the studied parameters. Proliferation rate decreased from 2.06 in the control to
1.25 when the fungus culture filtrate was 50% of the volume in the culture media, and
significant differences were observed between the three concentrations (Figure 1). Likewise,
productivity decreased with the presence of the A. alternata culture filtrate in the culture
media (Figure 1), although significant differences were not observed between the control
and 25% of the culture filtrate. On the contrary, the addition of the culture filtrate to the
culture media boosted the shoots average length from 11.29 mm in the control to 13.55 mm
with 50% of the culture filtrate, and significant differences were not observed for 25% and
50% (Figure 1).

25
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Proliferation rate
Length (mm)

0% 25% 50% 0% 25% 50%
Culture flitrate Culture flitrate

~
&
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Damaged leaves (no.)
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Figure 1. Proliferation rate, elongation, productivity, and number of damaged leaves in shoots of the

mandarin cv. ‘Fortune’ exposed to different percentages of culture filtrate of Alternaria alternata. Data

represent average + SD values. Bars with different lower-case letters indicate a significant difference

according to the LSD test (p < 0.05).
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Finally, the culture of ‘Fortune’ shoots in vitro by adding the A. alternata culture filtrate
was significantly affected (p < 0.0001) by the filtrate volume in the culture medium, produc-
ing damage in around three leaves by explant in shoots cultured with a 25% of the filtrate
and around eight leaves by explant in the shoots in a 50% of the fungus filtrate (Figure 1).

2.2. ACT Application to Shoot Leaves

Regarding the ACT application to in vivo leaves, results were similar to those obtained
with the ACT addition to the culture media, so there were no effects. Thus, after four weeks
of culture, no significant differences were found between leaves in shoots grown in the
control vessels (0 mL L™! of ACT) and the rest of the treatments (Figure 2; data not shown).

Direct application of ACT in the ‘Fortune” wounded excised leaves has a significant
effect (p < 0.0001) over the percentage of damaged leaves. The mycotoxin caused a signifi-
cant damage when the concentration of the ACT was 75 mg L~! (Figures 3 and 4). At this
concentration, almost 80% of the leaves per shoot were damaged. Although some leaves
were damaged at 25 and 50 mg L' of ACT, no significant differences were found between
these two treatments and the control.

Omg L 10 mg L 100 mg L1

Figure 3. Excised and wounded leaves of the mandarin ‘Fortune” exposed to 0 (a), 12.5 (b), 25 (c),
50 (d), and 75 (e) mg L1 of Alternaria citri toxin and acetonitrile (f).
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Figure 4. Percentage of damaged leaves exposed to a medium containing different concentrations
of Alternaria citri toxin (ACT). Data represent average & SD values. Bars with different lower-case
letters indicate a significant difference by LSD test (p < 0.05).

3. Discussion

ABS is a severe disease on susceptible mandarin and mandarin-like cultivars [11].
Thus, the obtention of new genotypes that preserve good organoleptic qualities, along with
a medium-to-high tolerance to the infection by A. alternata, will entail a huge advance in the
mandarin culture. On the other hand, citrus breeding involves a costly and long technical
effort that could be shortened (and made more cost-effective) with mutation breeding and
tissue culture, a technique that has proved to be very efficient in the early selection of citrus
genotypes [12]. In this study, we have tested four different methods to detect A. alternata
susceptibility in vitro in order to set a fast and efficient protocol for plant selection.

The methods studied in this work can be divided into two categories: (1) modification
of the culture media by the addition of A. alternata components (fungus culture filtrate
or extracted ACT), and (2) the application of ACT to leaves excised from shoot culture.
When ACT was added to the culture media, no differences between the control and the
treatments were detected, so no toxicity emerged from the application of ACT at the used
concentrations to the shoots in this experiment. Thus far, there is no information about
the addition of ACT to media in citrus shoots in previous reports, and it is also scarce in
other species. Only Chakraborty et al. (2020) [13] reported induced-tolerance in shoots of
Withania somnifera to A. alternata by exposing calli to a media containing mycotoxin isolated
from an A. alternata culture. The differences between this study and the current trial can be
found in the concentration of the toxin and the sensitivity of certain tissues and species to
the toxin. Thus, a higher sensitivity to the A. alternata toxin has been found in calli than in
shoots, so a higher concentration is needed in shoots to replicate the effects produced in
calli [14].

On the contrary, when the culture filtrate of Alternaria was added to the culture media,
a toxic response was observed in the shoots (Figure 1). As it was revealed in this experiment,
the capacity of in vitro shoot multiplication in citrus, as well as the number of damaged
leaves, are clearly affected by any biotic [15] or abiotic stress [7]. However, the shoots
length was boosted by the A. alternata culture filtrate in the culture media. This last result
would suggest that the filtrate could contain many other unknown compounds, beyond
ACT, that might be also playing positive or negative roles in the in vitro culture of ‘Fortune’,
separately and/or synergistically with ACT. The fungal culture filtrate has been used by
few authors for inducing resistance to some species of the Alternaria genus through tissue
culture techniques [9,14,16,17]. The components of this filtrate were not analyzed in any
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of these studies; hence, the exact content of the culture media, and even the presence of
mycotoxin and its concentration, were actually unknown. Nevertheless, pathogen culture
filtrates are part of the selection protocol most commonly used for in vitro production and
selection of disease-tolerant plants in many crops [18]. Moreover, although the exposition
to the products of the fungus activity in the filtrate applicated via culture media has proved
to be efficient for the induction of resistance to many pathogens, due to the big amount
of components of the culture. Fungus culture would not probably be the best method to
evaluate A. alternata resistance in vitro, since the infection by A. alternata comes into play
during the germination of spores on plant surfaces and not through the absorption of the
pathogen [19]. The simulation of an infection should be as similar as possible to the real
process not to introduce new factors that can alter our results.

In contrast, the application of the toxin to the leaves would be more similar to the
traditional and efficient ex vitro test and also to naturally-occurring infections. This
application was tested in intact leaves in the shoot and in wounded leaves excised from the
shoot. In the case of intact leaves, no damage was observed, and the opposite was noticed
in the wounded leaves, since above 75% of the leaves presented damage with an application
of a preparation containing 75 mg L~! of ACT. Similar results were obtained by [8] with
chemically-synthesized AM-toxin I of A. alternata in in vitro leaves obtained from apple
mutant shoots, and the same method was used by [20] in Vitis vinifera to evaluate the
capacity of vitis cultivars to resist the Erysiphe necator infection. This protocol had not
been proven in vitro in citrus plants to test them against ACT before; however, it has been
extendedly used ex vitro thanks to the studies made by [2] in A. alternata pv. citri.

4. Materials and Methods
4.1. In Vitro Material

Plant material was obtained from shoot cultures of ‘Fortune’ mandarin established
in vitro and subcultured monthly on proliferation media composed of MS salts and vita-
mins [21] supplemented with 2 mg L=! of 6-benzylaminopurine, 0.1 mg L~! of indolebu-
tyric acid, 0.6 mg L 1of gibberellic acid, 30 g L1 of sucrose and 7 g L 1of agar (Hispanlab),
as described by [22]. After adding plant growth regulators and adjusting the medium pH
to 5.7 with 1 N NaOH, 100 mL of medium were dispensed in each of the 500-mL jars and
sterilized in an autoclave at 121 °C for 21 min. Cultures were grown at 25 &+ 1 °C with
white light (5000 lux) and a 16-h photoperiod.

4.2. A. alternata Isolates and ACT Purification

Isolates of A. alternata pv. citri were obtained from fruits affected by ABS in a commer-
cial plantation of “Fortune’ mandarin as described by Nemsa et al. (2012) [23]. Likewise, the
fungus culture, pathogenicity studies, and ACT purification were conducted as described
by del Rio et al. (2018) [24]. Briefly, cultures in Petri dishes of the selected A. alternata
isolates (15 day-old) were used to extract ACT. Cultures were dried in an oven at 60 °C
and grounded before ACT extraction with acetonitrile (1 g 10 mL~!) as a solvent, while
stirring for 2 h.

4.3. A. alternata Culture Filtrate Preparation

The A. alternata culture filtrate preparation protocol was adapted from Kumar et al.
(2008) (14). A virulent A. alternata pv. citri strain was inoculated initially in Petri plates
containing PDA (potato dextrose agar) medium at 27 °C. After 10 days of culture, a
mycelium portion of 5 x 5 mm was inoculated in an Erlenmeyer flask with liquid MS
medium and 3% of sucrose. Cultures were maintained in agitation (125 rpm) and darkness
at 25 £ 2 °C for 50 days. After that period, the mycelium was homogenized with a glass
rod and filtered through a Whatman Grade 1 paper filter with a vacuum flask to obtain an
A. alternata filtrate deprived from spores and mycelium. The fungus culture filtrate was
centrifugated at 5000 rpm for 20 min and filtrated once again using a Whatman Grade 1
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paper filter. The pH of the resulting filtrate was adjusted to 5.7, and the solution was stored
at —20 °C in brown bottles.

4.4. ACT Addition to the Culture Media

Shoots of ‘Fortune’ from proliferation were cultured in glass tubes (150 x 20 mm)
containing 15 mL of proliferation medium with different concentrations of ACT (0, 1, and
2mg L, previously filter-sterilized using a nylon filter with a membrane pore size of
0.45 um, plus an additional control with water to know the possible effects of acetonitrile.
The experiment consisted of 20 glass tubes per treatment. Medium sterilization was
performed and culture conditions were as described previously.

After 4 weeks of treatment, the number of shoots (longer than 5 mm) per explant, their
average length, and the number of damaged leaves were recorded. From these data, prolif-
eration rate (no. shoots/explant) and productivity (shoot average length x proliferation
rate) were calculated. The number of damaged leaves included not only the leaves that
appeared chlorotic or with necrotic spots, but also the fallen leaves that remained on the
culture media.

4.5. Culture-Filtrate Addition to Leaves Excised from Shoot Culture

Filtrate (1 mL) was previously cultured in PDA Petri dishes for 7 days at 27 °C to
ensure sterility. Media was prepared as a proliferation media, but adding the corresponding
percentage of filtrate to reach a final volume of 100 mL per vessel, after sterilization in the
autoclave. Thus, 3 treatments were studied: 0%, 25%, and 50% of filtrate volume in the
culture media. Medium sterilization and culture conditions were performed as described
previously. The experiment consisted of 6 glass vessels per treatment with 6 shoots each.
Evaluation criteria were similar to those of the previous experiment.

4.6. ACT Application to Shoot Leaves

ACT was applied to in vivo leaves or wounded leaves in different experiments. Firstly,
filter-sterilized ACT was diluted in acetonitrile to the concentrations of 0, 10, 100, and
500 mg L.7!, and an additional control with water was prepared in order to check the
possible effects of acetonitrile. ACT was applied with a brush, previously sterilized in
the autoclave, to the first and third fully-expanded in vivo leaves of 20 in vitro shoots of
‘Fortune’ per ACT treatment. The explants were cultured in vitro for 4 weeks after the ap-
plication of the treatment, and after that time the number of damaged leaves was recorded.

Additionally, using the previously-described protocol, filter-sterilized ACT at the
concentrations of 0, 12.5, 25, 50, and 75 mg L1 was applied with a brush to the first
4 fully-expanded leaves of ‘Fortune’ explants. Leaves were first excised from the shoots
and placed in sterile Petri plates with a humid filter paper. Subsequently, leaves were
wounded in the abaxial side to improve mycotoxin penetration, and ACT was applied with
a sterilized brush. Four repeats (plates) and 10 leaves per plate were used per treatment.
The results were evaluated a week after the application of the treatment, and the percentage
of damaged leaves was recorded.

4.7. Statistical Analysis and Data Presentation

Data were first tested for homogeneity of variance and normality of distribution. Sig-
nificance was determined by analysis of variance (ANOVA), and the significance (p < 0.05)
of any differences between mean values was tested by Duncan’s new multiple range test,
using Statgraphics Centurion® XVI (StatPoint Technologies Inc., The Plains, VA, USA).

5. Conclusions

In the present study, four methods to evaluate the susceptibility of mandarin cultivar
‘Fortune” explants to A. alternata pv. citri have been tested. After analyzing the results and
the previous studies, the adaptation to the in vitro environment of the traditional method
of excising and wounding leaves seems to be the most reliable approach. According to
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our results, a higher concentration of ACT could be necessary to obtain symptoms in the
in vitro cultured shoots, and the fungus culture filtrate, although widely used, may contain
many other components rather than ACT that might introduce noise in the results. In
conclusion, the wounding in the leaves seems to be basic in order to infect the leaf surface.
Thus, the selection of mandarin genotypes resistant to ABS can be better performed in vitro
trough the excision of leaves of the studied shoots and after producing small wounds in
the leaf surface. This first report about an in vitro protocol for the selection of mandarin
genotypes resistant to A. alternata will provide a basic tool to produce and select mutants
resistant to A. alternata in citrus.
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Abstract: Studying mango (Mangifera indica L.) fruit development represents one of the most impor-
tant aspects for the precise orchard management under non-native environmental conditions. In this
work, precision fruit gauges were used to investigate important eco-physiological aspects of fruit
growth in two mango cultivars, Keitt (late ripening) and Tommy Atkins (early-mid ripening). Fruit
absolute growth rate (AGR, mm day‘l), daily diameter fluctuation (AD, mm), and a development
index given by their ratio (AGR/AD) were monitored to identify the prevalent mechanism (cell
division, cell expansion, ripening) involved in fruit development in three (“Tommy Atkins’) or four
(‘Keitt’) different periods during growth. In ‘Keitt’, cell division prevailed over cell expansion from
58 to 64 days after full bloom (DAFB), while the opposite occurred from 74 to 85 DAFB. Starting at
100 DAFB, internal changes prevailed over fruit growth, indicating the beginning of the ripening
stage. In Tommy Atkins (an early ripening cultivar), no significant differences in AGR/AD was
found among monitoring periods, indicating that both cell division and expansion coexisted at
gradually decreasing rates until fruit harvest. To evaluate the effect of microclimate on fruit growth
the relationship between vapor pressure deficit (VPD) and AD was also studied. In ‘Keitt’, VPD
was the main driving force determining fruit diameter fluctuations. In “Tommy Atkins’, the lack of
relationship between VPD and AD suggest a hydric isolation of the fruit due to the disruption of
xylem and stomatal flows starting at 65 DAFB. Further studies are needed to confirm this hypothesis.

Keywords: fruit development; fruit gauge; VPD; Mangifera indica; cell division; cell expansion; ripening

1. Introduction

Recently, tropical and sub-tropical crops like mango (Mangifera indica L.) have been
introduced in Sicily. The region is characterized by Mediterranean climate with mild tem-
peratures, long periods of summer drought and relatively wet winters. This environment
can be considered a transition zone between the arid climate of North Africa and the
temperate-humid climate of Central Europe [1]. The climate is influenced by the interac-
tions between mid-latitudes and tropical phenomena that make it potentially vulnerable to
climate change associated to an increase in temperature and a decrease in precipitation, so
as to be identified as one of the most important hot-spots of the last decades [2,3]. Climate
change has a major impact also on agriculture [4-6], especially if we consider that in these
areas some growers are moving their business towards the production of newly introduced
exotic fruits of tropical origin [7,8].

The possibility to cultivate mango in non-tropical or sub-tropical areas is subjected
to the effect of temperature [9]. Mango cannot be cultivated in areas where the average
temperature of the coldest month is less than 15 °C [10], while the optimum growing
temperature ranges between 24 and 26 °C, reaching 30 to 33 °C for the flowering and fruit
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development stages [11,12]. These conditions are satisfied in the coastal areas of Sicily [13],
where new orchards have been established [9].

Fruit growth is one of the most important parameters to evaluate the adaptation of
a species to particular micro-climatic conditions, because the fruit represents the main
sink organ of the plant and it can be considered an optimal indicator of its water and
nutrient status [14]. The growth curve of mango fruits follows a sigmoidal pattern [15]
and can be obtained non-destructively by measuring fruit length, width and thickness at
short intervals along its developmental period [16]. The growth pattern is split in three
developmental stages: cell division, cell expansion, and ripening [17,18]. Cell division is a
very energy demanding process [19], due to the very fast cell division rate in fruit tissues.
Carbohydrate intake is therefore crucial in this phase [20]. Carbohydrates translocated
into the fruit are mainly imported from actively photosynthesizing leaves through the
phloem [21].

Once this first stage is over, fruits start a linear growth, mainly characterized by the
expansion of pulp cells due to water uptake led mainly by osmotic gradients. This stage is
strongly influenced by the daily fluctuations of temperature and relative humidity, as well
as vapor pressure deficit (VPD), which play an important role on fruit transpiration [22].
Specifically, daily VPD fluctuations drive fruit enlargement during the night and shrinkage
during the day [18]. This occurs because during the day, transpiration reduces the xylem
water potential, and consequently decreases the xylem flow to the fruit causing it to
shrink in diameter. During the evening and the night, the water potential is restored and
the fruit returns to its volume or increases it [23,24]. It is common, during this period,
that in situations of severe water stress, the plant takes water directly from the fruit via
the xylem. This phenomenon is called backflow [25], as also documented in apple and
kiwi [26-28]. In this regard, the variation in fruit diameter over a time interval represents
the net contribution of the import of phloem flows, which are always positive, and xylem
flows, which, depending on time of day, can be positive or negative [29]. When VPD is
high, leaf and fruit transpiration flows will increase, determining some degree of plant
dehydration and causing large fruit diameter fluctuations.

The last stage of development is fruit ripening, in which the fruit becomes physiologi-
cally and sexually mature enough to be separated from the mother plant [30]. At this stage,
internal and external changes in the fruit texture, flavor, and color are observed [31,32].

Fruit gauges are small dendrometers able to monitor continuously and very precisely
the variations of fruit diameter, even at very short intervals. They are based on low-cost
linear potentiometers connected to a data-logger device [29]. These instruments have
already demonstrated good adaptability to different fruit species.

In kiwi, Morandi et al. [33] used these devices to monitor the development of the
fruit in its final stage, determining the contributions of xylem and phloem flows to fruit
growth. In another study, Morandi et al. [34] used fruit gauges to evaluate the influence of
peach fruit transpiration on daily. The same devices were used to evaluate how the level
of irrigation affects the daily growth pattern of pear [35], nectarine [36], orange [37], and
olive [38,39] fruit.

Considering the increasing interest in mango cultivation in temperate areas, to date,
there is insufficient information about the growth and ripening stages of this fruit, as well
as about its daily growth dynamics in Mediterranean environments.

The main aim of this trial was to acquire precise indications on the stages of fruit
development of two mango cultivars (‘Keitt’ and “Tommy Atkins’) with reference to en-
vironmental parameters. The use of fruit gauges aimed to improve basic knowledge of
the mango fruit physiology, but at the same time, provided useful information for the
development of precise crop management resulting in quality and sustainable productions.
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2. Materials and Methods
2.1. Orchard Characteristics and Plant Material

The experiment was carried out in a commercial orchard of the Cupitur Farm lo-
cated in Caronia (38°03’ N, and 14°33’ E, 5 m a.s.l.) in northeastern Sicily (Italy) from
July to October 2019. In that orchard, there are windbreaks made of cypress plants
(Cupressus sempervirens L.), and nonwoven fabric windbreaks supported by wooden poles
of 5 m high.

The study was performed using 15-year-old mango trees (Mangifera indica L.), three
of the cultivar “Tommy Atkins’ (early- to mid-season ripening) and three of the cultivar
‘Keitt’ (late-season ripening) of similar size and crop load of 0.7 and 1.3 fruits cm 2 of
trunk cross-sectional area, respectively. Both cultivars were grafted onto Gomera-3 mango
rootstock. The planting density was 500 trees ha~!, with a spacing of 5 x 4 m. Trees
were trained to globe-shaped canopies, reaching 2.5-3 m in height. All the trees received
the same conventional cultural cares. Trees were drip irrigated with a seasonal irrigation
volume of 3300 m3 ha~!. Fertilization with N was carried out twice, at the beginning of
vegetative growth in early spring, and at fruit set. P, K, and microelements were delivered
with the irrigation water throughout the season. Two light pruning operations were
carried out, one at the end of winter, before the vegetative resting period, and one after
fruit harvest.

2.2. Environmental Conditions

The climate is Mediterranean [40], with average annual temperatures of 17-18 °C
and average rainfalls of about 691 mm distributed across 77 days [13,41,42]. The experi-
ment location falls into the upper thermos-Mediterranean lower sub-humid bioclimatic
belt [13,43]. Data of average temperature and average humidity were acquired by a PCE-
HT71 data-logger placed in the field. Data of daily temperature and relative humidity were
used to calculate vapor pressure deficit (VPD).

2.3. Fruit Measurements and Experimental Design

Starting at 10 days after full bloom, fruit thickness, width, and length were measured
in both cultivars using a digital caliper at two-week intervals.

Fruit diameter was monitored continuously, at 15-min intervals, with the fruit gauges
described by Morandi et al. [29] connected to a CR-1000 data logger (Campbell Scientific,
Inc., Logan, UT, USA). In each cultivar, measurements were carried out using 12 fruit
gauges placed in four fruits from different portions of the canopy in each of three trees per
cultivar. Fruit gauges were placed in the two cultivars at different times, as their timing of
fruit development differs. Measurements started at 51 days after full bloom (DAFB) in the
early-mid ripening “Tommy Atkins’, and at 58 DAFB in the late ripening ‘Keitt’.

In “Tommy Atkins’, diameter changes were monitored in three different periods:
I (20-27 July) from 51 to 58 DAFB; II (3-12 August) from 65 to 74 DAFB; III (24 August—
7 September) from 86 to 100 DAFB. Measurements of “Tommy Atkins’ covered 30 days,
corresponding to about 30% of its entire fruiting period.

In ‘Keitt’, diameter changes were monitored in four different periods: I (27 July-
2 August) from 58 to 64 DAFB; II (12-23 August) from 74 to 85 DAFB; III (7-21 September)
from 100 to 113 DAFB; IV (21 September—3 October) from 114 to 126 DAFB. Measurements
of ‘Keitt’ covered 52 days, corresponding to about 35% of its entire fruiting period.

2.4. Fruit Development Parameters

Data recorded by the data-logger were processed by graphical analysis. Fruit absolute
growth rate (AGR, mm day~!) was estimated by calculating the slope of the diameter
changes measured by fruit gauges in each monitored period.

The average daily fluctuation of fruit diameter (AD, mm) was also calculated for
each development stage. It is mainly related to fruit water exchanges (via xylem and
transpiration) and more evident during the cell expansion period. Finally, it was calculated
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a fruit development index, obtained from the ratio between AGR and AD. This index
was useful to detect the shifts from cell division stage to cell expansion stage to ripening
stage. The rationale behind this was that a relatively high index would be associated to cell
division, where a low AD and a high AGR are expected (growth due to small and actively
dividing cells); an intermediate index would be associated to cell expansion, where both
high AD and AGR are expected (growth due mainly to cell water influx); a relatively low
index would be associated to fruit ripening, where a medium to high AD and a low AGR
are expected (very low growth and some cell water exchanges). To evaluate the influence
of the environment on fruit development, VPD and AD were also related.

2.5. Statistical Analysis

Linear regression analysis was performed on fruit gauge data to estimate AGR in each
fruit development stage, using Sigmaplot 12.0 (Systat Software Inc., Chicago, IL, USA) pro-
cedures. Sigmaplot regression analysis procedures were also used to test the relationships
between AD and VPD and evaluate the influence of the environment on fruit growth. Dif-
ferences of AGR, AD, and development index (AGR AD~!) among measurement periods
were tested using one-way analysis of variance (ANOVA). The means were compared
by Tukey’s multiple comparison test at the 0.05 significant level using Systat statistical
software version 13 (Systat Software Inc.). As a temporal reference, it was used the central
day of the interval of each period. For “Tommy Atkins’, the reference days were: 56 DAFB
(I); 69 DAFB (II); 93 DAFB (III). For ‘Keitt’, the reference days were: 61 DAFB (I); 80 DAFB
(I); 107 DAFB (III); 120 DAFB (IV).

3. Results and Discussion
3.1. Climate Data

During the experiment, the average temperature was 25.9 °C, with a maximum tem-
perature of 35.9 °C reached on 22 July, and a minimum temperature of 18.0 °C reached on
3 October. The average relative humidity (RH) of the area was 68.1%, with a mini-
mum value of 32.0% recorded on 8 August. The maximum RH was 98.9% recorded on
4 September during the rainfall events (>120 mm) that occurred in the period between the
end of August and the beginning of September.

At the beginning of August, the weather was hot and dry, with relatively high VPD
values reaching 1.5-2 kPa (on 8 August). VPD shown a constant pattern from 20 July to
28 August and from 7 September to the end of the trial (5 October), with daily minimum
values of 0.64 kPa and maximum values of 2 kPa. Between 29 August and 6 September, a
heavy rain event caused a rapid drop of daily VPD to 0.21 kPa (Figure 1).
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Figure 1. Trends of daily temperature, VPD, and rainfall at Caronia, northern Sicily (38°03' N, and 14°33’ E, 5 m a.s.l.)

during the trial period.

64



Plants 2021, 10, 1332

3.2. Fruit Growth

The typical sigmoidal fruit growth pattern was observed in fruits of both cultivars
(Figure 2). In ‘Keitt’, the growth in length was the most rapid followed by width and finally
by thickness, resulting in the characteristic flattened shape of the fruit (Figure 2A) [44]. In
‘Tommy Atkins’, although length was also the most rapidly growing fruit dimension, fruit
width and thickness showed very similar trends, resulting in a rounder shape typical of
this cultivar (Figure 2B).
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Figure 2. Fruit growth curve of ‘Keitt’ (A) in the four observation periods (I, I, I1I, IV), and “Tommy
Atkins’ (B) in the three observation periods (I, II, III) monitored with a digital caliper. In ‘Keitt’,
Length = 120.62/(1 + e(~(PAFB=3511)/1256)y, R2 = 0.99. Width = 92.04/(1 + e(~(PAFB-3584)/14.01)),
R? = 0.99. Thickness = 77.23/(1 + e(-(PAFB=39.0D/161D)), R2 = 099, In ‘Tommy Atkins’,
Length = 120.31/(1 + e(~(DAFB=3295)/1181)); R2 = 0.99. Width = 87.25/(1 + e(~(DAFB=36.660)/14.56));
R2 = 0.99. Thickness = 84.13/(1 + e(~(DAFB=38.66)/14.56)y. R2 — .99,

The growth curves highlighted the expected difference in the length of the fruiting
period in the two cultivars, lasting about 105 days in “Tommy Atkins” and about 140 days in
‘Keitt’. This difference consisted mostly in a longer ripening stage in ‘Keitt” than in “Tommy
Atkins’, because, even though both cultivars have similar polygalacturonase activity, ‘Keitt’
retains more total pectin at the beginning of the ripening stage than “Tommy Atkins’ [45].
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The use of fruit gauges allowed for the detection of diameter variation and monitoring
of growth rate during the 24 h (Figure 3). The fruit gauges recorded diameter fluctuations
throughout the day, which continued with a similar fashion in all the monitoring periods.
In fact, from about 18:00 to about 8:00 of the next day, there was a rapid increase of fruit
diameter followed by a sharp decrease during the hottest hours, with a different net
diameter increase (growth rate) depending on the period of observation. This is in line with
what is explained by the model of Léchaudel et al. [46] and Faust [47], which emphasizes a
negative correlation between transpiration and water potential in mango fruit. In detail,
the transpiration rate is maximum during the hottest hours, when xylem water potential
reaches its minimum, while during the evening and the night water potential is restored,
and fruits gradually expand to reach sizes larger than the initial.
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In ‘Keitt’, fruit diameter started shrinking at 8:30-9:30 and continued until
17:30-18:00. During this time of the day, fruits may lose water, and consequently vol-
ume in two ways: directly, because of the fruit transpiration, and indirectly, via xylem
(backflow). This occurs when the leaf transpiration is rather high, especially during warm
days and high VPD, and the water supply from the roots is insufficient to counteract the
water shortage. In these cases, water might flow outward from the fruit according to the
water potential gradient [25]. Thus, fruit shrinkage is caused by a negative water balance
because water losses cannot be compensated by phloem inputs. From 18:00 onward fruit
diameter increased until the morning, with the fruit generally reaching a larger size than
the previous day (Figure 3). This size difference between consecutive days represents the
net daily growth and can be mainly associated to an accumulation of dry matter, including
a pool of organic and inorganic molecules that become part of the cellular structures of the
fruit (Figure 4). Only in period III, between 91 and 96 DAFB (Figure 4 III), reduced and ir-
regular diameter fluctuations were detected. This occurred in correspondence with intense
rainfall events between 29 August and 3 September, i.e., when RH was >90% and VPD
reached 0.21 kPa (Figure 1). According to Torres Ruiz et al. [48] supplying water when kiwi
vines are experiencing stressing environmental conditions, e.g., very high transpiration
rates, can influence fruit volume growth in the following days, causing a marked reduction
of daily fluctuations. About two days later, RH, temperature and VPD values returned to
the typical values of the period and fruits gradually resumed regular daily fluctuations
and growth (Figure 4 III).

Similarly, in “Tommy Atkins’, a diametric decrease was observed during the warmest
part of the day, starting between 8:30 and 9:15 and ending between 17:00 and 17:45. Sub-
sequently, a constant increase in diameter was recorded during the observation periods
(Figure 4). Only in period III, between 91 and 96 DAFB (Figure 4 III), reduced and irregular
diameter fluctuations were detected. This occurred in correspondence with intense rainfall
events between 29 August and 3 September, i.e., when RH was >90% and VPD reached
0.21 kPa (Figure 1). According to Torres Ruiz et al. [48], supplying water when kiwi vines
are experiencing stressing environmental conditions, e.g., very high transpiration rates,
can influence fruit volume growth in the following days, causing a marked reduction of
daily fluctuations. About two days later, RH, temperature and VPD values returned to the
typical values of the period and fruits gradually resumed regular daily fluctuations and
growth (Figure 4 III).

3.3. Fruit Development

In both cultivars, fruit AGR decreased significantly with progressing development
(Figure 5). Specifically, in ‘Keitt’, AGR was highest in period I, with values reaching
0.53 + 0.05 mm day~!. A significant and similar reduction was observed in periods III
and IV, while AGR in period II was intermediate (Figure 5A). This suggests a substantial
decrease in dry matter accumulation rate by the fruit during its development. It also
indicates that during period I, fruits were still in an active growth phase, probably due to
cell expansion mechanisms, strictly dependent on carbohydrate accumulation and water
recall by osmosis. Subsequently, the reduction in growth confirmed that period II was
a transition period between the end of cell expansion and the beginning of ripening. A
similar decrease of AGR during mango fruit development was shown by Lechaudel in
‘Lirfa’ [49] and by Dambreville in ‘Cogshall” and ‘José” [50]. Following periods occurred at
the time of full drupe maturation (Figure 5A).
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Figure 4. Trends of diametric growth of “Tommy Atkins’ mangos in the three observation periods
R2

Diameter = 0.357DAFB - 15,513; R?



Plants 2021, 10, 1332

AGR (mm day™)

AD (mm)

AGR AD™

0.6 |

0.4

0.2

0.0

12+

0.8
0.6 |
0.4

0.2 -

0.0

KEITT A TOMMY ATKINS D

ab - B
T b
C ns F
a T ns ns
ab . T T
b b
61 80 107 120 56 69 93
DAFB

Figure 5. Fruit absolute growth rate (AGR), daily diameter fluctuations (AD), and development index (AGR AD™ 1) of ‘Keitt’
(A-C) and ‘“Tommy Atkins’ (D-F) mango during the monitoring periods (Keitt: 61, 80, 107, 120 DAFB. Tommy Atkins: 56,
69, 93 DAFB). DAFB = days after full bloom.

In ‘“Tommy Atkins’, AGR was highest also in period I with an average of 1.01 & 0.14 mm
dayfl, showing a high net daily growth, also visible in the first period of the sigmoidal
curve between 20 and 60 DAFB (Figure 2B). In subsequent periods, there was a significant
and similar reduction in fruit growth of about 60%, with values of 0.42 &+ 0.05 mm day*]
and 0.36 + 0.02 mm day ! in period IT and III, respectively (Figure 5D). In this case, fruits
monitored in period I were actively growing, most likely by cell expansion, while fruits at
periods II and III were already at the ripening stage.

In ‘Keitt’, also AD showed a significant reduction over the four periods of fruit
development, going from 0.64 £ 0.05 mm in period I, to 0.30 £ 0.04 mm in period IV
(Figure 5B). This indicates that fruits monitored in periods III and IV were not at cell
expansion stage as cell expansion depends mainly on water inflow that would have caused
marked daily diameter fluctuations (Figure 5B). Decreases in AD could be associated with
lower water exchanges from the fruit to either the atmosphere or the rest of the plant at
more advanced developmental stages. These could be determined by the beginning of
the ripening stage, in which the water exchanges between the fruit and the environment
(transpiration) are gradually reduced, probably due to the thickening of the peel cuticle [51-53].

Also in “Tommy Atkins’, marked diameter fluctuations were detected in period I
(0.91 + 0.11 mm). However, these were more than halved in periods II and III dropping
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to 0.45 £ 0.04 and 0.40 & 0.05 mm, respectively (Figure 5E). This is a second piece of
evidence indicating that the fruit in period I was still in an active growth phase due to cell
expansion mechanisms associated to water exchanges. The reduction of AD in periods
IT and III could be due to a reduction in fruit transpiration, possibly driven by cuticular
thickening phenomena during ripening [54], or to a lower xylem communication with
the plant. Indeed, cuticular conductance values in mango can vary depending on the
microclimatic conditions of fruit growth [24], thus limiting transpiration phenomena [55].
In this regard, Léchaudel et al. [56] showed that the rate of water accumulation in mangoes
decreases when the dry matter of the fruit increases. All these phenomena (reduction of
growth, reduction of the transpiration rate by cuticular thickening, xylem isolation) may
be associated with the beginning of the ripening phase, which is also characterized by the
activation of metabolic activities determining physiological, biochemical, and organoleptic
changes [32,57].

In order to evaluate the effect of microclimate conditions on fruit growth dynamics,
AD was related to VPD. In ‘Keitt’, a direct exponential relationship was found between the
two parameters over the four monitoring periods, i.e., as VPD increased, the amplitude of
daily fluctuations in fruit diameter rapidly increased (Figure 6A). In this case, VPD seems
to be the main driving force determining fruit diameter fluctuations. Morandi et al. [23]
found a similar behavior in peach fruit showing a direct relationship between transpiration
rate (directly linked with diameter fluctuations) and VPD at cell division and cell expansion
stages, demonstrating a tight coupling of fruit transpiration to environmental conditions
during these developmental stages.

0.6

05|

04

AD (mm)

03|

02}

08|

0.7 |

AD (mm)

06 |

05|

I L L . L 0.4 L ' L L

1.0 12 14 16 1.8 20 0.9 1.0 11 12 13 14
VPD (kPa) VPD (kPa)

Figure 6. Relationship between vapor pressure deficit (VPD) and daily fluctuations in fruit diameter (AD) in ‘Keitt” over
the four monitoring periods (A), and “Tommy Atkins’ (B) mango at monitoring period I. Keitt: AD = 0.076 x (1.1579VPD),
R? = 0.679; p < 0.001. Tommy Atkins: AD = 2.175 — 1.248VPD; R? = 0.788; p = 0.008.

In “Tommy Atkins’, on the other hand, a linear inverse relationship between AD and
VPD was found only in period I (Figure 6B). Fruits of the Tommy Atkins cultivar have a
relatively low rate of transpiration compared with other mango cultivars, due to a cuticle
structure characterized by a relatively high wax content, a limited number of lenticels [51]
and a high density of resin ducts [58]. This along with a possible leaf stomatal closure in
response to high VPD may explain the decrease of daily diametrical oscillations as VPD
increased. Already at period II, however, no relationship (p = 0.083) between the two
parameters was found. This could support the hypothesis that in this period, the fruit was
entering the ripening phase and was becoming isolated at the hydric level, i.e., interrupting
xylem and stomatal flows, and non-dependent on VPD variations. This phenomenon was
most evident in period III, where the absence of the relationship between AD and VPD
was confirmed (p = 0.278), supporting the hypothesis that during ripening, fruits limit
water exchanges with the atmosphere (no transpiration) and with the rest of the plant
by xylem backflow. In fact, data recorded in period III showed no significant changes in
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diameter. In kiwi, this has been attributed to a drop in the daily transpiration rate, as fruits
stop xylem inflow in the last phase limiting the formation of pressure gradients ideal for
water movement [33]. According to Nordey [52], in ‘Cogshal” mango, changes in xylem
flow are related to a decrease in water conductivity of xylem vessels, driven by vessel
occlusion. Also in fruits of other species, including kiwi [27,54], apple [26], cherry [59] and
grapes [60], an occlusion of xylem vessels was observed as the conduction of these tissues
during particular climatic conditions could imply large water losses by backflow [59]. As
mentioned above, “Tommy Atkins’ fruits have very low cuticular conductance compared to
other varieties, especially at the ripening stage, and this may explain the different behavior
of “Tommy Atkins” and ‘Keitt” in response to VPD [61]. In particular, ‘Keitt’ presents greater
proportion of amorphous zone than “Tommy Atkins’, due to a faster cuticular degradation,
increasing fruit skin water permeability.

The ratio between AGR and AD, or development index, was calculated to understand
what the prevailing mechanism between cell division and expansion in the growth model
was, assuming that a large AD would be mainly due to intense water exchanges typical
of the cell expansion mechanism. Specifically, in ‘Keitt’, the development index was
significantly higher in period I than in periods III and IV, with intermediate values in
period II (Figure 5C). Considering that both parameters followed similar decreasing trends
and that AGR values were very low in periods III and IV, it can be stated that in period I,
cell division may have prevailed over cell expansion, while in period IIl and IV internal
changes prevailed over fruit growth, typical of the fruit ripening stage. Period II fell into
an intermediate stage where growth gradually slowed down and cell expansion may have
prevailed over cell division. The transition stage between periods I and III (65-99 DAFB) can
be considered relatively long in this mid- to late-ripening cultivar (Figure 5C). In “Tommy
Atkins’, AGR and AD showed the same trends resulting in no significant differences in
development index among monitoring periods (Figure 5F). Since some growth was still
present until fruit harvest (although at a slower rate than in period I), we can assume that
both cell division and expansion coexisted at constant rates during all three monitoring
periods. This indicates on one side, that this early-ripening cultivar keeps growing until
the end of fruit development, and on the other side, that a period of greater cell division
than cell expansion mechanism must occur before 56 DAFB, if ever.

4. Conclusions

This paper describes unpublished information about the growth of mango fruitin a
Mediterranean environment and may represent a solid ground for further investigations.
The use of fruit gauges on drupes allowed the monitoring of diametric variations over time
in response to environmental and physiological conditions of two important cultivars such
as Keitt and Tommy Atkins. Thanks to the identification of the different growth stages,
and more importantly of the moments when either cell division or cell expansion prevails
during fruit development, the optimal time for the application of specific management
practices (fertilization, irrigation, fruit thinning) could be established.

The precise identification of the beginning of the ripening phase is also very useful to
maximize fruit quality, for example by applying deficit irrigation with nearly no risk to
compromise final fruit size.

The association between environmental conditions and fruit growth also indicated
that ‘Keitt’ fruit growth takes advantage of increasing VPD, suggesting a good adaptation
of this cultivar to Mediterranean environments. The same does not seem to be true for
‘Tommy Atkins’, acting as a genotype sensitive to quick changes in VPD and most likely to
the dry conditions of Mediterranean summers. Further scientific work on this track will
have to confirm or disprove the fruit hydric isolation hypothesis formulated in this study
during the later fruit development stages.
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Abstract: Virginia mountain mint (Pycnanthemum virginianum) is a peppermint-flavored aromatic
herb of the Lamiaceae and is mainly used for culinary, medicinal, aromatic, and ornamental pur-
poses. North Alabama’s climate is conducive to growing mint for essential oils used in culinary,
confectionery, and medicinal purposes. There is, however, a need for varieties of P. virginianum
that can be adapted and easily grown for production in North Alabama. Towards this end, four
field-grown varieties with three harvesting times (M1H1, M1H2, M1H3; M2H1, M2H2, M2H3; M3H]1,
M3H2, M3H3, M4H1, M4H2, M4H3) were evaluated for relative differences in essential oil yield and
composition. Thirty-day-old greenhouse-grown plants of the four varieties were transplanted on
raised beds in the field at the Alabama A & M University Research Station in North Alabama. The
plots were arranged in a randomized complete block with three replications. The study’s objective
was to compare the four varieties for essential oil yield and their composition at three harvest times,
135, 155, and 170 days after planting (DAP). Essential oils were obtained by hydrodistillation with
continuous extraction with dichloromethane using a Likens—-Nickerson apparatus and analyzed by
gas chromatographic techniques. At the first harvest, the essential oil yield of the four varieties
showed that M1H1 had a yield of 1.15%, higher than M2H1, M3H1, and M4H1 with 0.91, 0.76, and
1.03%, respectively. The isomenthone concentrations increased dramatically through the season in M1
(M1H1, M1H2, M1H3) by 19.93, 54.7, and 69.31%, and M3 (M3H1, M3H2, M3H3) by 1.81, 48.02, and
65.83%, respectively. However, it increased only slightly in M2 and M4. The thymol concentration
decreased slightly but not significantly in all four varieties; the thymol in M2 and M4 was very high
compared with M1 and M3. The study showed that mountain mint offers potential for production
in North Alabama. Two varieties, M1 and M3, merit further studies to determine yield stability,
essential oil yield, composition, and cultivation development practices.

Keywords: pulegone; isomenthone; menthone; thymol; p-cymene; chemotypes; seasonal variation;
enantiomeric distribution

1. Introduction

Discovered and named ‘mountain mint” by the French Botanist Andre Micaux [1],
Pycnanthemum Michx. is an herbaceous perennial belonging to the family Lamiaceae. The
plants can grow up to 1 meter in height with delicate, angular stems and 4-6 cm long
narrowly lanceolate leaves. The leaves are known for their mild mint flavor. The plants
grow well in semi-shaded woodlands and along waterways on well-drained, light, sandy,
loam clay soils with a pH ranging from slightly acidic to slightly alkaline [2].

Pycnanthemum Michx. has been reported to consist of an estimated 20 species according
to World Flora Online [3], all of which occur in North America: Pycnanthemum albescens
Torr. & A. Gray, Pycnanthemum beadlei (Small) Fernald, Pycnanthemum californicum Torr. ex
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Durand, Pycnanthemum clinopodioides Torr. & A. Gray, Pycnanthemum curvipes (Greene)
E.Grant & Epling, Pycnanthemum flexuosum (Walter) Britton, Sterns & Poggenb., Pyc-
nanthemum floridanum E.Grant & Epling, Pycnanthemum incanum (L.) Michx., Pycnan-
themum loomisii Nutt., Pycnanthemum monotrichum Fernald, Pycnanthemum montanum
Michx., Pycnanthemum muticum (Michx.) Pers., Pycnanthemum nudum Nutt., Pycnan-
themum pycnanthemoides (Leavenw.) Fernald, Pycnanthemum setosum Nutt., Pycnan-
themum tenuifolium Schrad., Pycnanthemum torreyi Benth., Pycnanthemum verticillatum
(Michx.) Pers., Pycnanthemum virginianum (L.) T. Durand & B.D. Jacks. ex B.L. Rob. &
Fernald, and Pycnanthemum viridifolium E.Grant & Epling. The species highlighted in bold
have been recorded in the state of Alabama. Nearly 50% of the known species are found in
Alabama, which underscores the adaptation of mountain mint to Alabama environments.

Several Pycnanthemum species have been used in Native American traditional medicine [1].
The Choctaw took a hot decoction of P. albescens leaves as a diaphoretic for colds. The
Miwok used P. californicum as a treatment for colds. A poultice of leaves of P. flexuosum or
P. incanum was used by the Cherokee to relieve headache, while a leaf infusion of these
plants was taken for fevers. The Lakota took an infusion of the leaves of P. virginianum
for coughs. In addition, P. flexuosum and P. incanum were used by the Cherokee for food,
and the Chippewa used P. virginianum to season meat or broth. Today, mountain mint is
popularly used as a mild-flavored tea, and the leaves and buds are often eaten in salads.
Mountain mint tea is known to be curative, diaphoretic, and carminative [1,2]. The tea
made of mountain mint leaves is used for treating menstrual disorders, mild headaches,
fevers, colds, coughs, and indigestion [1-3]. Mountain mint has been shown to cause
abortions if consumed by pregnant women [1].

The essential oil composition of mountain mints varies considerably among species,
and the major components are carvacrol, menthone, isomenthone, 3-elemene, limonene,
piperitone (minty and camphor-like odor [4]), and germacrene D, characteristic of species
in the Lamiaceae [5,6]. The uses of Pycnanthemum species are based on essential oil compo-
sition, e.g., P. virginianum rich in menthone and isomenthone have culinary and medicinal
uses; Pycnanthemum species rich in 3-elemene and low in pulegone are known to attract
beneficial insects, mainly bees and butterflies, whereas species such as P. muticum, rich in
pulegone, are insect repellants. If consumed, pulegone can be toxic to the liver, but it is
apparently safe to rub P. muticum herb on clothes to deter chiggers, gnats, and ticks [7].
Species with little or no pulegone are used for making teas and infusions. The global
market demand for mint essential oil was an estimated 177.88 million USD in 2018 with a
predicted annual growth rate of 9.2% between 2014 and 2025 [8]. Thus, mountain mint rich
in menthone and isomenthone may be suitable for pharmaceutical and nutraceutical, food
& beverage, cosmetic, aromatherapy, and cleaning products markets [8]. About 50% of
mountain mint species grow wild in Alabama and are adapted to shady environments and
sandy marginal soils. Therefore, this crop merits consideration for evaluation as an alterna-
tive, niche-market cash crop in Alabama. Towards this end, four varieties of P. virginianum
were evaluated for their leaf biomass and essential oil content and composition.

2. Results and Discussion
2.1. Fresh Leaf Biomass Yield

There were significant differences among varieties for fresh leaf biomass at 135 and
155 days after transplanting (DAP), but no such differences existed at 179 DAP (Figure 1).
At 135 DAP, M1 and M2 had significantly more fresh leaf biomass than other varieties.
At 155 DAPD, Varieties M1 and M3 had similar leaf fresh weights and were significantly
greater than that of M2 and M4. At 170 DAP, however, all varieties produced similar fresh
leaf biomass. The fresh leaf biomass of all varieties decreased with age, and at 170 DAP,
it was less than half of that produced at 135 DAP. M3 did not fare well at the first time of
planting because the plants in two replications died, but this may be related to inadequate
propagules and the harvesting plan. July, the month following planting, received the lowest
amount of precipitation combined with high temperatures (see Supplementary Figure S1),
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which may have affected the poorly established plants of M3. However, this variety has
shown consistently good growth in the greenhouse and in the field trials in progress.

300 EMl mM2 mM3 = M4

a
a
a a
b NS NS
b NS

b
b NS

s
1 i

0
135 155 170

Days after planting

Fresh wt., g/plant
s 2 g2 g

a1
o

Figure 1. Changes with time in leaf fresh biomass of four mountain mint varieties grown in North Alabama, USA. Bars
with same letter are not significantly different at p < 0.05. NS = not significant.

The fresh leaf biomass as a percentage of whole plant biomass varied with variety
(Figure 2). At the first time of harvest (135 DAP), varieties M1 and M3 with leaf biomass of
nearly 70% of the whole plant biomass were superior in leaf production than M1 and M2.
At 155 DAP, all varieties had lower levels of leaf biomass as a percentage of whole-plant
biomass with narrow differences between varieties. However, M3 had a higher percentage
of leaf biomass than M4. At 170 DAP, the leaf biomass as a percentage of the whole
plant was lower among all varieties relative to those at 155 or 135 DAP; the magnitude
of differences between varieties increased. Thus, M3 partitioned a greater percentage of
leaves compared to other varieties. M1 with 58% was superior to M2 and M4, which had a
similar percentage of leaf biomass. In general, the M1 and M3 were consistently superior
to M2 and M4. Seasonal effects were observed as all varieties had lower leaf biomass
as the season advanced. Although the literature on the growth and yield of mountain
mint is scarce, there is published research on variation in biomass accumulation and oil
content in species belonging to the Lamiaceae [9-12]. Brar et al. [10] reported a larger
leaf-to-stem ratio in Mentha arvensis L. Higher accumulations of fresh leaf biomass during
the mid-season and decline as the crop matured has been observed in Mentha piperita L. [12]
as well as M. arvensis [11], a trend observed in this study.

There were limited time-of-harvest x variety interactions for fresh leaf biomass. The
interaction of M1 was significant with the first and second time of harvest, whereas the
interaction of M2 and M3 was significant with the first and second time of harvest, respec-
tively. All other interactions among time of harvest and varieties were not significantly
different at p < 0.05.
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Figure 2. Variation among four mountain mint varieties for fresh leaf biomass as a percentage of whole plant biomass at

three times of harvest. Alabama, USA. Bars with same letter are not significantly different at p < 0.05.

2.2. Chemical Composition of Essential Oils

The chemical compositions of the P. virginianum essential oils have been determined by
gas chromatography-mass spectrometry (GC-MS) and quantified by gas chromatography-
flame ionization detection (GC-FID). The essential oil compositions are compiled in Sup-
plementary Tables S1-54. The major components of the four varieties of P. virginianum over
three harvest dates are summarized in Table 1.
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The four varieties of P. virginianum showed different volatile chemical profiles and
apparently define different chemical variations of this species. In order to discern the
phytochemical differences between these varieties, a hierarchical cluster analysis was
carried out using 16 of the most abundant essential oil components (1-octen-3-ol, myrcene,
p-cymene, limonene, y-terpinene, cis-sabinene hydrate, menthone, isomenthone, trans-
isopulegone, cis-piperitenol, pulegone, thymol, carvacrol, unidentified (RI 1345), (E)-3-
caryophyllene, and germacrene D) (Figure 3).

MI-R3-H1
MI-R2-H1 1
MI-RI-H1
M3-R1-H1

M3-R3-H1 I

M1-R3-H2
M1-R2-H2 2
M3-R1-H2
M1-R1-H2

M3-R3-H3
M1-R3-H3
M1-R2-H3
M1-R1-H3

M2-R3-H2
M2-R1-H2
M2-R1-H3
M2-R2-H2
M2-R3-H3
M2-R2-H3 3
M2-R2-H1
M2-R1-H1
M2-R3-H1

M4-R2-H1
M4-R3-H1
M4-R1-H1
M4-R1-H3

M4-R3-H2
M4-R1-H2
M4-R2-H2
M4-R2-H3
M4-R3-H3

0.9232798 0.8232798 0.7232798 0.6232798 0.5232798 0.4232798 0.3232798 0.2232798 0.1232798 0.0232798

Similarity

Figure 3. Dendrogram obtained by hierarchical cluster analysis of the 16 most abundant components
of Pycnanthemum virginianum essential oils. ‘M’ represents the varieties, ‘R’ is the replicate of each
variety, and ‘H’ is the harvesting times.

There are four clearly defined clusters based on the cluster analysis: Cluster 1 can be de-
fined as a pulegone/menthone cluster and comprises five samples, three M1 samples, and
two M3 samples, all collected from the first harvest. Cluster 2 is an isomenthone/pulegone
cluster and is made up of a variety M1 and M3 samples from harvests two and three.
Cluster 3 is a thymol/pulegone cluster made up chiefly of M2 samples. Cluster 4 is a
thymol/p-cymene chemotype and is made up of variety M4 samples. Chemotype 1, rich in
pulegone but also with high concentrations of menthone and isomenthone, is similar in
composition to several samples of Mentha pulegium L. (pennyroyal) [13] and may, therefore,
serve as a substitute herb for pennyroyal. Commercial M. pulegium essential oil contains
around 84% pulegone (Aromatic Plant Research Center, Lehi, UT, USA). Note that these
are early harvest samples of M1 and M3; later-harvested samples of M1 and M3 showed a
preponderance of isomenthol with reduced concentrations of pulegone. The concentration
of menthone also increased through the season for M1 (Figure 4). Varieties M2 and M3
also showed a seasonal decrease in pulegone and increasing isomenthone (Figures 5 and 6).
The decrease in pulegone concentration with a concomitant increase in menthone and
isomenthone concentrations is not surprising. Pulegone is the precursor in the biosynthesis
of menthone and isomenthone [14,15]. There are several chemotypes of Thymus vulgaris L.,
but one chemotype is rich in thymol and p-cymene [16,17], and commercial thyme essential
oil (doTERRA International, Pleasant Grove, UT, USA) is composed of 44% thymol and
10% p-cymene. Thus, the thymol/p-cymene chemotype (cluster 4) of P. virginianum could
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serve as a substitute for thyme. Variety M4 (i.e., cluster 4) showed a significant increase in
p-cymene concentration coupled with a decrease in thymol concentration (Figure 7).

M1

Hil H2 H3
=p=Nlenthone =—e=Ilsomenthoane =—e=Pulegone
Figure 4. Seasonal variation in the menthone, isomenthone, and pulegone percent concentrations for

Pycnanthemum virginianum variety M1. Percent concentrations with same letter are not significantly
different at p < 0.05. H1, H2, and H3 are harvest times, 135, 155, and 170 days after planting,

respectively.
M2
350
a
300
3 a
250 ¥\T 1
1
_ 00 . 1
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e
100 4
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d
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Hl H2 H3

=g=hlanthone ==#=Pulegone =#=Thymal

Figure 5. Seasonal variation in the menthone, pulegone, and thymol percent concentrations for
Pycnanthemum virginianum variety M2. Percent concentrations with same letter are not significantly
different at p < 0.05. H1, H2, and H3 are harvest times, 135, 155, and 170 days after planting,
respectively.
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Figure 6. Seasonal variation in the menthone, isomenthone, and pulegone percent concentrations for
Pycnanthemum virginianum variety M3. Percent concentrations with same letter are not significantly
different at p < 0.05. H1, H2, and H3 are harvest times, 135, 155, and 170 days after planting, respectively.

M4
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Figure 7. Seasonal variation in the p-cymene and thymol percent concentrations for Pycnanthemum
virginianum variety M4. Percent concentrations with same letter are not significantly different at
p < 0.05. H1, H2, and H3 are harvest times, 135, 155, and 170 days after planting, respectively.

There is currently very little information on the volatile phytochemistry of other
Pycnanthemum species. The essential oil composition of P. incanum, cultivated in south
Alabama, has been determined [18]. The major components in P. incanum oil were 1,8-
cineole (30.7%), o-terpineol (16.9%), (E)-B-caryophyllene (11.0%), borneol (8.2%), and
germacrene D (5.0%). p-Cymene (0.8%, menthone (0.2%), isomenthone (1.0%), pulegone
(1.8%), and thymol (0.3%) were found in relatively low concentrations.

2.3. Chemical Composition of Essential Oils

The P. virginianum essential oils were analyzed by chiral gas chromatography-mass
spectrometry in order to examine the enantiomeric distribution of the terpenoid compo-
nents. The enantiomeric distributions are compiled in Supplementary Tables S5-S8; a
summary of the enantiomeric distributions is shown in Table 2.
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Table 2. Enantiomeric distribution of terpenoid constituents of Pycnanthemum virginianum .

Compound M1 M2 M3 M4
a-Thujene 54:46 72:28 — 76:24
o-Pinene 24:76 58:42 23:77 72:28
Camphene 100:0 100:0 — 100:0
Sabinene 30:70 0:100 28:72 variable P
B-Pinene 46:54 54:46 46:54 31:69
«-Phellandrene — 95:5 — 96:4
5-3-Carene — 100:0 — 100:0
o-Terpinene — 100:0 — 100:0
Limonene 6:94 0:100 7:93 variable ©
B-Phellandrene — 0:100 — 0:100
cis-Sabinene hydrate — 95:5 — 99:1
Linalool — 100:0 — variable 4
trans-Sabinene
hydrate — 78:22 — 82:18
Menthone 0:100 0:100 0:100 0:100
Isomenthone 100:0 100:0 100:0 100:0
Borneol — 0:100 — 0:100
Terpinen-4-ol — 65:35 — 66:34
a-Terpineol 9:91 32:68 10:90 variable ¢
Pulegone 100:0 100:0 100:0 100:0
Piperitone 94:6 — 89:11 —
5-Elemene — — — variable f
x-Copaene — — — 100:0
trans-B-Elemene 15:85 20:80 16:84 6:94
(E)-p-Caryophyllene 100:0 100:0 100:0 100:0
Germacrene D 91:9 94:6 91:9 80:20
5-Cadinene 0:100 0:100 0:100 0:100

@ Average enantiomeric distributions, % (+)-enantiomer : % (-)-enantiomer, for each variety. b (4)-enantiomer
ranged 0-72%. © Mostly (-)-enantiomer, but one sample with 49% (+)-limonene. d (+)-enantiomer ranged 19-100%.
¢ Mostly (+)-enantiomer, but one sample with only 33% (+)-linalool. f (+)-enantiomer ranged 0-50%.

There was variability in several of the terpenoid constituents of P. virginianum essential
oils. a-Thujene showed some variation in enantiomeric distribution between the different
varieties; M1 had nearly a racemic mixture, whereas M2 and M4 were predominantly (+)-
a-thujene. Camphene was exclusively the (-)-enantiomer in M1, M2, and M4, but it could
not be measured in M3. Sabinene showed variation in enantiomeric distribution. M1 and
M2 mostly showed the (-)-enantiomer, M3 was exclusively (-)-sabinene, and M4 showed
considerable variation through the season. (+)-Linalool was the only enantiomer observed
in M2, but the enantiomeric distribution in M4 varied through the season. (-)-«-Terpineol
dominated the distribution in M1, M2, and M3, but (+)-«-terpineol was predominant in
M4. The (+)-enantiomers were exclusively found for camphene, §-3-carene, a-terpinene,
isomenthone, pulegone, and (E)-p-caryophyllene, and the dominant enantiomers for o-
phellandrene, cis-sabinene hydrate, trans-sabinene hydrate, terpinen-4-ol, piperitone, and
germacrene D. The (-)-enantiomers were exclusive for 3-phellandrene, menthone, and
d-cadinene, and the dominant enantiomer for limonene, d-elemene, and trans-{3-elemene.
Consistent with the biosynthesis of monoterpenes in Mentha [14,15,19], (+)-pulegone is the
apparent precursor of (-)-menthone and (+)-isomenthone in Pycnanthemum.

3. Materials and Methods
3.1. Cultivation of Pycnanthemum virginianum Varieties

The seeds of four varieties of Pycnanthemum virginianum, obtained from the USDA
germplasm resource, were planted in seed germination flats filled with soilless potting mix
and placed in a temperature-controlled greenhouse. The greenhouse was maintained at
26-28 °C/15-18 °C day/night air temperatures with 13 h daylength. The relative humidity
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(RH) ranged 76-80%. The germinated plants were transplanted into 10-cm pots containing
soilless mix and grown in the greenhouse for 1 year.

The propagules with root and rhizome from the 12-month-old potted plants were
then transplanted onto raised beds (beds 50 cm wide and 15 cm high) covered with a black
plastic sheet with drip tape underneath at the Alabama A&M Winfred Thomas Agricultural
Research Station located in Hazel Green, AL (latitude 34°89" N and longitude 86°56' W).
The soil at the experimental site is a Decatur silty loam (fine, kaolinitic, thermic Rhodic
Paleudult). Before making the raised beds, a strip of land was rototilled. A mixture of
organic manures, composted chicken manure, and vermicompost to provide an equivalent
of 50 kg /ha of nitrogen was incorporated in the soil. Besides organic manure mix, the plants
received soluble organic fertilizer at 3-week intervals through the drip irrigation method.
The plants were maintained under soil moisture-stress-free conditions. The experimental
design was a randomized complete block design with three replications (R). One plant per
each variety per replication was harvested at 135, 155, and 170 days after planting (DAP) to
assess fresh leaf biomass production and essential oil content and its composition. At each
harvest time, the fresh leaves from the plants were collected early morning and placed
immediately in a cooler with ice packs for transportation to the laboratory at the University
of Alabama in Huntsville for further processing.

3.2. Hydrodistillation of Pycnanthemum virginianum

At each harvest, the fresh leaves of P. virginianum were chopped and hydrodistilled
using a Likens-Nickerson apparatus with continuous extraction with dichloromethane to
give the essential oils (Table 3).

Table 3. Hydrodistillation details of Pycnanthemum virginianum cultivated in North Alabama.

Sample ? Plant Mass (g) E;?:{‘;‘f‘;;ﬂ % Yield Essz‘sizlr oil
MIHIR1 104.08 1127.6 1.083 pale yellow
M1H1R2 105.70 1164.6 1.102 pale yellow
M1H1R3 122.45 1548.9 1.265 pale yellow
M2H1R1 82.71 704.9 0.852 yellow
M2H1R2 70.22 580.0 0.826 yellow
M2HI1R3 75.80 791.6 1.044 yellow
M3HIR1 40.13 302.3 0.753 pale yellow
M3HIR2 0.00 plant died — —
M3HIR3 74.15 572.1 0.772 pale yellow
M4HI1R1 30.67 301.2 0.982 yellow
M4H1R2 35.31 345.8 0.979 yellow
M4H1R3 73.80 825.5 1.119 orange
MI1H2R1 139.76 1330.7 0.952 pale yellow
M1H2R2 133.69 1093.3 0.818 pale yellow
MI1H2R3 167.15 1862.5 1.114 pale yellow
M2H2R1 7447 596.6 0.801 yellow
M2H2R2 59.86 463.1 0.774 yellow
M2H2R3 132.61 1003.9 0.757 yellow
M3H2R1 182.68 2157.9 1.181 pale yellow
M3H2R2 0.00 plant died — —
M3H2R3 0.00 plant died — .
M4H2R1 8.10 92.6 1.143 orange
M4H2R2 60.66 252.3 0.416 orange
M4H2R3 32.81 208.2 0.635 orange
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Table 3. Cont.

Sample ® Plant Mass (g) Eﬁg:;‘;‘&;ﬂ % Yield Essz‘sizlr oil
MI1H3R1 100.14 582.0 0.581 pale yellow
M1H3R2 110.22 897.3 0.814 pale yellow
M1H3R3 59.71 556.9 0.933 pale yellow
M2H3R1 39.93 298.4 0.747 yellow
M2H3R2 53.23 510.8 0.960 yellow
M2H3R3 70.02 495.8 0.708 yellow
M3H3R1 0.00 plant died — —
M3H3R2 0.00 plant died — —
MB3H3R3 110.07 945.5 0.859 yellow
M4H3R1 53.98 320.2 0.593 orange
M4H3R2 29.91 108.9 0.364 orange
M4H3R3 19.84 143.9 0.725 orange

2 M indicates the P. virginianum variety; H is the harvest (H1 = 135 days after planting (DAP), H2 = 155 DAP, and
H3 =170 DAP); R is the number of replicates of each plant variety (three replicates of each variety).

3.3. Gas Chromatographic Analysis

The P. virginianum essential oils were analyzed by gas chromatography with flame
ionization detection (GC-FID), gas chromatography-mass spectrometry (GC-MS), and chi-
ral GC-MS as previously described [20]. The percent compositions were determined from
raw peak areas from the GC-FID data without standardization. Essential oil components
were identified by comparison of the MS fragmentation and retention indices with those
in the databases [21-24]. The enantiomeric distributions were determined from raw peak
areas from the chiral GC-MS without standardization.

3.4. Statistical Analysis

Each P. virginianum variety was analyzed using three replicate plants (when possible)
for each harvest time. The data are expressed a means =+ standard deviations. Analysis of
variance was conducted by one-way ANOVA followed by the Tukey test using Minitab®
18 (Minitab Inc., State College, PA, USA). The interactions between harvesting time and
variety were determined using two-way ANOVA. Differences at p < 0.05 were considered
to be statistically significant. For the agglomerative hierarchical cluster (AHC) analysis,
the 31 essential oil compositions were treated as operational taxonomic units (OTUs),
and the concentrations (percentages) of 16 of the most abundant essential oil components
(1-octen-3-ol, myrcene, p-cymene, limonene, y-terpinene, cis-sabinene hydrate, menthone,
isomenthone, trans-isopulegone, cis-piperitenol, pulegone, thymol, carvacrol, unidentified
(RI 1345), (E)-p-caryophyllene, and germacrene D) were used to determine the chemical
associations between the P. virginianum essential oil samples using XLSTAT Premium,
version 2018.1.1.62926 (Addinsoft, Paris, France). Similarity was determined using Pearson
correlation, and clustering was defined using the unweighted pair-group method with
arithmetic mean (UPGMA).

4. Conclusions

The Pycnanthemum virginianum varieties in the study showed significant variation
in fresh leaf biomass accumulation and essential oil composition, both between varieties
and dramatic seasonal variations. Nevertheless, based on leaf biomass production and
chemical profiles, two varieties, M1 and M3, merit further studies to determine yield
stability, essential oil yield, composition, and development of cultivation practices for
commercial production. For variety M1 at 130 DAP, the biomass yield was good, and
the chemical profile was similar to pennyroyal. Variety M2 had a rather unique chemical
profile, but the yield was inferior. M4 had a chemical profile similar to thyme, but the
biomass yields were low. M3 did not fare well, with half the plants dying, but this may be
related to the harvesting plan.
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Abstract: Korean ginseng is one of the most valuable medicinal plants worldwide. However, our un-
derstanding of ginseng proteomics is largely limited due to difficulties in the extraction and resolution
of ginseng proteins because of the presence of natural contaminants such as polysaccharides, phenols,
and glycosides. Here, we compared four different protein extraction methods, namely, TCA /acetone,
TCA /acetone-MeOH/ chloroform, phenol-TCA /acetone, and phenol-MeOH/ chloroform methods.
The TCA /acetone-MeOH/ chloroform method displayed the highest extraction efficiency, and thus
it was used for the comparative proteome profiling of leaf, root, shoot, and fruit by a label-free
quantitative proteomics approach. This approach led to the identification of 2604 significantly modu-
lated proteins among four tissues. We could pinpoint differential pathways and proteins associated
with ginsenoside biosynthesis, including the methylerythritol 4-phosphate (MEP) pathway, the
mevalonate (MVA) pathway, UDP-glycosyltransferases (UGTs), and oxidoreductases (CYP450s).
The current study reports an efficient and reproducible method for the isolation of proteins from
a wide range of ginseng tissues and provides a detailed organ-based proteome map and a more
comprehensive view of enzymatic alterations in ginsenoside biosynthesis.

Keywords: label-free proteomics; Panax ginseng; ginsenosides; cytochrome p450; UDP-glycosyltrans-
ferase; MEP pathway; MVA pathway; TCA /acetone; methanol/chloroform

1. Introduction

Ginseng (Panax ginseng) is a precious medicinal plant exhibiting significant economic
values and pharmacological effects [1,2]. Owing to the presence of various bioactive com-
pounds such as saponins, alkaloids, polysaccharides, free amino acids, and (poly)phenolics,
ginseng has been proved to combat stress, improve the immune system, and maintain
optimal oxidative status against aging, as well as assisting medical treatments related to
central nervous system disorders, liver diseases, cardiovascular diseases, and cancer [1,3].
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The world market of ginseng root and related products is worth USD 2084 million, sug-
gesting a huge production and demand for ginseng products [2], and therefore, multiple
studies at the genome [4], transcriptome [5], and metabolite [5] level have been conducted
to understand the biology of this plant.

In addition, efforts have also been made to improve our understanding of ginseng at
the protein level by utilizing proteomics approaches. Studies have focused on identifying
stress-responsive and ginsenoside biosynthesis-related proteins, while some studies have
concentrated on comparing and analyzing proteins from different ginseng parts and
species [5-8]. However, a number of these studies used one or two tissues and were based
on two-dimensional gel electrophoresis (2-DE) analysis, limiting the comprehensiveness of
their proteome data [5,6,9]. Therefore, a systematic proteomics study using a wide range of
tissues is necessary to provide a deeper understanding of ginseng.

Protein purification is a crucial step of the sample preparation, guaranteeing sufficient
and high-quality proteins for proteome analysis [10]. TCA /acetone, phenol methanol, and
methanol/chloroform precipitation methods have been developed for the isolation of plant
proteins due to their efficiency in precipitating proteins and simultaneously removing in-
terfering compounds [11]. A recent review [12] suggested that TCA /acetone precipitation
displays high efficiency in the isolation of total proteins from a diversity of plant tissues
while the phenol/methanol method effectively produces high-quality protein samples; min-
imizes protein degradation; and removes polysaccharides, ions, and nucleic acids. Besides,
a study by Wessel and Fliigge [13] pointed out that the methanol/chloroform precipitation
can work well with different kinds of proteins, especially hydrophobic proteins, in the
presence of detergents and with dilute samples. However, no single extraction method can
reap the entire proteomes of a tissue or a plant species. Therefore, the combination of two or
more approaches to integrate the strengths of each one for the isolation of proteins has been
suggested [8,14]. A recent study by Wu [14] presented a protocol that was the combination
of TCA /acetone precipitation and phenol extraction for the successful isolation of proteins
from various recalcitrant tissues.

Advancements in proteomics approaches have facilitated the proteome analysis of
various plants; however, difficulties in extracting relatively pure ginseng proteins have
remained a primary obstacle [15]. Up to now, TCA /acetone method has been extensively
used for extracting total ginseng proteins [7] while TCA precipitation and phenol extrac-
tion have been moderately employed to isolate ginseng proteins for 2-DE analysis [16].
Nonetheless, the efficiency of these methods has been tested on one or two ginseng tissues
only, hindering their wide acceptability in ginseng proteome analysis [7,17,18]. Therefore,
the development of a universal ginseng protein isolation method is a prerequisite for
high-throughput ginseng proteome analysis.

Here, an attempt was made to first evaluate the efficiency and reproducibility of differ-
ent protein extraction methods, namely TCA /acetone, TCA /acetone-MeOH/chloroform,
phenol-TCA /acetone, and phenol-MeOH/chloroform, followed by utilizing the most
effective approach for the comparative proteome analysis (Figure S1). Moreover, an attempt
was also made to generate a relatively comprehensive proteome map of ginseng fruit, leaf,
root, and shoot using a label-free quantitative proteomics approach (Figure 1). Furthermore,
through the significantly modulated proteins, we generated a more comprehensive view of
the ginsenoside biosynthesis. This in-depth study provides new insights into the protein
complement of different ginseng tissues.
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Figure 1. Workflow of the experiment. Ginseng samples were collected and homogenized in Tris-Mg/NP-40 buffer. After

centrifugation at 16,000x g for 10 min at 4 °C, the supernatant was precipitated in 12.5% TCA /acetone at 4 °C for one
hour. Protein pellets, obtained through centrifugation at 16,000x g for 10 min at 4 °C, were subsequently washed with
methanol/chloroform, followed by trypsin digestion using the FASP method. The digested peptides were desalted and

analyzed using a label-free quantitative proteomic approach. The obtained data were analyzed and annotated using

MaxQuant, Perseus, and MapMan.

2. Results and Discussion
2.1. Optimization of Ginseng Protein Extraction Method

The medical value of Panax ginseng increases with its age, but for its use as medicine
and commercial production, a growth period of 4-6 years is often required [18]. Therefore,
in order to meet the practicality and enhance the reliability of the current study, fruit, leaf,
root, and shoot samples were harvested from various 4-year-old Panax ginseng plants and
pooled together before analysis. As ginseng leaves contain various natural contaminants
such as lipids, saccharides, and various photosynthetic pigments, the extraction of proteins
from ginseng leaves is more challenging than from other ginseng parts [19]. Therefore, we
used ginseng leaves as a model sample for checking the protein extraction efficiency of four
different extraction methods, namely TCA /acetone, TCA /acetone-MeOH/chloroform,
phenol-TCA /acetone, and phenol-MeOH / chloroform (Figure S1). Eliminating interfer-
ing compounds is an initially crucial step in extracting proteins from plant samples. A
review by Wu [12] revealed that finely powdered plant samples can be directly subjected
to TCA/acetone but not to phenol. Therefore, to ensure the homogeneity of the sam-
ples, the finely ground ginseng samples were first homogenized with Tris-Mg/NP-40
extraction buffer, and the OS was subsequently extracted using four different abovemen-
tioned methods.

SDS-PAGE analysis of isolated proteins showed that using the TCA /acetone-MeOH/
chloroform method produced more protein bands with a high resolution on the gel
than the other tested methods (Figure 2A). Furthermore, the label-free quantitative pro-
teomic analysis led to the identification of 36,145 peptides, corresponding to 4705 protein
groups. The average numbers of peptides and unique peptides were 20,383 and 8256,
22,552 and 8919, 22,437 and 7919, and 22,437 and 8981 for TCA /acetone, TCA /acetone—
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MeOH/ chloroform, phenol-TCA /acetone, and phenol-MeOH/ chloroform, respectively
(Table S1; Figure S2A). The average sequence coverage was 13.24, 14.99, 16.40, and 15.26 (%)
for TCA /acetone, TCA /acetone-MeOH/ chloroform, phenol-TCA /acetone, and phenol-
MeOH/ chloroform, respectively (Table S1; Figure 2B). Filtering out by applying a cut-off
value of 75% within three technical replicates of each sample led to the identification of
3049 proteins (Figure 2B), of which 2449, 2422, 2245, and 1883 proteins were identified
when using phenol-MeOH/ chloroform, TCA /acetone-MeOH/ chloroform, TCA /acetone,
and phenol-TCA /acetone extractions, respectively (Table S1; Figure 2B). Isoelectric point
(Figure S2C), molecular weight (Figure S2D), and hydrophobicity (GRAVY) (Figure S2E) of
most of these proteins were between 20 and 160 kDa, 4 and 12, and —2 and 1, respectively.
Subcellular prediction analysis using CELLO2GO web-based software showed a relatively
similar distribution of proteins isolated using the four different methods over 11 locations
(Figure S2F). Since the numbers of proteins identified by each method were relatively
similar, there was not a large difference in the molecular weight, isoelectric point, and
hydrophobicity of proteins among the tested approaches.

B
SDS-PAGE TCA/Acetone— Phenol-
MeOH/Chloroform TCA/Acetone
(2422 proteins) (1883 proteins)

Phenol-
MeOH/Chloroform
(2449 proteins)

TCA/Acetone

(2245 proteins)

Total 3049 proteins

Figure 2. SDS-PAGE of proteins isolated from ginseng leaf using TCA /acetone, TCA /acetone-MeOH/ chloroform, phenol-
TCA /acetone, and phenol-MeOH/ chloroform methods (A). Venn diagram showing the distribution of proteins isolated

from ginseng leaves using four different protein extraction methods (B).

Common methods based on TCA /acetone precipitation and phenol extraction, which
have successfully isolated ginseng proteins from one or two ginseng tissues for 2-DE
analysis [17], might be no longer effective in extracting a wide range of ginseng tissues
for label-free quantitative proteomic analysis. Alternatively, the idea of combining two
extraction methods to incorporate the strengths of every single one for isolating proteins
from different ginseng tissues has shown considerable potential. Particularly, a recent
study by Li [8] showed that the combination of GAnHCI with methanol/chloroform precip-
itation led to improved extraction of proteins from ginseng cauline leaves, compared with
GdnHCl lysate and Tris-HCl lysate methods. However, this combination still displayed
certain limitations as the SDS-PAGE quality and the number of identified proteins were
relatively modest [8]. In the current study, the TCA /acetone-MeOH/ chloroform method
maintained the advantages of both TCA /acetone precipitation, which allows extraction of
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total proteins [20], and MeOH/chloroform extraction, which efficiently removes remaining
contaminants (especially lipids) without clear quantitative loss of proteins [13], resulting
in a better extraction of ginseng proteins as observed on the SDS-PAGE (Figure 2A) and
by the number of identified proteins (Figure 2B). An extraction method is considered to
be effective when it reproducibly attains the most comprehensive proteome and simul-
taneously minimizes protein degradation and contaminants [20]. Therefore, although
the phenol-MeOH/ chloroform method produced a slightly higher number of identified
proteins than the TCA /acetone-MeOH/ chloroform, the poor gel profile and high toxic-
ity to humans of phenol made it an unsuitable choice for our subsequent analysis. The
TCA /acetone-MeOH / chloroform could produce a clear gel profile and a higher number
of identified proteins, compared with the other tested methods; therefore, it was utilized to
extract proteins from ginseng tissues for global identification.

2.2. Label-Free Quantification Using Four Different Ginseng Tissues

The LC-MS/MS analysis led to the identification of a total of 39,275 peptides, which
corresponded to 4764 protein groups. A cut-off value of 75% was applied within four
technical replicates of each tissue sample, leading to the identification of 3073 proteins
(Figure 3A). Of these, 1434, 1958, 2137, and 2211 proteins were found to be in the fruit, root,
leaf, and shoot samples, respectively. Subsequently, multiple ANOVA tests, controlled
by Benjamini-Hochberg FDR threshold of 0.05, were applied on the identified proteins to
demarcate 2604 differentially regulated proteins with fold change more than 1.5 (Table S2;
Figure 3B). While 1179 proteins were common in all four tissues, 287, 18, 132, and 39
proteins were common in the leaf/shoot, leaf/root, shoot/root, and root/fruit samples,
respectively (Figure 3B).

Sequential multi-scatter plot and principal component analysis (PCA) were there-
after performed to analyze the correlation and variations among the four ginseng tissues
(Figure 3C,D). The PCA plot illustrates a clear separation among all of the four sample sets,
demarcating the distinctness of the differential tissue proteomes (Figure 3C). While the
root and leaf samples were separated in PC1 accounting for 42.8% of the total variation,
the shoot and fruit samples were resolved in PC2 that accounted for 26.7% of the total
variation. Furthermore, the multi-scatter plot with the Pearson correlation coefficients of
the technical replicates in each sample set ranging from 0.931 to 0.965 indicated a strong
correlation among the technical replicates of the same samples (Figure 3D).

Previously, ginseng proteomic studies were based primarily on 2-DE analysis, leading
to the identification of a relatively low number of proteins (about 1000 proteins) in these
studies [6,16]. The development of the shotgun techniques, coupled with advancements
in MS, has significantly improved the number of proteins identified from various plant
tissues [15]. A recent study combined GdAnHCl with methanol/chloroform precipitation
to extract proteins from ginseng cauline leaves, leading to the identification of 1366 pro-
teins [8]. However, by applying basic fractionation, the number of proteins isolated using
this method increased significantly to 3608 proteins [8]. In the current study, by using the
TCA /acetone-MeOH/ chloroform for protein extraction, followed by a label-free quan-
titative proteomic analysis, we successfully identified 4764 proteins from ginseng fruit,
leaf, root, and shoot (Figure 3A). This is the first study on ginseng in which such a high
number of identified proteins is reported from a wide range of tissues using only one
extraction method without fractionation. However, further investigations comparing this
method with different MS sample preparations such as single-pot solid-phase-enhanced
sample preparation (SP3) [21], in-StageTip digestion (iST) [22], and the suspension trapping
(S-Trap) filter [23] using various ginseng tissues might provide a deeper understanding of
the sample preparation for ginseng proteomics.
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Figure 3. A total of 4764 protein groups were identified in this study. Out of these, 2604 proteins were significantly
modulated among four tissues (A). Venn diagram showing the distribution of 2604 proteins (B). Principle component
analysis of the differentially regulated proteins (C). Multi-scatter plots of label-free protein intensities between different
technical replicates of the samples with Pearson correlation coefficient values (D).

2.3. Functional Classification of Identified Proteins
2.3.1. Functions of Commonly Identified Proteins among Four Tissues

For the further investigation of the significantly modulated proteins, we performed
hierarchical clustering analysis (HCA) which separated all the identified proteins into four
clusters based on logy of the z-score normalized intensities among the technical replicates of
each sample (Figure 4A). While Cluster 1 consisted of 265 proteins with high abundance in
the shoot, Cluster 2 included 1104 proteins with increased abundance in the leaf. Clusters 3
and 4 contained 448 and 787 proteins, which were maximally accumulated in the fruit and
root, respectively (Figure 4B)
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Figure 4. Expression profile of 2604 significantly modulated proteins identified by label-free quantitative proteome analysis.
Hierarchical clustering (A) was carried out by Perseus software. Expression patterns of 4 protein clusters (B). Gene ontology

analysis was performed for functional annotation of proteins in four clusters using AgriGO (ver. 2.0) (C,D).

For functional annotation of the identified proteins, we carried out gene ontology (GO)
enrichment analysis via AgriGO through homolog identification of P. ginseng proteins in
A. thaliana (TAIR10) [24] (Table S3). Notably, in the GO classification of molecular function,
catalytic activity was the largest GO term in Clusters 1, 2, 3, and 4 with the involvement of
101 (38.1%), 347 (31.4%), 140 (31.3%), and 262 (33.3%) proteins, respectively (Figure 4C).
Hydrolase activity, oxidoreductase activity, and transferase activity were the three main
subgroups of catalytic activity found in all of the four clusters, while ligase activity was
found in only Cluster 2 (Figure 4D). The metabolism overview of MapMan analysis indi-
cated that most of the proteins related to the catalytic activity in Cluster 1 were involved
in the biosynthesis of methionines, cellulose and precursors, phospholipids, flavonoids,
and isoprenoids, which are more active in the shoot [25]. Meanwhile, the proteins asso-
ciated with catalytic activity in Cluster 2 were majorly involved in the biosynthesis of
various amino acids, photosynthesis, nucleotide metabolism (synthesis of purines and
pyrimidines), CHO metabolism (synthesis of starch and sucrose), and the synthesis of
secondary metabolites (flavonoids, isoprenoids, and phenylpropanoids), which take place
predominantly in the leaf of plants [25]. By contrast, most of the proteins that belonged to
the catalytic activity in Clusters 3 and 4 were mainly associated with the degradation of dif-
ferent molecules (such as amino acids, nucleotides, lipids, starch, sucrose, and flavonoids),
glycolysis, and tricarboxylic acid cycle, which commonly occur in the fruit and root of
plants [25] (Table S3). The result of MapMan analysis is consistent with the result from the
HCA (Figure 4A,B).

95



Plants 2021, 10, 1409

65 fruit
specific
proteins

168 leaf
specific
proteins

Y

88 root
specific
proteins

T

58 shoot
[~ specific
proteins

nniy
Jee
100y
j00ys

2.3.2. Functions of Tissue-Specific Proteins

Among the 2604 identified proteins, 65, 168, 88, and 58 proteins were specifically iden-
tified in the fruit, leaf, root, and shoot, respectively (Table S2; Figure 5A). For understanding
the functional significance of these proteins, the metabolic overview and cell function were
analyzed using MapMan (Figure 5B), followed by an interactome analysis using STRING
(v. 11.0) (Figure 5C).
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Figure 5. Overview of tissue-specific proteins (A). Functional annotation of tissue-specific proteins was carried out using
MapMan (B). Protein—protein interaction networks of tissue-specific proteins related to metabolic processes were analyzed
using STRING (ver. 11.0), coupled with Cytoscape (ver. 3.7.2) (C).

The metabolism overview of MapMan analysis revealed that among 65 proteins
specific to the fruit, 10 proteins were classified into six metabolic groups, of these, lipid
metabolism was the largest group, containing acyl-(acyl-carrier-protein) desaturase and
3-ketoacyl-acyl carrier protein synthase I involved in the fatty acid synthesis and elongation
(Table S4). For the leaf-specific proteins, 13 groups accounting for 37 proteins were catego-
rized; of these, the photosynthesis process with proteins associated with the light reaction
of photosystems I and II and photorespiration was the major metabolism. Regarding the
88 root-specific proteins, 10 metabolic groups accounting for 21 proteins were sorted, of
which secondary metabolism was the largest, containing six proteins. Differently, cell wall
with six proteins associated with the formation and modification of the cell wall was the
most dominant metabolic group of shoot-specific proteins (Table S4).

Furthermore, the cell function of MapMan analysis showed that six groups accounting
for 14 fruit-specific proteins were categorized, of these, abiotic stress was the largest group,
with five proteins. Protein synthesis, protein aminoacylation, and protein targeting were
the most dominant groups associated with 38 proteins specific to the leaf. Meanwhile, the
largest groups of proteins specific to the root were protein degradation and biotic stress.
Transport and signaling were the most predominant groups related to 10 proteins included
exclusively in the shoot (Figure 5B).

To have a global view of all possible interactions among specific proteins that were
involved in the metabolisms of each sample set, protein—protein interaction networks were
created. After STRING functional enrichment analysis, a total of 5, 29, 6, and 9 proteins
uniquely stemming from the fruit, leaf, shoot, and root, respectively, showed interactions
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on the network (Figure 5C). Among these, photosynthesis was the primary metabolism
influencing various activities in the leaf, while CHO metabolism and secondary metabolism
were predominant metabolisms in the root and shoot, respectively. Gluconeogenesis was
the metabolism linked to different metabolic activities in the fruit.

Tissue-specific proteins are important factors contributing to differences in anatomical
characteristics and physiological functions among living tissues. Therefore, some stud-
ies have been conducted to identify and characterize tissue-specific proteins in various
plants [26,27]. On P. ginseng, few studies have determined proteins specific to ginseng leaves
and roots. A study by Seung [28] successfully identified and characterized root-specific
RNase-like proteins (GMPs) in roots of wild ginseng, which might work as vegetative
storage proteins promoting its survival in the natural habitat. Furthermore, Li [8] high-
lighted 878 and 1754 proteins specific to the roots and cauline leaves, respectively. The
author also revealed that the cauline leaf-specific proteins were primarily associated with
photosynthesis and related energy conversion while the proteins specific to the root were
involved in the biosynthesis and modification of biomacromolecules [8]. The functional
annotation and molecular processes highlighted in the leaf and root in the current study are
were relatively consistent with the previous report [8]. However, as the present study was
performed on all fruit, leaf, root, and shoot tissues, the number of overlapped proteins was
significantly increased, while the number of tissue-specific proteins was also highlighted.

2.4. Decoding the Proteome Modulations in Association with Ginsenoside Biosynthesis

Ginsenosides, a well-known triterpenoid saponin type in the ginseng plant, are natural
secondary metabolites of ginseng, exhibiting a diversity of medicinal effects [1]. Recently,
more than 180 ginsenosides have been identified and categorized into three main types:
protopanaxadiol (PPD) type, protopanaxatriol (PPT) type, and oleanane type, with the
first two commonly existing in P. ginseng [29,30]. The biosynthesis of ginsenosides can
be divided into three main stages: (1) the biosynthesis of the precursor isopentenyl py-
rophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP) through the MVA and
MEP pathways, (2) the conversion of IPP and DMAPP into 2,3-oxidosqualene, and (3) the
formation of ginsenosides and sterols from 2,3-oxidosqualene [31].

It is a fact that ginsenosides are unevenly distributed in different parts of ginseng.
A few studies have confirmed that the total ginsenoside content of the ginseng leaf and
fruit was higher than that of the root [32], yet there have been no studies elucidating the
molecular mechanism for this difference. This study, for the first time, revealed a relatively
comprehensive proteome profile of the ginseng fruit, leaf, root, and shoot, providing a
new understanding of the molecular basis for the variation in the ginsenoside content
among the four tissues. Our result identified a total of 67 proteins associated with the
ginsenoside biosynthesis (Table S5). Of these, acetyl-CoA C-acetyltransferase (ACCT),
hydroxymethylglutaryl-CoA synthase (HMGS), and diphosphomevalonate decarboxylase
(MVD) related to the MVA pathway were more abundant in the shoot. Nine proteins
associated with the MEP pathway, namely one protein of 1-deoxy-D-xylulose-5-phosphate
synthase family (DXS), two proteins of 1-deoxy-D-xylulose 5-phosphate reductoisomerase
family (DXR), one protein of 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase
family (ispD), one protein of 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase family
(ispE), one protein of 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase family (ispF),
two proteins of (E)-4-hydroxy-3-methylbut-2-enyl-diphosphate synthase family (ispG),
and one protein of 4-hydroxy-3-methylbut-2-enyl diphosphate reductase family (ispH),
showed higher abundance in the leaf. In addition, 28 UGTs were identified, of which 5, 12,
6, and 5 proteins were highly accumulated in the fruit, leaf, root, and shoot, respectively.
Furthermore, 22 CYP450s were also identified, of which 4, 5, 6, and 7 proteins were highly
abundant in the fruit, leaf, root, and shoot, respectively. Proteins such as isopentenyl-
diphosphate delta-isomerase (IDI) and beta-amyrin synthase (3—AS) were also identified
with high abundance in the ginseng leaf sample, while cycloartenol synthase (CAS) was
highly accumulated in shoot and leaf samples. Besides, 2, 3, 6, and 1 proteins related to
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the biosynthesis of ginsenosides were found to be specific to the fruit, leaf, root, and shoot,
respectively (Figure 6; Table S5).
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Figure 6. Expression profiles of identified proteins involved in the MEP (A) and the MVA (B) pathways. PPT-type (C) and
PPD-type (D) ginsenosides. The abundance of UGTs and CYP450s related to ginsenoside biosynthesis (E). Color codes
represent abundance patterns of identified proteins wherein red and blue indicate a high and low abundance of proteins in
particular tissues, respectively. F—fruit, L—leaf, R—root, S—shoot.

Biosynthesis of IPP and DMAPP is essential to most living organisms. Depending on
species, these precursors of isoprenoids can be synthesized through only the MVA pathway
like some archaea and eukaryotes or only the MEP pathway like most bacteria or both of
these pathways in most photosynthetic eukaryotes [33]. The MVA pathway is responsible
for the conversion of acetyl-CoA into IPP and DMAPP, while the MEP pathway produces
the IPP and DMAPP from glyceraldehyde and pyruvate (Figure 6A,B). In P. ginseng, studies
based on phytochemical and inhibitor experiments, transcriptome, and genome sequencing
revealed that the biosynthesis of IPP and DMAPP, the precursors of ginsenosides, has the
involvement of both MVA and MEP pathways [24,31,34]. In addition, by conducting
deep RNA sequencing on the 1-5-year-old ginseng root samples and five different tissues,
Xue [35] not only determined most genes related to the MVA and MEP pathways but also
pointed out the relative expression of these genes among different aging samples and
tissues. However, these genes are not directly involved in the reactions of the MVA and
MEP pathways, but their products (enzymes) are. This means that the abundance pattern
of these enzymes in the fruit, leaf, root, and shoot of ginseng might be a deciding factor
for the differences in the biosynthesis of the IPP and DMAPP and subsequently of tissue-
specific CYP450s and UGTs, differentiating the types and concentration of ginsenosides
in various parts of the ginseng plant [29,36]. In the present study, the higher abundance
of proteins related to the MVA pathway (ACCT, HMGS, and MDV) was observed in the
shoot, while all proteins associated with the MEP pathway (1 DXS, 2 DXR, ispD, ispE, ispF,
2 ispG, and ispH) showed the highest abundance in the leaf. These findings suggest that
the biosynthesis of ginsenosides in the shoots might have the major involvement of the
MVA pathway, while the biosynthesis of ginsenosides in the leaves might rely majorly on
the MEP pathway. The findings are logically suitable to the plastic location of the MEP
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pathway and in concordance with the results from the research of Xue [35] that all genes
related to the MEP pathway had higher levels of gene expression in the leaf than the root
of P. ginseng.

The present study also highlights the increased abundance of cycloartenol cyclase
(CAS) in the shoot and B-amyrin synthase (8-AS) in the leaf. The precursors, IPP and
DMAPP, are converted into several metabolic intermediates and then to 2,3-oxidosqualene,
which in turn undergoes variable cyclization by oxidosqualene cyclases (OSCs), hydroxyla-
tion by CYP450s, and glycosylation by UGTs to form an array of ginsenosides (Figure 6) [33].
The formation of sterols from 2,3-oxidosqualene is catalyzed by two different OSCs, namely
lanosterol synthase (LAS) and CAS, while 3-AS is involved in the production of oleanane.
The formation of sterols from 2,3-oxidosqualene is catalyzed by two different OSCs,
namely lanosterol synthase (LAS) and CAS, while B-AS is involved in the production
of oleanane [29,37]. Our findings led to speculation that the biosynthesis of sterols might
be more active in the shoot samples, whereas the pathways involving the production of the
triterpenoid oleanane are differentially active in leaf tissues.

The PPD- and PPT-type saponins make up a majority of ginsenosides in P. ginseng. The
biosynthesis of PPD- and PPT-type saponins occurs when 2,3-oxidosqualene is converted
into dammolarenediol by dammolarenediol synthase (DS), then into protopanaxadiol
(PPD) by cytochrome P450 CYP716A47 (PPDS) before undergoing one more hydroxylation
catalyzed by cytochrome P450 CYP716A53v2 (PPTS) to form protopanaxatriol (PPT). The
PPD and PPT are subsequently glycosylated by different UGTs to form a diversity of PPD-
and PPT-type ginsenosides [33,35]. In our study, six UGTs related to the biosynthesis
of PPD-type saponins were found to be differentially accumulated in the leaf tissues,
including UGT71A27 (Pg_56256.3) catalyzing the biosynthesis of compound K from PPD,
UGT45 (Pg_S5977.4) converting PPD into Rh2, UGT47AE2 (Pg_S4174.7) catalyzing the
biosynthesis of Rh2 from PPD and the biosynthesis of F2 from compound K, UGT94Q2
(Pg_S6708.3 and Pg_S52289.21) catalyzing the conversion of ginsenoside Rh2 to ginsenoside
Rg3 and triggering the biosynthesis of ginsenoside Rd from ginsenoside F2, and UGT1
(Pg_S4493.1) triggering C20-OH glycosylation of ginsenoside Rg3 to produce ginsenoside
Rd and converting Rh2 to F2 [38,39]. Besides, two proteins participating in the formation
of PPT-type saponins comprising PPTS (Pg_51770.12) catalyzing the formation of PPT from
PPD and UGT101 (Pg_S4157.4) catalyzing the biosynthesis of ginsenoside F1 from PPT and
the conversion of ginsenoside F1 to ginsenoside Rg1 also displayed a high abundance in
the leaf samples [40]. The increased abundance of these proteins in the leaf demonstrated
that the biosynthesis of PPD- and PPT-type ginsenosides in the leaf tissues is promisingly
higher than in the fruit, root, and shoot. Furthermore, the appearance of CYP450s and UGTs
specific to the fruit, leaf, root, and shoot may explain the existence of ginsenosides that
are specific to each tissue. These results are consistent with a previous study by Kang [32]
showing that the total ginsenoside content in the leaf of P. ginseng is 12 times higher than
that of the main root and that the leaves of P. ginseng contain a high amount of ginsenosides
Rh1 and Rb3, whereas its main roots have a higher quantity of ginsenosides Rb1 and Rc.

3. Materials and Methods
3.1. Plant Materials

P. ginseng cv. Chunpoong was grown in a controlled growth chamber at the Depart-
ment of Ginseng Research, National Institute of Horticultural and Herbal Science (NIHHS),
Rural Development Administration (RDA), Eumseong, Korea (latitude 36°94, longitude
127°75). The average temperature and humidity of the greenhouse were maintained at
22.5+2.5°C and 50 + 10%, respectively. Four-year-old leaves, shoots, roots, and fruits
from five different ginseng plants were harvested and immediately stored at —80 °C
for analysis.

99



Plants 2021, 10, 1409

3.2. Total Protein Extraction

The leaf samples (1 g) of 4-year-old plants from five different plants were pooled
together, homogenized in 10 mL of Tris-Mg/NP-40 extraction buffer (0.5 M Tris—-HCl, 2%
(v/v) NP-40, 20 mM MgCly, 2% (v/v) B-mercaptoethanol, and 2% (w/v) polyvinylpolypyrr-
olidone, pH 8.3) and subjected to centrifugation at 16,000 g for 10 min at 4 °C. The
OS was used for the subsequent extractions using trichloroacetic acid (TCA)/acetone,
TCA /acetone-MeOH/ chloroform, phenol-TCA/acetone, and phenol-MeOH/chlo-
roform methods.

The TCA /acetone method was carried out as described previously [7,41]. Briefly, the
OS was incubated with 4 volumes of 12.5% (w/v) TCA /acetone containing 0.07% (v/v)
B-mercaptoethanol for 1 h at —20 °C and then centrifuged at 16,000 x g for 10 min at 4 °C
to obtain protein pellets. The TCA /acetone-MeOH/ chloroform method was performed
as described previously [13]. Briefly, the OS was first extracted using the TCA /acetone
method, and the obtained proteins were then mixed with 4 volumes of methanol, then an
equal volume of chloroform, and then 3 volumes of the sterile distilled water before being
centrifuged at 16,000 x g for 5 min to collect protein pellets. For the phenol-TCA /acetone,
the OS was vigorously mixed with the same volume of saturated phenol and separated
into two phases through centrifugation at 3500 g for 5 min at 4 °C. The lower phase
containing proteins was incubated with 4 volumes of 12.5% (w/v) TCA /acetone containing
0.07% (v/v) B-mercaptoethanol for 1 h at —20 °C before being centrifuged at 16,000 x g
for 10 min at 4 °C to collect protein pellets. The phenol-MeOH/ chloroform method was
performed similarly to the phenol-TCA /acetone method with a slight difference: the lower
phase yielded from the phenol extraction was incubated with 4 volumes of methanol and
1 volume of chloroform for 1 h at —20 °C prior to being centrifuged at 16,000 g for 10 min
at4 °C to collect protein pellets. The resulting pellets of these methods were finally washed
with 80% acetone containing 0.07% (v/v) B-mercaptoethanol and then stored at —20 °C
until further analysis.

The extraction of total proteins from ginseng fruits, leaves, roots, and shoots was
conducted using the TCA /acetone-MeOH/ chloroform as described above.

3.3. Label-Free Quantitative Proteome Analysis Using Q-Exactive Mass Spectrometer

Label-free quantitative proteomic analysis of ginseng fruit, leaf, root, and shoot sam-
ples was performed as described previously [7]. Briefly, the digested peptides, obtained
from the in-solution trypsin digestion using the FASP method, coupled with a 30k spin
filter (Merck Millipore, Darmstadt, Germany) [42], were desalted using C;g3 column (Oasis
HLB 1 cc Vac Cartridge, 30 mg sorbent per cartridge, 30 um, 100/ pk, WAT094225, Waters,
Ireland). Subsequently, the desalted peptides were dissolved in solvent A (water/ACN,
98:2 v/v; 0.1% formic acid), followed by the reversed-phase chromatography separation
utilizing a UHPLC Dionex UltiMate 3000 (Thermo Fisher Scientific, Madison, WI, USA)
instrument [43]. In the UHPLC, the sample was first trapped with an Acclaim PepMap
100 trap column (100 um x 2 cm, nanoViper C18, 5 um, 100 A) and then washed with
98% solvent A for 6 min at a flow rate of 6 pL/min prior to being separated in an Acclaim
PepMap 100 capillary column (75 um x 15 cm, nanoViper C18, 3 um, 100 A) at a flow rate
of 400 nL/min. As the UHPLC was running, the LC analytical gradient was increased
gradually from 2% to 35% solvent B during the first 90 min and then from 35% to 95% in
the next 10 min; finally, 90% and 5% solvent B were run for 5 min and 15 min, respectively.
The integration of liquid chromatography—tandem mass spectrometry (LC-MS/MS) with
an electrospray ionization source to the quadrupole-based mass spectrometer Q Exactive
Orbitrap High-Resolution Mass Spectrometer (Thermo Fisher Scientific, Madison, WI,
USA) allowed the resulting peptides to be electro-sprayed through a coated silica emit-
ted tip (PicoTip emitter, New Objective, Massachusetts, USA) at an ion spray voltage of
2000 eV, generating the MS spectra with a resolution of 70,000 (200 71/z) in a mass range
of 350-1800 m/z. For ion accumulation, 100 ms was set as the maximum injection time.
The eluted samples, measured in a data-dependent mode for the 10 most abundant peaks
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(Top15 method) with the high mass accuracy Orbitrap after ion activation/dissociation
with Higher Energy C-trap Dissociation (HCD) at 27 collision energy in a 100-1650 m/z
mass range, were used for MS/MS events (resolution of 17,500) [43]. The obtained pro-
teomics data have been deposited to the ProteomeXchange Consortium via the PRIDE [44]
partner repository with the dataset identifier PXD022914.

3.4. Data Processing Using MaxQuant Software

The MS spectra of ginseng fruit, leaf, root, and shoot samples were cross-referenced
against the genome sequencing database (http://ginsengdb.snu.ac.kr/ (accessed on
1 April 2021)) maintained by Seoul National University [4]. Label-free quantification (LFQ)
was performed using default precursor mass tolerances set by Andromeda, with 20 ppm
for the first search and 4.5 ppm for the following ones. The search of the LFQ data was
based on 0.5 Da of a product mass tolerance with a maximum of two missed tryptic
digestions. Carbamidomethylation of cysteine residues was chosen for the fixed modifi-
cations, while acetylation of lysine residues and oxidation of methionine residues were
selected for additional modifications. The false discovery rate (FDR), which was set at 1%
for peptide identifications, was determined based on a reverse nonsense version of the
original database.

The data processing for LFQ was performed using MaxLFQ), available as a part of the
MaxQuant suite [45]. Subsequently, Perseus software (v. 1.6.14.0) [46] was employed for fur-
ther statistical and graph analyses. The Perseus software enables performing missing value
imputation of protein intensities from a normal distribution (width: 0.3, downshift: 1.8);
HCA; and multiple-sample test (one-way ANOVA), controlled by Benjamini-Hochberg
method based on an FDR threshold of 0.05, for identifying the significant differences in
the protein abundance among the ginseng fruit, leaf, root, and shoot samples. Functional
annotation of the identified proteins was undertaken, employing MapMan and AgriGO
(v. 2.0) [47,48]. The interaction networks of differentially regulated proteins were pre-
dicted by STRING analysis (v. 11.0), coupled with Cytoscape (v. 3.7.2.0) [49]. Subcellular
localization analysis was performed using CELLO2GO web-based software [50].

4. Conclusions

P. ginseng is a precious plant with immense medical and economic value; however,
our knowledge about ginseng proteomics is still scanty. Here, a label-free quantitative
proteomic analysis was employed to generate a comprehensive proteome map of the
ginseng fruit, leaf, root, and shoot. To optimize the extraction of ginseng proteins, we
first compared four different protein extraction methods, and we finally adopted the
TCA /acetone-MeOH/ chloroform method for further analysis. The increased abundance of
most of the proteins related to the ginsenoside biosynthesis illustrated that the biosynthesis
of ginsenosides in the leaves is probably higher than in the fruit, root, and shoot, while
the tissue-specific CYP450s and UGTs might elucidate the existence of proteins specific
to each tissue. In addition, the increased abundance of CAS in the shoot and -AS in the
leaf leads to speculation that the biosynthesis of sterols might be more active in the shoot
samples, whereas the production of oleanane-type ginsenosides might be more active in
the leaf tissues. Taken together, the results of the current study show that this efficient
and reproducible method for the ginseng protein isolation, which plays a vital role in
facilitating the development of ginseng proteomics, provides a relatively comprehensive
picture of the ginsenoside biosynthesis and new insights into the protein complement of
different ginseng tissues.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ plants10071409/s1, Figure S1: Diagram showing the protein extraction procedures using
different protein extraction methods. Figure S2: In-depth proteome analysis of proteins isolated
using four different protein extraction methods, namely, TCA /acetone, TCA /acetone-MeOH/ chlo,
Phenol-TCA /acetone, Phenol-MeOH/chlo. Table S1: Label-free proteomic analysis of proteins
isolated from ginseng leaves using TCA /acetone, TCA /acetone-MeOH/chlo, Phenol-TCA /acetone,
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and Phenol-MeOH/chlo methods, Table S2: Label-free proteomic analysis of proteins isolated from
ginseng fruit, leaf, root, and shoot tissues using TCA /acetone-MeOH/ chlo, Table S3: Gene ontology
(GO) enrichment analysis of proteins isolated from ginseng fruit, leaf, root, and shoot tissues, Table
S4: Cell function and metabolism overview of proteins specific to fruit, leaf, root, and shoot using
MapMan software, Table S5: List of proteins involved in ginsenoside biosynthesis.
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Abstract: Camellia sinensis is one of the major crops grown in Taiwan and has been widely cultivated
around the island. Tea leaves are prone to various fungal infections, and leaf spot is considered one
of the major diseases in Taiwan tea fields. As part of a survey on fungal species causing leaf spots on
tea leaves in Taiwan, 19 fungal strains morphologically similar to the genus Diaporthe were collected.
ITS (internal transcribed spacer), tefl-a (translation elongation factor 1-e), tub2 (beta-tubulin), and cal
(calmodulin) gene regions were used to construct phylogenetic trees and determine the evolutionary
relationships among the collected strains. In total, six Diaporthe species, including one new species,
Diaporthe hsinchuensis, were identified as linked with leaf spot of C. sinensis in Taiwan based on both
phenotypic characters and phylogeny. These species were further characterized in terms of their
pathogenicity, temperature, and pH requirements under laboratory conditions. Diaporthe tulliensis, D.
passiflorae, and D. perseae were isolated from C. sinensis for the first time. Furthermore, pathogenicity
tests revealed that, with wound inoculation, only D. hongkongensis was pathogenic on tea leaves. This
investigation delivers the first assessment of Diaporthe taxa related to leaf spots on tea in Taiwan.

Keywords: endophytes; foliar pathogens; pathogenicity; taxonomy

1. Introduction

Species of Diaporthe have been frequently reported as pathogens, endophytes, and
saprobes of various types of hosts [1-17]. These taxa have been reported globally and
cause various diseases on economically important plants and crops such as dieback of
forest trees [2], leaf spots on tea and Ixora spp. [3,4], leaf and pod blights and seed decay in
soybean [5], melanose and stem-end rot on Citrus spp. [6~10], leaf spot on common hop [11],
twig blight and dieback of blueberry [12], trunk diseases of grapevines [13], branch canker
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https:/ /www.mdpi.com/journal /plants
105



Plants 2021, 10, 1434

on Cinnamomum camphora (Camphor Tree) [14], pear shoot canker [15], and stem canker on
sunflower [16,17].

The genus Diaporthe (syn. Phomopsis) was introduced by Nitschke and is typified by D.
eres [18-27]. It is categorized in the family Diaporthaceae and order Diaporthales [18-27].
The holomorphic name for Diaporthe / Phomopsis was complex. Therefore, following the
nomenclature rules, Rossman et al. [28] recommended adopting the older sexual typified
name Diaporthe over the younger asexual typified name Phomopsis. Currently, Index Fungo-
rum (retrieved in April 2021) reported over 900 names under the genus Phomopsis, whereas
Diaporthe contains over 1000 names. Species of Diaporthe were traditionally identified
based on their phenotypic characters such as colony morphology, appearance of ascomata
and conidiomata, variation in ascospores and conidiospores, and host affiliations [18-27].
However, due to improvements in DNA sequencing, various enigmatic taxa have been
discovered, which has reformed our understanding of the natural classification of Diaporthe.
Recent studies based on molecular phylogeny have continuously discovered that tradition-
ally used morphological characters and host associations are not sufficient to determine
the species of Diaporthe strains because they show variation under different environmental
conditions [29]. Therefore, multilocus phylogenies based on DNA sequences of ITS (inter-
nal transcribed spacer), fefl-« (translation elongation factor 1-o), fub2 (beta-tubulin), and
cal (calmodulin) are more often used to determine the natural classification of Diaporthe
species [1,26,29-31].

Foliar fungal pathogens that infect Camellia sinensis can lead to a notable reduction in
their yield, resulting in a loss of income [3,32,33]. Tea leaves at all stages are susceptible
to fungal diseases [3,32,33]. In total, 520 fungal species have been identified to occur
on Camellia species, of which 303 were reported from C. sinensis according to the U.S.
Department of Agriculture (USDA) database [3,4]. Various fungi are known to cause
diseases of leaves, stems, and roots of C. sinensis and other Camellia species, for example,
brown blight caused by Colletotrichum species, gray blight by Pestalotiopsis-like taxa, leaf
spots and dieback by Diaporthe species, and blister blight by Exobasidium vexans [3,32,33].
Our research group studies various foliar diseases allied with tea farms in Taiwan [32,33].
Our previous work has indicated that in addition to the major fungal diseases, such as
brown blight due to Colletotrichum species complex and grey blight disease caused by
Pestalotiopsis-like taxa, numerous other fungal species can potentially cause leaf spots on
C. sinensis in Taiwan [32,33]. Therefore, the aim of this study was to fully characterize the
diversity and phylogeny of Diaporthe-like strains originally isolated from the leaf spots
of C. sinensis and evaluate their pathogenicity to the major tea cultivar Chin-Shin Oolong
grown in Taiwan'’s tea fields. This study was conducted to obtain a better understanding of
pathogen biology and determine the optimal temperature and pH for the mycelial growth
of these fungi under laboratory conditions.

2. Results
2.1. Fungal Isolation

In total, 19 Diaporthe-like strains associated with leaf spots of C. sinensis were isolated
from five different tea fields located in Taiwan (Figure 1 and Table S1).

2.2. Phylogenetic Evaluation of the Concatenated Data Matrix of Diaporthe Species

Prior to the multilocus gene analysis, alignments corresponding to the gene regions of
ITS, tefl-a, tub2, and cal were analyzed using ML. Congruence between single loci made
it conceivable to evaluate the phylogenies by concatenating the genes as it delivered a
guarantee of gene orthology. The phylogenetic tree obtained from the concatenated gene
datasets is in Figure 2.
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Sishui Community

Tea Research & Extension Station Yuchi Township, Nantou County
o i (Wenshan branch) (23.920937°N, 120.920713°E)
Taipei Tea Promotion Center Shid ing District, New Taipei City

for Tie Guanyin Tea and Baozhong Tea
Wenshan District, Taipei City
(24 .969069°N, 121.594273°E)

(24.959533°N, 121.630877°E) Loushan Tea Store (with field)
Manzhou Township, Pingtung County

(21.991882°N, 120.841638°E)

Hunan Tea Production Cooperative
Hukou Township, Hsinchu County,
(24.8773109°N, 121.0761278°E)

Figure 1. Tea fields surveyed in this study. Relevant geographical details are given for each indicated location.

The final phylogenetic tree was inferred using the combined gene data matrix of ITS,
tefl-a, tub2, and cal gene regions from 244 strains of Diaporthe species and Diaporthella
corylina CBS 121124 as the outgroup taxon. The final combined data matrix contained
1803 characters, including gaps (624 for ITS, 526 for cal, 381 for tub2, and 272 for tefl-a).
The following priors were used in MrBayes for the five gene loci data partitions based on
the results of MrModeltest: all partitions had Dirichlet base frequencies and GTR + I+ G
models with inverse gamma-distributed rates implemented for ITS and tub2, and HKY + I
+ G with inverse gamma-distributed rates for cal and fefl-«. The Bayesian analysis resulted
in 90,000 trees after 90,000,000 generations. The first 20% of trees representing the burn-in
phase of the analyses were discarded, while the remaining trees were used to calculate
Bayesian posterior probabilities (PP) in the majority rule consensus tree. The best scoring
RAXML tree had a likelihood value of: —4812.054120 and GTR + I + G was used as the
evolutionary model.

The phylogenetic trees obtained from both ML and Bayesian analyses had a similar
topology and branching pattern based on phenotypic characters and were supported by
the molecular phylogenetic inference of strains generated in this study. The results were
consistent with recent publications [3,12,13,30,34-36]. In the present phylogeny (Figure 2),
out of 19 strains, 16 were assigned to previously described species, namely, D. apiculatum
(4), D. hongkongensis (4), D. tulliensis (3), D. passiflorae (2), and D. perseae (3). Three strains in
this study formed distinct clades with a highly supported sub-clade, which was identified
as a novel species and named D. hsinchuensis.

107



Plants 2021, 10, 1434

ZHKUCC 200018
+ ZHKUCC 200017
CBS 132527

NTUPPMCC 18-158-1 Diaporthe passiflorae

NTUPPMCC (BCRC) 18-158-2

ZHKUCC 20-0019

Disporthe ueckeras FAUBSS*
Diaporthe unshiuensis ZJUD52*

= Diaporthe miric
Diaporthe phaseolorum AR4203’
Diaporthe longicolla
Diaporthe thunberg
Dlapotthe tecmnendn i

la MFLUCC 12-0033*

Diaporthe sojae FAUB35
Diaporthe koeﬁmnﬁﬂﬂfﬁ

Al

Diaporthe masirevici Z 0¢
Diaporthe convolvuli CBS 124654*

71/0.95

L i as1r
100/1. Diaporthe terebinthifolii CBS 133180*

o0y.0 Diaporthe acericola MFLUCC 17-0956*

100/1.0 D
2| L Diaporthe novem CBS 127270*
Diaporthe lusitanicae CBS

100/1.0 Diaporthe ganjae CBS 180.91*
[ Diaporthe compacta CGM

Figure 2. Cont.

108



Plants 2021, 10, 1434

~-/0.95|

NTUPPMCC 18-154-1

7110] NTUPPMCC (BCRC) 18-154-2
NTUPPMCC 18-154-3

Y. H. Yeh 11001

BRIP 62248a*

LP-1

2020NTUHCC N

Diaporthe tulliensis

Diaporthe hubeiensis JZB320123*

me amblgua CBS 114015

99/1.00 i
yaporum MFLUCC 14-1136*

Diaporthe neorac
Dlaporlhe sclerotlotdes CBS 296 67

83/0.95 Dlaporlhe yunr is CGMCC 3.18289*
Diaporthe biguttulata  ZJUD47*

78/0

98/1.00

100/L.00L- Diaporthe caatingaensis CBS

Diaporthe betulicola CFCC 51
Di
Diaporthe carpini CBS 114437*

51/0.99)

Diaporthe citriasiana ZJUD 80"
z Diaporthe discoidispora  ZJUD89*

Diaporthe malorum |
Diaporthe ovoicicola CGMCC 3.17093*

Diaporthe oxe CBS 133186*

Diaporthe brasiliensis CBS 133183*

=

Diaporthe hungariae CBS 143353*
Diaporthe hispaniae CBS 143
Diaporthe ampelina CBS 114016

Diaporthe impulsa CBS 114434*

70/0.96 Diaporthe toxicodendri FFPR I4209§7‘
Diaporthe fbrosa CBS 109761 .
Diaporthe detrusa CBS 109770*

iaporthe bohemiae CBS 143347*
Diaporthe juglandicola CFCC 51134*
Diaporthe rhusicola CBS 1:

Diaporthe thunbergii MFLUCC10-576a*

L

Diaporthe cassines CPC 21916*

Diaporthe torilicola MFLUCC 17-1051*

Figure 2. Cont.

109



Plants 2021, 10, 1434

~/0.98) %!: Diaporthe vaccinii CBS 1¢

-/0.95|

o31.or Diaporthe ternstroemia CGMCC 3.15183*

Diaporthe fusicola CGMCC 3.17087

Diaporthe ovalispora ZJUD93*

Diaporthe amygdali CBS 126679*

Diaporthe sterilis CBS 136969* Diponfic anvodal
species complex

Diaporthe garethjonesii MFLUCC 12-0542a*

Diaporthe amygdali NTUPPMCC 17-045-1

100/101' Diaporthe amygdali NTUPPMCC 17-045-2

i3 Diaporthe acaciigena CBS 129521*

89/1.0 L Diaporthe fukushu MAFF 625034
sl Diaportheeres ARS193* I
Diaporthe ellipicola CGMCC 3.17084*

D|apon‘.he maritima DAOMC
“T+~ Diaporthe bicincta CBS 121004*
L Diaporthe celastrina CBS
e Diaporthe biguttusis CGMCC 3 17081*

Diaporthe celeris CBS 14
. --/—lj{— Diaporthe pterocarpicola MFLUCC 10-0580a*

1757038l Diaporthe helicis AR5211*
L— Diaporthe alleghaniensis CBS 495. 72‘

Diaporthe betulae CFCC 50469*
Diaporthe alnea CBS 146.46° .
Diaporthe subclavata ZJUD95*
NTUPPMCC 18-156-1

.00 NTUPPMCC (‘BCRCL
97/1.00 ZHKUCC 200001
CGMCC 3. 17533‘

=|—_Diapor'the citrichinensis ZJUD34*
Diaporthe oraccinii CGMCC

Figure 2. Cont.

110



Plants 2021, 10, 1434

i

100/0.99

100/1.0—F=p| Diaporthe endocitricola ZHKUCG 20-0012*

100/1.0

_./—- "
100/1.0—f! _| Diaporthe taiwanensis NTUCC

r Diaporthe musigena CBS 129519*
Diaporthe pascoei BRIP. jiI
70/0.95| L Diaporthe fraxini-angustifoliae BRIP 54781*
Diaporthe litchicola BRIP ]
Diaporthe viniferae JZB320079

Diaporthe pseudomangiferae CBS 101339*
{ Diaporthe eugeniae CBS 444.82* e
- Diaporthe sennae ZHKUCC 20-0011

r— Diaporthe sennae

Diaporthe endocitricola ZH} 3

i__ Diaporthe millettia GUCC167*
Diaporthe taoicola MFLUCC 16-0117*

Diaporthe arengae CBS 114979*

o Diaporthe limonicola Cl

oftd~ Diaporthe limonicola ZHKUCC

0L Diaporthe limonicola ZF 05

NTUPPMCC (BCRC)18-157-2

NTUPPMCC 18-157-3

NTUPPMCC 18-157-1 Diaporthe perseae

ZHKUCC 2000010

CBS 151.73*

E Diaporthe guangxiensis

Diaporthe podocarpi macrophylli CGMCC 3.18281*

Diaporthe taiwanensis

78/0.99-=

Diaporthe arecae ZHKUCC 20-0003

-/~

Diaporthe arecae CBS 161.64° .
L Diaporthe pterocarpi MFLUCC 10-0571*
L Diaporneperinoa CBS 109745°
Diaporthe phragmitis CBS1 38897*
NTUPPMCC 18-155-1 E
NTUPPMCC (BCRC) 18-155-2.
FJCTO1A-a
NTUPPMCC 17-044-1
NTUPPMCC (BCRC) 17-044-2
CGMCC 3.15175

CBS 115448*
| OMUZRT2014 KPho4
ZJ1081

Diaporthe vawdreyi BRIP
Diaporthe undulata CGMCC 3.18293*
Diaporthe biconispora ZJUD62*

Diaporthe multigutullata ZJUD98*

Figure 2. Cont.

111



Plants 2021, 10, 1434

72/0.99)

Diaporthe eucalyplorum MFLUCC 120306
Diaporthe sp. ColPat 479

Diaporthe acutispora LC6160
1007101 piaporthe acutispora CGMCC.

Diaporthe decedens CBS 109772*
sesop Diaporthe cytosporella FAU 461
Diaporthe chamaeropis CBS 454.81*
Diaporthe ravennicaMFLUCC 15-0479* s
Diaporthe baccae CBS 136972*
raef L Dipothefoniulaces CBS 111553
Diaporthe raonikayaporum CBS 133182*
Diaporthe rudis AR3422* T
Diaporthe dorycnii MFLUCC 17-1015*
Diaporthe parapterocarpi CPC: ]
Diaporthe macintoshii BRIP 55064a*

Diaporthe vangueriae CPC 22703
Diaporthe anacardii CBS 720. 7"
- ——

Diaporthe velutina {‘r‘Ml"_

56/, u[ Diaporthe inconspicua CBS 1: -
Diaporthe psoraleae-plnnatae CES 136413*

Diaporthe elaeagni-glabrae |
WE Diaporthe elaeagni CBS 504.72*
e105— Diapore icia CES 7054

L Diaporthe cissampeli CBS141331*

A Diaporthe psoraleae CBS 136412*
i Diaporthe diospyricola CPC 21169*
73/ Diaporthe saccarata C

79/0. g@dhe hickoriae CBS 145.26*
g Diaporthe oncostoma CBS 58!
o W{_ Diaporthe ocoteae CBS 141330‘
Diaporthe canthii CBS 132533* ]
. Diaporthe pseudotsugae MFLU 15-3228

o OiporthopanenssCBS 3B

Diaporthe aquatica ZHKUCC 20-0002
ﬁﬁmamﬁmwmw I
90/1.00} -

Diaporthe incompleta CGMCC 3.18288*

Diaporthella corylina CBS 121124*

Figure 2. Phylogenetic tree of Diaporthe generated from a combined sequence dataset of ITS, tefl-a, tub2, and cal gene
regions. Bootstrap values greater than 70% and Bayesian posterior probabilities greater than 0.95 were given below or above
the nodes. Isolates obtained in this study are indicated in red, and the ex-type sequences are indicated by *. The strain codes
were annotated after relevant species names. Diaporthella corylina CBS 121124 served as an outgroup taxon.

2.3. Taxonomy Diaporthe hsinchuensis Ariyawansa and I. Tsai, sp. nov.

MycoBank: MB840098, Figure 3
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Figure 3. Diaporthe hsinchuensis NTUPPMCC 18-153-1: (a,b) surface and reverse side of colony on PDA; (c) conidiomata on
PNA. (d—f); conidiogenous cells; (g) conidia. Scale bars = 10 um.

Etymology: The epithet refers to Hsinchu, Taiwan, where this species was originally
collected.

Description: Forms grey lesions on the tip of the tea (Camellia sinensis) leaf. Sexual
morph: Undetermined. Asexual morph: Conidiomata pycnidial on PNA, globose, erumpent
when mature, conidia exuding from the pycnidia in ivory white drops. Conidiophores
cylindrical, phialidic, septate, and branched, 820 x 1-3 um (X £ SD =14.1 £2.9 x 2.0
£ 0.4 um, n = 30). Alpha conidiogenous cells hyaline, ovoid to ampulliform, cylindrical to
subcylindrical tapering towards the apex, straight or curved, 1-8 x 1-4 pm (¥ = SD = 5.6
£ 1.9 X 2.4 + 0.6 um, n = 30). Alpha conidia hyaline, oval, or fusiform, unicellular, aseptate,
2-7-guttulate 6-9 x 2.5-4 um (X £ SD =7.5 4+ 0.9 x 3.2 £ 0.2 um, n = 30). Beta conidia not
observed. Gamma conidia not observed.

Colony characteristics: Colonies on PDA circular, edge entire, surface white, cottony,
reverse yellowish white.
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Material examination: Taiwan, Hsinchu County, Hukou Township, Hunan Tea Produc-
tion Cooperative, on leaves of Camellia sinensis (Theaceae), 4 April 2018, Tsai Ichen, HK04-1
(NTUPPMH 18-153-1, holotype), ex-type culture NTUPPMCC 18-153-1; ibid., HK04-2
(NTUPPMH 18-153-2) = living culture NTUPPMCC 18-153-2.

Notes: The strains representing Diaporthe hsinchuensis clustered in a well-supported
clade (ML/PP =100/1.0) and formed a distinct linage sister to D. eucalyptorum (MFLUCC
12-0306), D. acutispora (LC6160 and LC6161), and Diaporthe sp. (ColPat479) (Figure 2).
Unfortunately, morphological data were not available for D. eucalyptorum (MFLUCC 12-
0306) or Diaporthe sp. (ColPat479). Furthermore, the ex-type strain of D. eucalyptorum
(CBS 132525), which was used by Crous et al. [37] to introduce the species, appeared as a
basal clade to strains containing D. hongkongensis in the present study in agreement with
previous studies [2,30]. This may indicate that D. eucalyptorum (MFLUCC 12-0306), used
by Senanayake et al. [38], is a different species, but further studies are required to confirm
the taxonomic status of this strain. Based on the available data, we only compared the
morphological features of D. hsinchuensis with D. acutispora. D. hsinchuensis differs from D.
acutispora in its smaller conidiophores (8-20 x 1-3 um versus 10-34.5 x 2-3 um), relatively
smaller alpha conidia (6-9 x 2.5-4 um versus 7-10 x 2-3 pum), host (Camellia sinensis versus
Coffea sp.), and geographical location (Taiwan versus China). In addition, D. hsinchuensis
can be clearly differentiated based on nucleotide differences in ITS, tefl-a, tub2, and cal loci
from its phylogenetically closely related species, D. acutispora (ITS 4%; tefl-a 14%; tub2 5%;
cal 6%).

2.4. Growth Rate

All tested isolates were grown on PDA media for 7 days at 25 °C in the dark. The
sizes of colonies were measured (mm), and their means were calculated and are presented
in Figure 4. Isolate NTUPPMCC 18-153-1 (D. hsinchuensis) exhibited the widest diameter
colony (70.33 mm on average), which, along with isolate NTUPPMCC 18-154-1 (D. tullien-
sis), presented significantly faster growth after 7 days of incubation. In contrast, strain
NTUPPMCC 18-152-1 (D. apiculatum), 18-155-1 (D. hongkongensis), and 18-157-1 (D. perseae)
had significantly slower growth compared to all the other isolates.

2.5. Temperature Effects

Fungal mycelial growth was detected for all the tested isolates between 10 to 45 °C
and measured as colony diameter. Temperature regimes strongly influenced the growth of
tested fungal strains (p < 0.001); the maximum growth was determined at 25-30 °C (mean
60.39 mm), while the minimum or no-growth was observed at 40-45 °C (mean 0.10 mm)
for all the isolates (Figure 5, Table S2).

2.6. Optimal pH

The effects of pH on the mycelial growth of tested strains are presented in Figure 6
and Table S3. Results showed that, generally, all strains used in this study grow better
in slightly acidic to alkaline medium (pH 5-10) compared with acidic medium (pH 3-5).
Isolates NTUPPMCC 18-153-1 and 18-155-1 showed a relatively narrower optical pH range
(pH 6-8 and 5-7, respectively) upon mycelial growth compared with the other isolates.
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Figure 4. Comparison of mycelial growth rate of the six Diaporthe species based on perpendicular
colonial diameter. According to Tukey’s range test, data (mean =+ standard deviation) with the same
letters are not significantly different. Colors identify different taxa.

2.7. Pathogenicity

In total, all six selected isolates except NTUPPMCC 18-155-1 (D. hongkongensis)
failed to cause symptoms on either wounded or unwounded inoculated sites. How-
ever, NTUPPMCC 18-155-1 caused symptoms on wounded inoculated sites on tea leaves
(Figure 7), showing that the strain might enter tea leaves via wounds. The characteristic of
the concentric circular fruiting-body formation and brown blight shared among observed
symptoms (Figure 7d) were consistent with that observed in natural tea fields. The fungal
strain capable of forming lesions on wounds in this experiment was re-isolated from the
fruiting lesions with morphological characteristics identical to those of the original isolates.
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Therefore, Koch’s postulates were fulfilled and based on both the DNA sequence data
and morphological evidence from these re-isolates, all were confirmed to be pathogenic to

C. sinensis.
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Figure 5. Temperature effect on mycelial growth according to the comparison of colonial growth (mm) of different species
at each temperature, based on the mean values presented in Table S2.
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Figure 6. Optimal pH for mycelial growth of each species according to the comparison of colonial growth (mm diam), based
on the mean values presented in Table S3.
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Figure 7. Symptoms caused by D. hongkongensis: (a,c) control leaf inoculated with PDA disk, symptoms absent;

(b,d) symptom on tea leaf inoculated with D. hongkongensis 14 days after incubation (lesion size on average = 6.38 mm
diam); (e) conidia obtained from artificially generated lesion. Scale bars: (c,d) =2 mm; (e) = 10 um.

3. Discussion

Tea is one of the major crops grown in Taiwan, and oolong tea produced by Taiwan is
responsible for 25% of global oolong production (One Town One Product (OTOP) [32,33].
Foliar diseases of C. sinensis are of concern to tea farmers because leaves are the main part
of the plant used to produce various teas. However, research regarding Diaporthe species
causing foliar diseases of C. sinensis is rare, and twig blight caused by unknown Phomopsis
species (asexual morph of Diaporthe) are the only diseases caused by Diaporthe mentioned
in the list of plant diseases in Taiwan [39].

Accurately naming a fungus based on its molecular and phenotype characters that
reflect phylogeny allows predictions about plant-associated organisms together with poten-
tial pathogenicity and appropriate control measures. In the present study, we identified six
Diaporthe taxa linked with leaf spot in Taiwan tea fields, including a novel species. Various
Diaporthe species have been identified as either pathogens or endophytes on C. sinensis such
as D. amygdali, D. apiculata, D. discoidispora, D. eres, D. foeniculacea, D. foeniculina, D. hongkon-
gensis, D. incompleta, D. longicicola, D. masirevicii, D. nobilis, D. oraccinii, D. penetriteum, D.
portugallica, D. tectonigena, D. ueckerae, D. velutina, and D. xishuangbanica [40]. Among the
tested isolates, D. hongkongensis fulfilled Koch’s postulates and was identified as the only
pathogen causing leaf spot on C. sinensis in the present study. D. hongkongensis has been
recognized as a well-known phytopathogen affecting various hosts such as grapevine [41],
peach [42], kiwifruit [43], dragon fruit [44], and pear [15] in recent studies. D. hongkongensis
was also reported to be associated with both healthy and diseased tea leaves in China by
Gao et al. [3]. However, in their study, Gao et al. [3] did not confirm the pathogenicity
of D. hongkongensis to tea leaves by fulfilling Koch’s postulates. In addition, there is no
record of D. hongkongensis causing plant diseases in Taiwan. Therefore, to the best of our
understanding, this is not only the first report of D. hongkongensis causing leaf spot on C.
sinensis, but also a novel discovery of D. hongkongensis present in Taiwan.

Furthermore, in this study, we reported another species associated with tea leaf spot,
namely, D. apiculatum, for the first time in Taiwan. Gao et al. [3] introduced D. apiculatum
as a new species from the healthy and infected leaves of C. sinensis in China but did not
confirm the pathogenicity of the fungal strains via Koch’s postulates. However, in the
present study, strains that we identified as D. apiculatum did not fulfill Koch’s postulates
after 14 days of incubation. Therefore, further studies are required to confirm whether this
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is a latent pathogen or a conditional pathogen, causing symptoms when the plant defense
mechanisms are weak.

In the present study, Diaporthe passiflorae, D. tulliensis, and D. perseae were isolated from
the leaf spots of C. sinensis for the first time. D. passiflorae was introduced by Crous et al. [37]
as a potential endophyte on the fruit of Passiflora edulis. In contrast, Li et al. [45] identified
the same species as a postharvest pathogen causing fruit rot of Kiwifruit in Sichuan
Province, China. D. perseae was originally described as Phomopsis perseae Zerova from
branches of dying Persea gratissima trees in Russia [29]. This species also has been identified
as a pathogen of mango causing fruit rot in Malaysia [46] and as endophytes on Citrus
grandis in China [30]. D. tulliensis has been recognized as an important pathogen of various
hosts, such as kiwifruit [47], coffee [48], and grapes [13]. Interestingly, Huang et al. [49]
and Chen and Kirschner [50] recently reported the same species as a pathogen causing leaf
spot on Parthenocissus tricuspidata as well as an endophyte from Nelumbo nucifera in Taiwan,
respectively. However, in the present study, none of the strains recognized as D. passiflorae,
D. perseae, D. tulliensis, or the new species D. hsinchuensis, satisfied Koch’s postulates after
14 days of incubation. Thus, they were not considered pathogenic to major tea cultivar
Ching-Shin Oolong grown in Taiwan.

Only a few studies have shown the effect of environmental factors on the growth
of Diaporthe species. The most recent study was carried out by Arciuolo et al. [51], who
tested the optimal temperature and water activity required for mycelial growth, pycnidial
conidiomata development, and asexual spore production of D. eres, the causal agent of
hazelnut defects. Arciuolo et al. [51] concluded that the optimum temperature for mycelial
growth of D. eres was observed at 20-25 °C and at 30 °C for pycnidia and cirrhi development.
In another study, Hilario et al. [12] observed that four novel pathogens of Diaporthe, namely,
D. crousii, D. phillipsii, D. rossmaniae, and D. vacuae, causing twig blight and dieback of
Vaccinium corymbosum in Portugal had an optimum temperature for mycelial growth at
20-25 °C. The present study provides insights into the effect of environmental factors such
as temperature and pH on the mycelial growth of the Diaporthe strains isolated from C.
sinensis in Taiwan under a controlled environment. Our results showed that all species
identified in this study reached maximum colony diameter at 25-30 °C and preferred to
grow under low acidic to alkaline rather than acidic medium. The observations in the
present study are consistent with the results of Arciuolo et al. [51] and Hilario et al. [12].
In the future, these abiotic factors could be used as the basis for developing a predictive
model for the infection of Diaporthe taxa of tea plants in Taiwan.

4. Conclusions

In conclusion, the research outcomes of the present study improve the understanding
of Diaporthe species allied with leaf spots on tea leaves and deliver valuable data for
effective disease management of C. sinensis in Taiwan. The study identified six Diaporthe
species associated with leaf spots on C. sinensis in Taiwan tea fields. These species comprise
one novel species and three new records in Diaporthe on C. sinensis. However, to gain better
knowledge of the diversity, pathogenicity, distribution, and implications of Diaporthe taxa
on tea plantations in Taiwan, extensive surveys on C. sinensis plantations and the collection
of a larger number of samples should reflect the goals of future studies.

5. Materials and Methods
5.1. Sample Collection, Fungal Isolation, and Morphological Examination

Tea leaves with characteristic leaf spots were collected from five distinct tea fields
located in major tea-growing areas in Taiwan (Figure 1). The samples were collected in
resealable plastic bags and carried back to the laboratory. Pure cultures were obtained
through a single conidium isolation method, as described in Udayanga et al. [26] and
Ariyawansa et al. [4]. In brief, contents of the fruiting body were mounted in a drop of
sterile distilled water on a flame-sterilized cavity slide and pipetted to thoroughly mix.
The drop of spore suspension was spread evenly on a Petri dish of water agar (WA) and
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incubated at 25 °C in the dark for 12 h. Single germinating conidia were transferred to a
Petri dish of potato dextrose agar (PDA; HiMedia Laboratories Pvt. Ltd., Mumbai, India)
and incubated at 25 °C in the dark. Colonial characterization was carried out from isolates
cultured on PDA (HiMedia Laboratories Pvt. Ltd., Mumbai, India). Conidiomatal growth
was detected on WA with double-autoclaved pine needles placed on the surface of agar
(PNA), corn meal agar (CMA; HiMedia Laboratories Pvt. Ltd., Mumbeai, India), or PDA
supplemented with 10% NaCl, which were incubated at 25 °C under continuous blue light
for 7 to 14 days [33]. Microscopic characteristics were examined in distilled water, with 30
measurements taken from each structure using cellSense Standard software (XV Imaging,
Version 3.17.0.16686) under an Olympus BX51 microscope (Olympus Corp., Tokyo, Japan)
with differential interference contrast (DIC) illumination.

In this study, type specimens were deposited in the herbarium of the Department
of Plant Pathology and Microbiology, National Taiwan University (NTUPPMH). Ex-type
living cultures were deposited in the Department of Plant Pathology and Microbiology, Na-
tional Taiwan University Culture Collection (NTUPPMCC), and the Bioresource Collection
and Research Centre (BCRC).

5.2. DNA Extraction, PCR, and Sequencing

The growing myecelia of each isolate were gathered from cultures incubated at 25 °C
in the dark for 7 to 14 days. Genomic DNA were extracted with EasyPure Genomic DNA
Spin Kit (Bioman Scientific Co., Ltd., New Taipei, Taiwan) according to the manufacturer’s
guidelines (Bioman Scientific Co., Ltd., New Taipei, Taiwan). PCR amplifications of ITS,
tefl-ot, tub2, and cal gene regions were separately performed in 25 pL reaction mixtures,
as described in Ariyawansa et al. [4]. The relevant primer pairs included in this study are
in Table 1. The PCR products were visualized by electrophoresis on a 1.5% agarose gel
stained with BioGreenTM Safe DNA Gel buffer (Bioman Scientific Co., Ltd., New Taipei,
Taiwan). The sequence purified amplicons from each gene region were obtained using
the Sanger sequencing method at the Genomics Co., Ltd., (New Taipei, Taiwan). Newly
obtained sequences in the present study were deposited to NCBI GenBank.

Table 1. Gene regions and primer sequences used in this study.

Region Primers Sequence (5'—3') Reference
TS ITS5 GGA AGT AAA AGT CGT AAC AAG G 152]
1TS4 TCC GCT TAT TGA TAT GC
tefl-o EF1-728F CAT CGA GAA GTT CGA GAA GG 53]
EF1-986R TAC TTG AAG GAA CCC TTA CC
tub2 Bt2a GGT AAC CAA ATC GGT GCT TTC [54]
Bt2b ACC CTC AGT GTA GTG ACC CTT GGC
cal CAL-228F GAG TTC AAG GAG GCC TTC TCC C (53]
CAL-737R CAT CTT TCT GGC CAT GG )

5.3. Strain Selection, Sequence Alignment, and Phylogenetic Analysis

An initial ITS-only tree containing all taxa currently recognized in Diaporthe was made
to resolve the clades containing the isolates obtained in this study (data not shown). This
analysis was further used to select the species to be included in the multilocus phylogenetic
analyses. DNA sequence data of ITS, tefl-a, tub2, and cal loci were used to determine
the phylogenetic placement of isolates. DNA sequences of each strain were searched
against GenBank by nucleotide BLAST (BLASTn) to find the nearest matches. Strains
in GenBank with 95-99% similarity to known Diaporthe species together with species
previously described as pathogens on tea were included in the phylogenetic analysis
following the recent publications of Ariyawansa et al. [4], Yang et al. [55], Dissanayake
etal. [31,56], Gao et al. [57], Guarnaccia and Crous [8], and Manawasinghe et al. [13]. The
strains used in the present study and their GenBank accession numbers are presented in
Table S4.
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Multiple sequence alignments were generated in MAFFT v. 6.864b with default
parameters (http://malfft.cbrcjp/alignment/server/index.html, accessed on 3 April 2021).
The alignments for each gene were visually improved manually where necessary in MEGA
v. 5 [58]. Single gene trees were first built for ITS, tefI-x, tub2, and cal, and finally subjected
to a multilocus analysis. MrModeltest v. 2.3 [59] under the Akaike Information Criterion
(AIC) implemented in PAUP v. 4.0b10 [60] was used to determine the individual selection
of evolutionary models for phylogenetic analyses of each locus.

Two phylogenetic tree inference methods, maximum likelihood (ML) in RAXML [61],
and Bayesian analyses in MrBayes v. 3.0b4 [62] were used to evaluate the phylogenetic
relationships of the strains used in this study, as described in Ariyawansa et al. [4] and Tsai
et al. [33]. Bootstrap values obtained via ML (MLB) and Bayesian posterior probabilities
(BPP) that were equal to or greater than 70% or greater than 0.95, respectively, are indicated
below or above each node (Figure 2). Topologies of the trees obtained from each gene
were visually compared to confirm the similarity between the overall tree topology of the
individual datasets and that of the tree obtained from the combined alignment. MEGA v.
5 [58] and FigTree v. 1.4 [63] software were used to assess and visualize phylogenetic trees
and data files.

The principles of Genealogical Concordance Phylogenetic Species Recognition (GCPSR)
were used to identify the species limits within Diaporthe-like taxa [64,65]. Dettman et al. [65]
proposed that species should be differentiated when fulfilling one of the following two cri-
teria: genealogical concordance or genealogical non-discordance. In other words, if clades
exist in at least some of the trees, then they are recognized as genealogically concordant;
clades are recognized as genealogically non-discordant if they are significantly supported
with high statistical values (MLB > 70, PP > 0.95) in a single locus without conflict at
or above this support level in any other single-locus trees. By following this criterion,
poorly supported non-monophylies in one locus are eliminated without undermining
well-supported monophylies in another locus.

Based on the outcomes of the phylogenetic analysis considering a single strain rep-
resenting each taxon, a total of six isolates were randomly selected for the pathogenicity,
myecelial growth, temperature, and pH tests.

5.4. Mycelial Growth Test

In total, six strains representing six taxa identified in this study, NTUPPMCC 18-152-1
(Diaporthe apiculatum), NTUPPMCC 18-055-1 (D. hongkongensis), NTUPPMCC 18-153-1 (D.
hsinchuensis), NTUPPMCC 18-154-1 (D. tulliensis), NTUPPMCC 18-157-1 (D. perseae), and
NTUPPMCC 18-158-1 (D. passiflorae), were used to determine the radial growth of mycelia.
The growth rate was evaluated following a modified procedure of Huang et al. [66]. A
4 mm-diam mycelial disk was cut from the edge of a three-day-old PDA culture, placed
centrally into a Petri dish (90 mm diam) of PDA (13 mL) and incubated at 25 °C in the dark
for three days. Measurements were taken daily, based on the diameter of two perpendicular
axes per fungal colony. The mycelial growth was determined on the final measurement.
The test was conducted thrice with three replicates per trial.

5.5. Temperature and pH Effects on Mycelial Growth

The same isolates, volume of medium, inoculation method, and standard of measure-
ment used in the mycelial growth test were used to test the effects of temperature and pH.
Further details for each assessment are described below.

The effect of temperature on radial mycelial growth was checked on a daily basis
and determined on the third day after inoculation at 10, 15, 20, 25, 30, 35, 40, and 45 °C
in the dark. All single inoculations were conducted on Petri dishes of PDA. The test was
performed three times, with three replicates per trial. The present protocol was modified
from Keith et al. [67].

The optimal pH for radial mycelial growth was studied at pH 3,4, 5,6, 7, 8,9, and 10.
PDA plates were heated to mix prior to sterilization, and the pH values were adjusted with
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1M HCI and 1 M NaOH solutions [68,69]. The tested cultures were incubated at 25 °C in
the dark for three days, and the colony sizes were measured on a daily basis. The test was
conducted three times, with three replicates per trial.

5.6. Pathogenicity Assessment

The same isolates used in the above temperature and pH investigations were used
in the pathogenicity assessment. The test was conducted on detached tea leaves (picked
from fourth to sixth leaf below the apical bud) randomly collected from healthy branches
of Ching-Shin Oolong gathered from a conventional tea field (ca. 15 years old) located
in Pinglin District, New Taipei City (24°56/26.9” N, 121°43/25.4" E), as described in Tsai
etal. [33]. In brief, fresh leaf-attached tea branches were thoroughly rinsed with tap water
to remove dust, and excessive water was gently eliminated with tissue paper. A flat rack
(164 x 114 x 26 mm?3) wrapped with sterile tissue paper was placed in a plastic box
(320 x 240 x 70 mm?), and the box was filled with 700 mL of sterilized distilled water.
Four tea leaves were detached from the branch, surface sterilized with 75% ethanol and
fixed to the rack at the foliar tip and base with rubber bands. The leaves were wounded by
pinpricking with a sterile needle. A 4 mm-diam mycelial disk was cut from the margin of a
seven-day-old colony on PDA and inoculated on a single wounded site [70]. In total, four
tea leaves inoculated with PDA disks (4 mm diam) without mycelium served as controls.
The box with the above contents was sealed with plastic wrap to maintain moisture and
incubated at 26 4= 1 °C under a 12/12 h photocycle [33]. The pathogenicity was determined
after 14 days of incubation. The test was conducted three times, with four replicates for
each round per isolate.

5.7. Statistical Analysis

The statistical analysis was carried out by one-way analysis of variance (ANOVA)
using SAS® University Edition v. 3.8, and the pairwise comparison was performed via
Tukey’s range test ( = 0.05).

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/plants10071434/s1, Table S1: collection information of Diaporthe taxa used in this study,
Table S2: mycelial growth (mm diam., with the origin diameter of inoculated mycelial plug deducted)
of each isolate (NTUPPMCC) at every pH level. Data (mean =+ standard deviation) with the same
letters are not significantly different on the basis of Tukey’s range test. Table S3: GenBank acces-
sion numbers of isolates included in the multilocus sequence analysis, Table S4: mycelial growth
(mm diam., with the origin diameter of inoculated mycelial plug deducted) of individual isolate
(NTUPPMCC) at each temperature. Data (mean =+ standard deviation) with the same letters are not
significantly different on the basis of Tukey’s range test.
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Abstract: The chemical profile of the Thymus vulgaris (Lamiaceae) essential oil (EO) was investigated
in order to evaluate its biological properties against microorganisms affecting two Tholu Bommalu,
typical Indian leather puppets stored at the International Puppets Museum “Antonio Pasqualino” of
Palermo, Italy. A GC-MS analysis, using both polar and apolar columns, was used to determine the
chemical composition of the essential oil. The aim of this study was to evaluate the antimicrobial
effectiveness of the Thymus vulgaris and Crithmum maritimum essential oils in vapor phase to disinfect
heritage leather puppets. Pieces of leather artifacts that were affected by different bacterial colonies
were exposed to EO under vacuum and static evaporation conditions. The results presented showed
that the vaporization of essential oil was an efficient method in the disinfection of natural skins,
eradicating microorganism in short times. T. vulgaris EO in the 50% solution showed excellent
inhibitory activity against isolated bacteria with both methods, but the obtained results suggest that
the vacuum method allowed for faster exposition of the artifacts to the biocide. Furthermore, the
biocidal properties of the essential oil of a Sicilian accession of Crithmum maritimum (Apiaceae) aerial
parts were compared and investigated. The results of the latter essential oil showed a poor activity
against the isolated micro-organisms.

Keywords: Thymus vulgaris; Crithmum maritimum; leather artifacts; essential oils; anti-bacterial activity

1. Introduction

Biodeterioration of cultural heritage causes different alteration processes affecting the
constitutive materials of artworks. In particular, fungi and bacteria are able to colonize
different artworks comprised of natural materials through aerosol pollution, representing
complex problems for conservation by causing a loss of mechanic resistance and deterio-
ration of pictorial layers. Moreover, inadequate exposure to specific thermo-hygrometric
parameters can increase the concentrations of microbial colonies, enhancing the deteriora-
tion process. For the purpose of inhibiting the biological colonization, different chemical
biocides, such as permethrin or/and benzalkonium chloride (BAK), are frequently used.
These products are usually toxic for humans and the environment. Hence, in the last
decade, essential oils have been applied in order to combat cultural heritage biodeteriora-
tion as an eco-friendly solution [1-12]. To prevent biodeterioration caused by fungi and
bacteria, objects must first be disinfected. The requirements for a disinfectant include the
ability to inhibit the growth and metabolic activity of microorganisms without adversely
affecting the material. Currently, fumigation with ethylene oxide is the most popular
method for disinfecting fabrics, papers and leathers. However, this gas is an irritant and a
dangerous human carcinogen, and its use should be avoided [13].

However, the disinfection process by using volatile compounds, such essential oils
(EOs), can require a long time, so the purpose of this work was to find a way to accelerate
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this. During the evaporation process of a specific liquid, the number of molecules escaping
from the liquid increases every second and those that condense back into the liquid also
increase. Reaching thermodynamic equilibrium, the vapor phase exerts a pressure on
its condensed phase, which is called “vapor pressure” [14]. The speed with which the
evaporation occurs is proportional to the vapor pressure of the liquid. The purpose of
a vacuum pump applied to a closed system is to maintain a lower pressure than that of
the atmosphere. In order to make our disinfection process faster, a vacuum pump was
connected to a closed system, ensuring a higher evaporation of the EO contained inside.

To investigate a suitable alternative to traditional synthetic biocides, we decided to
analyze the biocidal properties of two different essential oils: Thymus vulgaris L. (Lamiaceae)
and Crithmum maritimum L. (Apiaceae).

Thymus EO was selected due to its microbial properties, which have previously been
reported in several studies [15-21]. In particular, the Thymus vulgaris essential oil has been
shown to be quite effective against several microorganisms [22,23].

In addition, the essential oil of Crithmum maritimum has been largely investigated [24].
Its antimicrobial properties have been studied [25,26], showing its antioxidant, anti-
inflammatory, vermifuge and antifungal potentials. In particular, the essential oil’s capacity
to inhibit two important virulence factors in Candida albicans, Cryptococcus neoformans and
several dermatophytes and Aspergillus spp has been demonstrated.

There are no reports on the use of Thymus essential oil for leather disinfection to
date. Thus, the main purpose of this study was to undertake the first study of the appli-
cation of the Thymus essential oil to heritage leather disinfection under a vacuum system.
Consequently, in the context of our ongoing research on endemic Sicilian plants [27-29]
and the biological activity of essential oils [30-32], and in consideration of the important
antibacterial properties of the essential oil Thymus demonstrated in the aforementioned
articles, we decided to utilize the EO of Thymus vulgaris as natural biocide against bacteria
affecting two Tholu Bommalu, typical Indian leather puppets, which were stored at the
International Puppets Museum “Antonio Pasqualino”. We exploited the high vacuum
inside ad hoc chambers in order to speed up the disinfection process. The activity of the
essential oil of T. vulgaris was then compared with that of Sicilian Crithmum maritimum EO.
These results were compared with the results of using a conventional synthetic biocide,
benzalkonium chloride, as a disinfectant.

2. Results and Discussion
2.1. Gas Chromatography and Mass Spectrometry (GC-MS) Analysis of the Essential Oil

The chemical composition of the essential oil of Thymus vulgaris was analyzed by
GC-MS analysis and is reported in Table 1. Sixteen compounds, divided into three classes,
were identified, accounting for 97.97% of the total composition. In terms of compound
classes, monoterpene hydrocarbons (49.96%) dominate the EO, with p-cymene as the most
abundant compound (35.96%), followed by terpinen-4-ol (10.29%) and a-terpinene (8.85%).
Oxygenated monoterpenes are also dominant (43.67%) with thymol (25.38%). In contrast,
sesquiterpene hydrocarbons accounted for only 4.34%; no oxygenated sesquiterpenes were
identified in the chromatogram of the EO. Comparing different samples of T. vulgaris from
Saudi Arabia [22] and France and Serbia [33] to our results, we found them to also be rich
in not only thymol, p-cymene and a-terpineol but also in camphene and caryophyllene.

The chemical composition of the essential oil obtained from Crithmum maritimum was
analyzed by GC-MS analysis and is reported in Table 2. Forty compounds, divided into
four classes, were identified, accounting for 90.03% of the total oil. In terms of compound
classes, monoterpene hydrocarbons (45.087%) dominate the EO, with f-myrcene as the most
abundant compound (13.66%), followed by p-cymene (11.67%) and B-phellandrene (6.57%).
Oxygenated monoterpenes are also dominant (40.03%) with thymol acetate (14.38%). In
contrast, hydrocarbon and oxygenated sesquiterpenes accounted for only 1.94% and 0.50%,
respectively.
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Table 1. Chemical composition of T. vulgaris essential oil.

No. Compounds LRI? LRIP  Area (%) Ident. ¢ Ref.
1 B-Pinene 974 1070 0.08 1,2,3
2 cis-Carane 978 1033 0.90 1,2
3 B-Myrcene 990 1079 2.54 1,23
4 3-Carene 1011 1129 0.48 1,2
5 a-Terpinene 1018 1140 8.85 1,2,3
6 p-Cymene 1021 1224 35.96 1,23
7 (3E)—3—Ethy1—2,§—dlrréethyl—1,3— 1031 976 0.04 12

hexadiene
8 Eucalyptol 1035 1211 1.56 1,2,3
9 Terpinolene 1084 1264 1.11 1,2
10 B-Linalool 1098 1498 5.99 1,2,3
11 trans-Pinocarveol 1139 1666 0.45 1,2
12 Terpinen-4-ol 1177 1612 10.29 1,2
13 Thymol 1267 2156 25.38 1,23
14 «-Copaene 1376 1487 0.14 1,2 [34]
15 Caryophyllene 1419 1598 413 1,23
16 #-Cadinene 1530 1722 0.07 1,2
Monoterpene Hydrocarbons 49.96
Oxygenated Monoterpenes 43.67
Sesquiterpene Hydrocarbons 4.34
Total 97.97

2: retention index on a HP-5MS apolar column; b. retention index on a DB-Wax polar column. ©: 1 = retention
index identical to bibliography; 2 = identification based on comparison of MS; 3 = retention time identical to
authentic compounds; d: tentative identification. Compounds are classified in order of linear retention time of
apolar column.

Table 2. Chemical composition of C. maritimum essential oil.

No. Compounds LRI? LRIP  Area (%) Ident. © Ref.
1 w-Pinene 932 1019 5.51 1,2,3
2 Camphene 944 1060 5.16 1,2,3
3 Sabinene 966 1114 0.21 1,2
4 B-Pinene 974 1070 0.55 1,2,3
5 B-Myrcene 990 1079 13.66 1,2,3
6 a-Phellandrene 998 1166 0.88 1,2
7 p-Cymene 1021 1224 11.67 1,2,3
8 B-Phellandrene 1022 1201 6.57 1,2
9 7-Terpinene 1049 1233 0.87 1,2,
10 B-Linalool 1098 1498 0.43 1,2,3
11 cis-2-Menthenol 1118 1527 0.39 1,2 [35]
12 Camphor 1122 1501 0.27 1,2,3 [36]
13 3-Methylbutyl pentanoate 1134 1345 0.16 1,2
14 trans-2-Menthenol 1136 1561 0.56 1,2 [37]
15 Camphene hydrate 1148 1583 0.09 1,2
16 Terpinen-4-ol 1177 1612 3.52 1,2
17 Pentyl pentanoated 1185 1402 0.51 1,2
18 trans-3(10)-Caren-2-ol 1194 1525 0.18 1,2 [38]
19 1-Methylhexyl butanoate 1197 1371 0.63 1,2 [39]
20 Carvone 1218 1709 0.24 1,2,3
21 cis-Carveol 1222 1820 0.19 1,2
22 Thymol methyl ether 1235 1587 1.23 1,2
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Table 2. Cont.

No. Compounds LRI? LRIP  Area (%) Ident. ¢ Ref.
23 2-Methylcyclohexyl butyrate 9 1241 1407 0.37 1,2
24 4,7-Dimethylbenzofuran 1260 1619 0.54 1,2 [40]
25 Thymol 1267 2156 2.62 1,2,3
26 Bornyl acetate 1270 1555 2.69 1,2
27 Piperitone 1277 1730 0.40 1,2
28 2-Undecanone 1295 1614 0.27 1,2
29 Thymol acetate 1352 1813 14.38 1,23
30 4-Cyclohexyl-2-butanone d 1371 1823 0.10 1,2
31 Damascenone 1385 1810 0.48 1,2
32 a-Tonol 1395 1881 0.29 1,2
33 14-Dimethoxy-2-tert- 1408 1871 123 1,2 41]
butylbenzene
34 a-Methylbenzyl propionate 9 1412 1853 0.99 1,2
35 2-Methyl-6-(2-propenyl)phenol d 1423 1889 3.30 1,2
36 Geranyl acetone 1456 1859 0.30 1,2
37 Bornyl butyrate 1463 1760 1.30 1,2
38 7-Cadinene 1521 1776 1.94 1,2
39 2,3 ,4-Trimethylacetophenone 1548 1882 5.35 1,2
Monoterpene Hydrocarbons 45.08
Oxygenated Monoterpenes 40.03
Sesquiterpene Hydrocarbons 1.94
Oxygenated Sesquiterpenes 0.50
Others 2.48
Total 90.03

2: retention index on a HP-5MS apolar column; b. retention index on a DB-Wax polar column. ©: 1 = retention
index identical to bibliography; 2 = identification based on comparison of MS; 3 = retention time identical to
authentic compounds; 9: tentative identification. Compounds are classified in order of linear retention time of
apolar column.

2.2. Antimicrobial Activity

In order to test the antimicrobial activity of T. vulgaris and C. maritimum EOs against
bacteria species isolated from Tholu Bommalu, an agar disk diffusion method (ADD)
was performed (results are listed in Table 3). As far as the T. vulgaris EO was concerned,
Georgenia sp. isolated colonies were the most susceptible to the oil; in this case, the
antimicrobial activity was so high that the inhibition halos were confluent. Every bacterial
colony showed a relevant sensitivity to both EO solutions (50% and 100%), which were
able to produce inhibition halos of up to 33 mm. In contrast, the C. maritimum essential oil
did not show inhibition halos, except in the case of Bacillus sp., although these inhibition
halos were smaller than those of T. vulgaris.

Table 3. Antimicrobial activity of T. vulgaris EO using ADD method.

EO/Solvents Conc. (%) Inhibition Halos (mm) ? x Bacterial Specie
Bacillus ~ Georgenia  Streptomyces  Ornithinibacillus
T. vulgaris EO 50 33 confl. ® 42 39
100 38 confl. b 46 54
y 50 9 0 0 0
C. maritimum EO 100 10 0 0 0
Benzalkonium
chloride 3 7 o 8 6
Pentane 100 0 0 0 0

2 Inhibition halo diameter, including paper disk diameter (6 mm). Sensitive strains > 9 mm; not sensitive <9 mm.
b Confluent: microbial growth on the entire surface of agar medium.

The antimicrobial activity of the T. vulgaris EO was displayed against all isolated
colonies and clearly had a greater effect than that of the controls (benzalkonium chloride
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(BAK), the reference biocide, and pentane, as shown in Figure 1). Completely in contrast
was the antimicrobial activity of the C. maritimum EO, which produced inhibition halos
smaller than those produced by the controls.

Crithmum maritimum 100% Thymus vulgaris 100% Pentane 100%

(@)
Crithmum maritimum 50% Thymus vulgaris 50% Benzalkonium chloride 3%
Crithmum maritimum 100% Thymus vulgaris 100% Pentane 100%
(b)
Crithmum maritimum 50% Thymus vulgaris 50% Benzalkonium chloride 3%
Crithmum maritimum 100% Thymus vulgaris 100% Pentane 100%
()
Crithmum maritimum 50% Thymus vulgaris 50% Benzalkonium chloride 3%
Crithmum maritimum 100% Thymus vulgaris 100% Pentane 100%
(d)

Crithmum maritimum 50% Thymus vulgaris 50% Benzalkonium chloride 3%

Figure 1. Inhibition halos highlighted using ADD method with T. vulgaris and C. maritimum EOs and
control BAK against (a) Bacillus sp., (b) Georgenia sp., (c) Ornithinibacillus sp. and (d) Streptomyces sp.

The biocide properties of the T. vulgaris EO are in agreement with its chemical compo-
sition. Several studies highlighted how EOs rich in phenolic compounds, such as thymol or
carvacrol, have a strong antimicrobial activity. In particular, thymol seems to be bioactive
against more than twelve different bacterial colonies [21,42].

2.3. Use of a Vaccum Chamber for the Disinfection Process

Considering the huge presence of microbial colonies on Tholu Bommalu and the fragility
of the parchment support, the aim was to find a disinfection process that was minimally
invasive but also fast, allowing replicability in the future for the entire collection of Indian
shadow puppets stored in the International Puppets Museum, “Antonio Pasqualino”.
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The study focused on observing the growth of isolated microbial colonies in response
to their exposure to volatile compounds of the Thymus vulgaris EO, under both normal
evaporation conditions and under vacuum inside a Plexiglas chamber (Figure 2).

Figure 2. Tholu Bommalu exposed to volatile compounds of EO inside the Plexiglas chamber under
vacuum.

In order to track the microbial growth on Tholu Bommalu fragments affected by bac-
terial colonies, surface sampling was performed weekly both on the samples in the clean
chamber and in the vacuum chamber. The exposure of the fragments to EO volatile com-
pounds lasted a total of five weeks. T. vulgaris essential oil manifested a marked reduction
in microbial growth over time. This was observed in both the group of samples. However,
a clear difference was observed between the two methods, demonstrating that the exposure
under vacuum allowed for faster inhibition of microbial growth.

Microbial in vitro cultures were performed on both nutrient agar (Oxoid, Thermo
Fisher: 1.0 g Lab-Lemco powder; 5.0 g peptone; 5.0 g NaCl; 15.0 g agar/liter of dH,0)
and Sabouraud dextrose agar (Oxoid, Thermo Fisher: 40.0 g dextrose; 10.0 g peptone;
15.0 g agar/liter of dH,O). Nutrient agar supports a wide range of microorganisms, whereas
Sabouraud is mainly used to cultivate fungi or filamentous bacteria.

The results from these different culture media were combined and evaluated, revealing
the microbial growth trend over time for each fragment (as shown in Figure 3).
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Figure 3. Microbial growth trends over time for fragments “A” (a); “B” (b); “C” (c) and “D” (d).

In particular, one of the clearest results was related to the colonies sampled from
fragments “A” and “C” and grown on nutrient agar, which were significantly reduced in
fragment “A” and completely absent in fragment “C” from the first week of exposure to
EO volatile compounds. On the contrary, the same colonies exposed in the clean chamber
without the vacuum showed confluent growths.

Colonies collected on surfaces of the “A” and “C” fragments showed differences in
terms of the microbial load. Specifically, after only one week of exposure to EO volatile
compounds under vacuum no microbial growth was observed, whereas microbial growth
was still present under ambient conditions, although considerably reduced.

By the third week, the exposure to T. vulgaris EO volatile compounds under vacuum
conditions resulted in the microbial colonies on “A” and “C” fragments being completely
eradicated. In contrast, under environmental conditions, the microbial colonies were still
present, revealing a considerable reduction in the microbial load only after the fourth week
of the disinfection process.

In regard to fragments “B” and “D”, the microbial colonies present on their surfaces
immediately proved to be more resistant to the action of the EO, showing confluent growth
in all cases. The first result of microbial growth inhibition was observed from the fourth
week of exposure. Under vacuum conditions, the colonies present in “B” were significantly
reduced on both nutrient and Sabouraud agar when compared to the same fragments
exposed under environmental conditions. Regarding fragment “D”, the microbial growth
tested on Sabouraud agar was almost completely eradicated under vacuum conditions and
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was significantly reduced under environmental conditions. Microbial growth remained
confluent on nutrient agar.

Reaching the fifth week of exposure to EO volatile compounds, microbial growth had
almost completely stopped under vacuum conditions. The only exception was fragment
“B”, although in this case, the microbial load was still reduced. This result was completely
in contrast with the exposure under environmental conditions, in which confluent growth
was still present after 35 days of disinfection, although only for some taxa.

An important aspect, which must be emphasized, is that a non-topical and direct
application on the leather fragments and on the entire artifact using only the vapor pressure
of the EO did not cause decolorization processes. This aspect was checked with the aid of a
colorimeter (NH300 Colorimeter, 3NH Shanghai Co., Ltd.), evaluating parameters such as
total color differences (AE), a * (red-green), L * (lightness) and b * (yellow-blue) before and
after the EO treatment.

Furthermore, to avoid discomfort and residual odor of the same on the artifact, the
latter was subjected to three high vacuum cycles, maintaining stable thermo-hygrometric
parameters, in order to eliminate the possible presence of some volatile components of the
essential oil.

3. Materials and Methods
3.1. Essential Oils

The essential oil of Thymus vulgaris (100% pure, 100 mL) was purchased from Authentic
Oil Co, Unit 1, Little Castle Farm, Raglan, Monmouthshire, NP15 2BX, UK. In this case, the
aerial parts of T. vulgaris come from Daran, Karaman, Turkey.

The aerial parts of Crithmum maritimum were collected in Addaura (Mondello),
Palermo, Sicily, Italy (38°11’31”N, 13°20'41”E, 2 m m.s.L.), in June 2020 and a voucher
specimen was deposited in STEBICEF Department, University of Palermo (PAL 348/20).

A quantity of 300 g of the aerial parts of C. maritimum were subjected to hydrodis-
tillation for 3 h using Clevenger’s apparatus [43]. The oil (yield 2.08% (v/w)) was dried
with anhydrous sodium sulfate, filtered and stored in a freezer at —20 °C until the time
of analyses.

3.2. GC-MS Analysis of Essential Oil

Analyses of essential oils were performed according to the procedure reported by
Rigano et al. [44]. EO analysis was performed using an Agilent 7000 C GC (Agilent
Technologies, Inc., Santa Clara, CA, USA) system, fitted with a fused silica Agilent DB-
Wax capillary column (30 m x 0.25 mm i.d.; 0.25 um film thickness) and coupled to an
Agilent triple quadrupole Mass Selective Detector MSD 5973 (Agilent Technologies, Inc.,
Santa Clara, CA, USA). The settings were as follows: ionization voltage, 70 eV; electron
multiplier energy, 2000 V; transfer line temperature, 295 °C; solvent delay, 4 min. The
other GC analysis was performed with a Shimadzu QP 2010 plus equipped with an
AOC-20i autoinjector (Shimadzu, Kyoto, Japan), gas chromatograph equipped with a flame
ionization detector (FID), a capillary column (HP-5MS) (30 m x 0.25 mm i.d.; film thickness,
0.25 um) and a data processor. The oven program was as follows: temperature increase
at 40 °C for 5 min at a rate of 2 °C/min up to 260 °C and then isothermal amplification
for 20 min. Helium was used as the carrier gas (1 mL min~!). The injector and detector
temperatures were set at 250 °C and 290 °C, respectively. An amount of 1 uL of each oil
solution (3% EO/hexane v/v) was injected with a split mode. Linear retention indices
(LRI) were determined by using retention times of n-alkanes (Cg-Cy), and the peaks were
identified by comparison with mass spectra and by comparison to their relative retention
indices with WILEY275 (Wiley), NIST 17 (NIST, The National Institute of Standards and
Technology, Gaithersburg, MD, USA), ADAMS (Allured Business Media, Carol Stream, IL,
USA) and FFNSC2 (Shimadzu, Kyoto, Japan) libraries.
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3.3. ADD Control Solutions

Benzalkonium chloride (3% v/v) (Sigma Aldrich, St. Louis, MO 68178 United States),
the reference biocide, and pentane (Sigma Aldrich, 100%, St. Louis, MO 68178, USA), the
solvent accounting for fifty percentage of the EO solution, were controls used in agar disc
diffusion (ADD) assays [45,46]. ADD assays, performed on nutrient or Sabouraud agar
media, were performed twice.

3.4. Microbial Taxa

Microbial patina on the leather substrata of Tholu Bommalu was sampled by sterile
stubs. Distinctive colonies, in morphology and/or pigmentation, were isolated on the
nutrient agar in vitro culture. Taxonomical identification was performed by molecular
analysis of the 16S rDNA gene or ITS1-2 containing DNA region [47]. Specifically, Bacillus
sp., Georgenia sp., Ornithinibacillus sp. and Streptomyces sp. were identified as the prevalent
genera (Gram + bacteria).

3.5. Antibacterial Activity Assays

The ADD in vitro method was performed to evaluate the antibacterial activity of EO
and BAK solutions. An amount of 10 pL of each bacterial broth culture (normalized to the
concentration of 1 x 106 CFU/mL) was uniformly spread using a sterile Drigalsky spatula
on the nutrient agar surface, and the surface was allowed to dry (1 h at 30 °C). A sterile
paper disc (6 mm in diameter, Dutscher papier, FR) imbibed with 10 uL of the T. vulgaris
essential oil (100% or 50%) or control solutions (BAK 3% v/v and pentane 100%,) was leaned
on the agar medium (9 cm Petri dishes) surface. Due to the non-miscibility of essential oils
in water, fifty percent of the EO solution was composed of pentane. After incubation at
30 °C for 24 h, inhibition halos (i.hs.) differing in diameter (mm) were revealed, reflecting
the antimicrobial activity and categorized as a sensitive strain (i.h. > 9 mm) or a resistant
strain (i.h. <9 mm). Georgenia sp. colonies were the most susceptible isolated bacteria,
showing a relevant sensitivity to the essential oil with an inhibition zone of up to 18 mm. At
the other end of the spectrum, Bacillus sp. was the most resistant with an i.h. of 14-17 mm
diameters. Table 2 shows the results of the antibacterial activity using the ADD method
(Figure 1). Pentane, accounting for fifty percent of the EO solution, was applied as a control
to evaluate the real biocide power of the diluted EO, and it did not show inhibition halos.

3.6. Vacuum Chamber

In order to maintain stable thermo-hygrometric parameters (13-18 °C; 50-60% RH),
a saturated solution of MgCl, was placed inside the vacuum system. In addition, the
chamber was filled with the Thymus vulgaris EO, calculating the right amount to saturate
atmosphere using the equation of a perfect gas; a thermo-hygrometer; and the leather
samples, placed on a reticulated support made of cardboard and nylon to allow the volatile
compounds to easily reach all points of the samples. To create vacuum, a diaphragm
vacuum pump (Type MZ 2C, Ser.No. 20635805) was connected by a tube to the top of the
chamber and was kept running for about one minute and then disconnected.

4. Conclusions

The present work focused on determining the yield, the chemical composition and
antimicrobial properties of Thymus vulgaris and Crithmum maritimum essential oils. The
essential oil of T. vulgaris was characterized by a large presence of monoterpenes, p-cymene
(35.96%), terpinen-4-ol (10.29%), a-terpinene (8.85%) and thymol (25.38%), while C. mariti-
mum essential oil was dominated by S-myrcene (13.66%), followed by p-cymene (11.67%),
B-phellandrene (6.57%) and thymol acetate (14.38%). In addition, we suggested an inte-
grated approach to the most common disinfection processes, by using a vacuum chamber
in order to allow the mechanism to act faster than usual. Thymus oil, in vapor phase, is a
strong inhibitor for bacterial growth; every bacterial colony isolated showed significant
sensitivity to both EO solutions (50%, 100%) and was able to produce inhibition halos up to
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33 mm. All colonies under vacuum conditions were significantly reduced compared to the
same ones exposed to environmental conditions. In contrast, the C. maritimum essential oil
did not show inhibition halos. The potential use of commercial plant essential oils, together
with the achievements reached during the in vitro and in situ applications to control the
growth of bacterial taxa, led us to hypothesize their use as natural biocides, replacing the
most common toxic biocide usually used in the conservation of cultural heritage.
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Abstract: Euphorbia dendroides L. is a rounded shrub commonly found in the Mediterranean area well-
known, since ancient times, for its traditional use. The aim of the present study was to investigate
the phytochemical profile as well as the antioxidant and anti-inflammatory properties of flower
(FE), leaf (LE), fruit (FrE), and branch (BE) hydroalcoholic extracts. For this purpose, a preliminary
phytochemical screening followed by RP-LC-DAD-ESI-MS analysis, as well as several in vitro cell-
free colorimetric assays, were carried out. Moreover, the toxicity of the extracts was investigated by
the brine shrimp lethality assay. All extracts showed a high content of polyphenols, in particular
phenolic acids (chlorogenic acid 0.74-13.80 g/100 g) and flavonoids (rutin 0.05-2.76 g/100 g and
isovitexin 8.02 in BE). All the extracts showed strong and concentration-dependent antioxidant and
anti-inflammatory activity with, on average, the following order of potency: FE, LE, FrE, and BE.
Interestingly, all the extracts investigated did not show any toxicity on Artemia salina. Moreover,
the only LDsj found (BE, 8.82 mg/mL) is well above the concentration range, which has been
shown the biological properties. Considering this, this study offers the first evidence of the possible
use of the polyphenol extracts from the aerial parts of E. dendroides as promising antioxidant and
anti-inflammatory agents.

Keywords: Euphorbia dendroides L.; aerial parts; polyphenols; antioxidant activity; anti-inflammatory
activity; toxicity

1. Introduction

Euphorbia (Euphorbiaceae) is the third most common genus among flowering plants [1].
It is widespread around the world with more than 2000 species and with an exceptional
diversity such as shrubs, vines, and grassy plants [1]. Euphorbia is well known, since
ancient times, for its therapeutic activity on several gastrointestinal ailments, infections,
skin irritations, body pain, microbial illness, sensory disorders, and as an antidote against
snake venom [2—-4]. Numerous species are commonly cultivated for ornamental purposes,
such as E. pulcherrima Willd., E. fulgens Karw, E. milii Des Moul., E. milii var. splendens Ursch
and Leandri, E. tirucalli L., and E. lactea Roxb [5].

Moreover, E. pekinensis Rupr., E. kansui Liou, E. lathyris L., E. humifusa Willd., and
E. maculata L. were described by the Chinese Pharmacopoeia for their application in
traditional medicine against gonorrhea, migraine, edema, and warts [6].

All plants belonging to the Euphorbia genus are characterized by the presence of an
irritating latex, which plays a pivotal role in the first defense mechanism against insects,
pathogens, and herbivores. This latex is a rich source of phytochemicals, which have been
extensively investigated over time [7-9].
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More than 650 types of diterpenes and triterpenes with several biological properties
such as antiproliferative, antimicrobial, antiviral, anti-inflammatory, vasoactive, cytotoxic,
neuroprotective, and anticancer, have been identified in the Euphorbia genus, thus, support-
ing the traditional use of the Euphorbia spp. [4,7]. Ingenol mebutate, a diterpene isolated
from E. peplus L., showed significant activity against the early stage of actinic keratosis
following topical application [10]. These promising biological activities led to an increased
interest in Euphorbia spp. [4,8,11]. However, despite this, there are many under-investigated
species, such as E. dendroides L., characterized by deciduous leaves, for which only limited
information is available today. Moreover, polyphenols, are under-looked compounds in
this plant genus.

E. dendroides is a rounded shrub or a small tree, commonly found in Mediterranean
areas (Spain, France, Italy, Balkans, Greece, Turkey, Northern Africa, etc.) along coasts and
especially on rocks, cliffs, and arid calcareous soils. The few studies available are mainly
focused on its latex with particular reference to terpenoids [12-16], while to the authors’
knowledge, only one study is currently available on extracts obtained from the whole plant,
which investigated the antioxidant and anti-proliferative activity of this species [17].

In our previous study, the phytochemical profile as well as the antioxidant and anti-
acetylcholinesterase activities of E. dendroides latex, were investigated [9]. The latex extract
showed interesting biological properties without any significant toxicity on Artemia salina,
paving the way for new potential uses of E. dendroides latex for example as a safe, effective,
and environmentally friendly insecticide [9].

Considering this, and given the lack of studies concerning the polyphenol extracts of
this plant, we decided to focus our attention on the aerial parts (leaf, branch, flower, and
fruit), with the aim to extend the knowledge about the polyphenol profile as well as on
the antioxidant and anti-inflammatory properties of this plant species, highlighting also its
potential ecotoxicity.

2. Results

In the present study, the phytochemical profile as well as the antioxidant, anti-
inflammatory, and toxicity of leaf (LE), branch (BE), flower (FE), and fruit (FrE) hydroalco-
holic extracts of E. dendroides L. (Figure 1) were evaluated for the first time.

(@) (b)

Figure 1. Euphorbia dendroides L. (a) and particular of the aerial parts (b). Original photo by SR.

The extraction method adopted has allowed the obtainment of high extraction yields
ranging from 13.70 to 24.21%, with flowers, which showed the best extraction yield, fol-
lowed by leaves, branches, and fruits.
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2.1. Phytochemical Screening and Characterization of Polyphenol Profile

Table 1 shows the results of the preliminary phytochemical screening carried out by
several in vitro colorimetric assays.

Table 1. Phytochemical screening of the E. dendroides leaf (LE), branch (BE), flower (FE), and fruit (FrE) hydroalcoholic
extracts. Results were expressed as the mean =+ standard deviation of three independent experiments in triplicate (1 = 3).

Extract Total Phenols Total Flavonoids Vanillin Index Proanthocyanidins
¢ GAE?2/100 g DEP g QE €/100 g DE ¢ CE4/100 g DE g CyE €/100 g DE
LE 55.91 +1.89 84.85 + 1.50 2.08 +£0.14 & 2.06 & 0.02 &
BE 26.54 £1.258 46.93 £4.008 0.44 +0.048 1.68 +0.08 8
FE 64.75 + 4.63 * 73.75 4+ 7.06° 0.92 +0.05* 2.234+0.04*
FrE 48.76 £ 4.25 83.11 £3.13 0.67 £ 0.02 3.54 £+ 0.02

2 GAE, Gallic acid equivalents; b DE, Dry extract; © QE, Quercetin equivalents; d CE, Catechin equivalents; ¢ CyE, Cyanidin equivalents;
*p <0.001 vs. LE, BE and FrE; § p <0.001 vs. LE and FrE; ’ p <0.001 vs. LE and BE; & p <0.001 vs. FrE.

All extracts, albeit with substantial differences, showed a high content of polyphenols.
FE showed the highest content of total phenols expressed as g of gallic acid equivalents
(GAE)/100 g of dry extract (DE) followed by LE, FrE, and BE. Comparable amounts of
flavonoids, expressed as g of quercetin equivalents (QE)/100 g DE, were detected in LE
and FrE, followed by FE. On the contrary, a consistent decrease of flavonoids content was
observed in BE. The vanillin index and proanthocyanin assays were carried out in order
to evaluate the flavonols and proanthocyanidins content. Moreover, these two assays,
in particular their ratio (vanillin index/proanthocyanidins), allow the calculation of the
polymerization degree. All extracts, which showed the highest proanthocyanidins content
with respect to the flavonols content, showed a low polymerization degree (<1). This
allows for postulating the high presence of monomeric molecules.

These preliminary results were confirmed by the determination of the polyphenol
profile by reverse-phase liquid chromatography coupled with diode array detection and
electrospray ion trap mass spectrometry (RP-LC-DAD-ESI-MS) analysis (Figure 2), which
identified the FE as the richest source of polyphenols (17.23 g/100 g DE), followed by LE,
FrE, and BE (Table 2).

More than 10 compounds were identified and quantified in each extract by RP-LC-
DAD-ESI-MS analysis (Figure 1; Table 2). Among them, a prevalence of chlorogenic acid
and rutin was recorded in all the extracts investigated, with the exception of BE, in which
the most abundant compound was isovitexin (8.02 g/100 g DE). However, the amount of
both compounds changed significantly depending on the aerial part investigated. Indeed,
chlorogenic acid, although it is more abundant in FE (13.80 g/100 g DE), is still expressed
at high levels and in comparable amounts to RE and LE. On the contrary, the rutin content,
which is always higher in FE (2.76 g/100 g DE), decreases significantly (~4 fold) in the
other two extracts (RE and LE). A completely different polyphenol profile was discovered
in BE, where chlorogenic acid content is clearly lower than other extracts (0.74 g/100 g DE)
and rutin amount (0.05 g/100 g DE) is comparable to other flavonoids identified. Here,
the most abundant compound was the isovitexin, a C-glycosylated flavonoid, generally
abundant in the plant cortex.

2.2. Antioxidant and Anti-Inflammatory Activity

The antioxidant and free radical-scavenging activity of the E. dendroides extracts was
evaluated by several cell-free colorimetric assays, based on different environments and
reaction mechanisms (hydrogen atom transfer and electron transfer-based methods). As
depicted in Figure 3, all extracts showed a concentration-dependent antioxidant and free
radical-scavenging activity in each test performed.
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Table 2. Polyphenol profile of E. dendroides flower (FE), leaf (LE), fruit (FrE), and branch (BE) extracts. Results were
expressed as the mean =+ standard deviation of three independent experiments in triplicate (1 = 3).

n? Compound RTP Amax (nm) [M-H] MW ¢ FE LE FrE BE
/100 g DE ¢
1 Gallic Acid 6.97 232,270 169 170 0.08 + 0.01 * 0.01 +0.00§ 0.04 + 0.00 0.04 £ 0.00
2 3,4 Dihydroxybenzoic acid 13.08 232 153 154 0.01 + 0.00 0.01 + 0.00 0.01 + 0.00 0.01 + 0.00
3 p-Hydroxybenzoic acid 23.97 232; 260 137 138 0.03 £ 0.00 * - 0.01 + 0.00 0.01 + 0.00
4 Catechin 26.95 279 289 290 - 1.03 + 0.01 - -
5 Chlorogenic acid 3240 290; 320 353 354 13.80 + 0.58 * 11.66 + 0.37 11.67 + 0.42 0.74 +0.01°
6 Caffeic acid 34.02 290; 325 179 180 0.02 £ 0.00 * 0.17 £ 0.01 0.01 £ 0.00 & 0.04 + 0.00
7 Epicatechin 38.23 279 289 290 - 0.01 +0.00% 0.12 £ 0.01 -
8 p-Cumaric acid 44.38 280; 300 163 164 0.01 £ 0.00 0.01 % 0.00 0.02 +0.00 ¥ 0.01 £ 0.00
9 Eriodictyol-7-O-glucoside 48.31 232;284 449 450 0.08 £ 0.00 * 0.04 +0.00 0.05 + 0.00 & 0.06 = 0.00
10 m-Cumaric acid 50.30 230; 274 163 164 0.01 = 0.00 0.01 % 0.00 0.01 + 0.00 0.01 £ 0.00
11 Verbascoside 53.86 230; 330 623 624 - 0.01 + 0.00 - -
12 Isovitexin 5491 284;328 431 432 0.02 + 0.00 & - 8.02 +0.22
13 Isoquercetin 56.37 262; 356 463 464 - - - 0.01 £ 0.00
14 Rutin 57.25 256,356 609 610 276 £0.11% 0.65 & 0.04 & 0.59 £ 0.03 & 0.05 + 0.00
15 Roifolin 59.97 264; 336 577 578 - - 0.01 + 0.00 -
16 Kaempferol-3-O-rutinoside 60.95 266; 348 593 594 - - 0.01 £ 0.00 -
17 Isorhamnetin-3-O-rutinoside ~ 62.55 255; 356 623 624 0.41 +0.02 % 0.17 £ 0.01 0.04 £ 0.00 & 0.01 + 0.00
18 Luteolin 70.77 268; 350 285 286 - - 0.01 + 0.00 i
19 Tiliroside 72.24 266; 314 593 594 - - 0.01 + 0.00 -
20 Isorhamnetin 75.71 230; 372 315 316 - - - 0.01 + 0.00
21 Apigenin 75.96 267;336 269 270 - - 0.01 + 0.00 -
Total 17.23 13.78 12.62 9.02
2 n. = peak number based on the elution order; b RT= retention time; ¢ MW= Molecular weight; d DE= dry extract; *p < 0.001 vs. LE, FrE
and BE; § p < 0.001 vs. FrE and BE; ~ p <0.001 vs. LE and FrE; & p < 0.001 vs. BE; ® p < 0.001 vs. FrE; ¥ p < 0.001 vs. FE, LE and BE.
However, the response of the extracts changes a lot depending on the aerial part
considered. The oxygen radical absorbance capacity (ORAC) was identified as the main
mechanism through which all the extracts exert their antioxidant activity, as can be observed
from the lowest half-maximal inhibitory concentrations (ICsg) reported in Table 3. However,
in this case, extracts did not show any statistically significant differences.
Table 3. The antioxidant and free radical-scavenging activity of E. dendroides flower (FE), leaf (LE), fruit (FrE), and branch
(BE) hydroalcoholic extracts. Results were expressed as the half-inhibitory concentration (ICs5p ng/mL) with confident limits
(C.L.) at 95%.
FE LE FrE BE Standard @
Assay
IC50 ug/mL (C.L)
ORAC 3.68 (1.30-5.46) 6.39 (5.32-7.58) 435 (2.15-8.79) 8.39 (6.87-10.25) 0.68 (0.38-1.27) *
TEAC 5.85 (4.90-6.98) ° 22.31 (17.31-28.76) ¥ 13.88 (11.46-16.02) 14.17 (11.62-17.28) 2.89 (1.79-3.37) *
ICA 29797 (147.01-403.96)  201.74 (167.03-243.68)  149.64 (76.74-291.77)  293.66 (247.85-347.93) & 6.62 (5.35-7.89) *
FRAP  10.36 (3.82-28.09) $ 4226 (33.19-53.81) 20.53 (10.35-40.70) 49.95 (13.12-68.38) 3.70 (1.65-6.29) *
DPPH  17.86 (15.75-20.26) ° 31.75 (27.25-36.99) 25.72 (21.31-31.05) 30.07 (25.81-35.04) 3.95 (1.39-5.65) *
BCB  12.63(9.52-16.75) & 24.01 (17.14-33.63) 14.62 (10.87-19.66) £ 30.96 (21.16-45.30) 0.24 (0.17-0.32) *

@ Trolox for ORAC, TEAC, FRAP and DPPH; Ethylenediaminetetraacetic acid (EDTA) for iron-chelating activity and butylhydroxytoluene
(BHT) for B-carotene bleaching; ICA, Tron-chelating activity; BCB, B-carotene bleaching. * p < 0.001 vs. all E. dendroides extracts; * p < 0.001
vs. LE, FrE, BE; ¥ p < 0.001 vs. FrE and BE; & p < 0.001 vs. LE and FrE; ® p < 0.001 vs. LE; £ p < 0.001 vs. BE.
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Figure 3. The antioxidant and free radical-scavenging activity of E. dendroides flower (FE), leaf (LE), fruit (FrE), and branch
(BE) extracts towards ORAC (a); TEAC (b); Iron chelating-activity (c); FRAP (d); DPPH (e) and 3-carotene bleaching (f) assay.
Results were expressed as the mean inhibition percentage (%) =+ standard deviation of three independent experiments (1 = 3).

FE showed the most powerful antioxidant and free-radical scavenging activity in all
assays carried out, with the exception of the iron-chelating activity, in which RE showed the
best and statistically significant antioxidant activity with respect to all other E. dendroides
extracts. In particular, statistically significant results, with respect to LE, FrE, and BE,
were observed for Trolox equivalent antioxidant capacity (TEAC) and DPPH assays. On
the contrary, FE showed statistically significant results with respect to LE, and LE, and
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100 4

Inhibition %

FrE in ferric reducing antioxidant power (FRAP) and [-carotene bleaching (BCB) assays,
respectively. All extracts showed statistically significant results with respect to Trolox,
ethylenediaminetetraacetic acid (EDTA), and butylhydroxytoluene (BHT), used as reference
compounds.

The anti-inflammatory properties of E. dendroides extracts were evaluated by two
simple in vitro cell-free based assays, which evaluate the heat-induced protein denatu-
ration (BSA denaturation assay) and the protease inhibitory activity. These assays allow
simultaneous evaluation of enzymatic and non-enzymatic anti-inflammatory mechanisms.
The results obtained showed that, first of all, the extracts show once again a concentration-
dependent behavior, in accordance with what has already been seen in the antioxidant
activity (Figure 4).
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Figure 4. The anti-inflammatory activity of E. dendroides flower (FE), leaf (LE), fruit (FrE) and branch (BE) extracts towards
BSA denaturation assay (a) and protease inhibition assay (b). Results were expressed as the mean inhibition percentage (%)
=+ standard deviation of three independent experiments (1 = 3). * p < 0.001 vs. FE; § p <0.001 vs. LE; # p <0.001 vs. FrE;
& p<0.05 " p<0.05vs. LE; ¥ p <0.05vs. FrE.

According to the antioxidant assays, FE is also the strongest anti-inflammatory agent
among the extracts investigated both in BSA denaturation and protease inhibition assay. The
order of potency, expressed as ICs is the following: 62.88 pug/mL (C.L. 60.55-64.34 ug/mL)
for FE followed by LE (ICsy 80.27 ug/mL; C.L. 78.48-82.66 ug/mL), FrE (ICsy 73.50 ug/mL;
C.L.72.22-74.84 ng/mL) and BE (ICsy 104.80 pug/mL; C.L. 103.55-106.15 pg/mL) in the BSA
denaturation assay, and 92.27 ug/mL (C.L. 90.45-94.05 ug/mL) for FE followed by FrE (ICs
205.34 pg/mlL; C.L. 203.89-207.23 ug/mL), LE (ICs 219.02 pg/mL; C.L. 216.56-221.29 p1g/mL)
and BE (ICsp 253.84 ug/mL; C.L. 250.45-257.59 pg/mL) in the protease inhibition test. Di-
clofenac sodium, used as a reference compound in both assays, showed the following ICs
values: 42.37 ug/mL (C.L. 40.55-44.68) and 36.55 pg/mL (C.L. 34.88-38.79) in BSA denaturation
and protease inhibition assay, respectively. Considering this, all E. dendroides extracts showed a
different and statistically significant (p < 0.001) anti-inflammatory behavior in all tests carried
out, both among them and with respect to the reference compound diclofenac sodium.

2.3. Brine Shirmp Letality Assay

The brine shrimp lethality assay is a useful and rapid screening tool to evaluate the
toxicity of plant complexes or pure compounds [18]. E. dendroides extracts were tested at
different concentrations ranging from 0.0001 to 10 mg/mL. No mortality was found at 24 h,
while only weak toxicity (ranging from 0 to 10%, data not shown) was found after 48 h
and only at the highest concentration (10 mg/mL) for FE, LE, and FrE. Despite all extracts
not showing any significant toxicity over a broad range of concentrations, BE proved to
be the most toxic extract among those investigated affecting the larvae viability with an
LDsy value of 8.82 mg/mL (C.L. 7.05-9.16 mg/ml).
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3. Discussion

The Euphorbia species are plants well known for their health effects and traditional
use around the world [5]. Their biological activity is closely related to the phytochemical
profile which, however, may vary according to different parameters such as species, grown
conditions, the part of the plant investigated, as well as applied extraction methods.

Much research has been carried out in order to highlight the phytochemical profile
of different Euphorbia spp. This has allowed the identification of numerous classes of
secondary metabolites with marked health properties, including multi-drug resistance
modulatory activity, antiproliferative, cytotoxic, antiviral, antimicrobial, antioxidant, and
anti-inflammatory activity [5,9,13,14,17,19,20].

Among these compounds, the most representative are sesquiterpenes, diterpenes,
triterpenes, steroids, cerebrosides, phenolic compounds, tannins, and coumarins [5,20].

In particular, it is well known that the Euphorbia genus is a rich source of jatrophane
and modified jatrophane diterpenes, a wide range of structurally unique macrocyclic
and polyoxygenated derivatives, which opened new frontiers for research studies on this
genus [21]. Many of them have been isolated from the latex and aerial parts of E. dendroides
and, for this reason, the phytochemical research on this species has mainly focused in
recent years on this class of compounds [12,13,15,19].

To date, although polyphenols are among the most investigated compounds in the
plant kingdom, studies concerning these secondary metabolites in the Euphorbia genus are
rather scarce and even missing for some species.

In this study, the polyphenols profile of hydroalcoholic extracts of aerial parts (flower,
leaf, fruit, and branch) of E. dendroides was investigated for the first time. Moreover, to date
and to the authors” knowledge, only one study, which investigated the antiproliferative
and antioxidant activities of two fractions (ethyl acetate and butanol) of whole plant
methanol/water extract of E. dendroides is currently available [17].

The extraction method adopted in the present study allowed to obtain a very high
extraction yield (13.70-24.21%) with respect to previous investigations (0.42-2.12%) [17].
Despite the polyphenols extraction from plant material is affected by several parameters
such as chemical environment, the extraction process, and solvent polarity, as well as
particle size and storage conditions [22], the results of the present study are in accordance
with Ghout et al. [17] showing a total phenols content ranging from 26.54 to 64.75 g
GAE/100 g DE with respect to 16.43 and 92.95 g GAE/100 g DE for butanol and ethyl
acetate fractions of E. dendroides extract.

On the contrary, a greater content of flavonoids was found in the hydroalcoholic extract
of flowers, leaves, fruits, and branches analysed in this study compared to the flavonoid
content found in the two fractions mentioned above (46.93-84.85 g QE/100 g DE vs. 1.22
and 2.60 g QE/100 g DE) [17]. Moreover, extracts from aerial parts of E. dendroides showed a
greater polyphenols content in comparison with the methanol latex extract, which showed
a total phenols and flavonoids content equal to 4.75 g GAE/100 g and 1.47 g RE/100 g DE,
respectively [9].

In the present study, the RP-LC-DAD-ESI-MS analysis allowed us to identify and
quantify more than 10 compounds in each extract, according to previous results which
identify ten [17] and fourteen compounds [9] in different E. dendroides extracts. According to
Ghout et al. [17], chlorogenic acid is the most representative phenolic acid in all the extracts
here investigated with the exception of the BE, in which the most abundant compound was
the flavonoid isovitexin. However, expressing the results of Ghout et al. [17] as dry weight,
the chlorogenic acid content found in FE, LE and FrE was about double. On the contrary,
although it remains the second most abundant phenolic acid present in the extracts under
consideration, the gallic acid content is about 100 times lower in the extracts analysed in
the present study compared to those analysed previously [17]. Caffeic acid represent the
second most abundant phenolic acid in LE, whereas comparable amount was found in
the other extracts. This phenolic acid was identified also previously in the methanol latex
extract [9] as well as in the methanol/water extract of whole plant [17]. Finally, according to
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previous results, other minor phenolic acids such as p-cumaric acid and p-hydroxybenzoic
acid [9,17] were found. Beyond the phenolic acids, the extracts investigated in the present
study showed, unlike those investigated previously, a high content of flavonoids as well,
with rutin as the most abundant compound ranging from 200 t010,000 times higher with
respect to previous results [17]. This flavonoid was identified also in other Euphorbia
species such as E. lathyris and E. geniculate, in which also other quercetin derivatives such
as quercetin-3-O-rhamnoside and quercetin-3-O-D-glucopyranoside as well as the aglycon
(quercetin) were identified [20]. On the contrary, rutin is completely absent in the methanol
latex extract previously investigated, characterized by the abundant presence of eryodictiol-
7-O-glucoside, eriodyctiol, naringenin-7-O-glucoside, naringenin, and quercetin [9].

Two biological activities (antioxidant and anti-inflammatory) were investigated in the
present study. According to previous results, all E. dendroides extracts showed concentration-
dependent antioxidant [9,17] and anti-inflammatory activity.

The different in vitro colorimetric assays carried out, characterized by different envi-
ronment and reaction mechanisms, allowed identification of the oxygen radical absorbance
capacity as the main mechanism through which all the extracts exert their antioxidant
activity. Despite all the analysed extracts showing significantly lower antioxidant activity
compared to the reference standards, in accordance with what was previously observed, the
ICs0 values found in the present study are much lower than those previously highlighted
in the literature for E. dendroides extracts [9,17], showing the most powerful antioxidant
activity in the aerial part extracts.

On average, the extracts proved to be particularly active in tests based on hydrogen
atoms-transfer reactions (ORAC and BCB), followed by electron and hydrogen atom-
transfer-based assays (TEAC and DPPH), and finally on tests based on electrons transfer
(FRAP). The iron-chelating activity was the lowest among those investigated, although
the FrE showed interesting results. It is well-known that several flavonoids efficiently
chelate trace metals such as iron and copper, which play an important role in oxygen
metabolism avoiding the generation of highly aggressive secondary radical species [23].
The proposed binding sites for trace metals to flavonoids in order of potency are the
following: catechol moiety in B ring, 3-hydroxyl, 4-oxo groups in the heterocyclic ring, and
the 4-oxo, 5-hydroxyl groups between the heterocyclic and the A rings [23]. Considering
this, certainly, rutin exerts the greatest contribution in terms of iron-chelating activity,
although the presence of different flavonoids could enhance this activity. It is well-known
that the antioxidant behaviour of plant extracts is strictly related to the quali-quantitative
composition of the polyphenolic profile. In particular, the reducing ability depends on
the number of free-hydroxyl groups on the base skeleton [9,24]. Considering this, among
phenolic acids, chlorogenic acid plays a predominant role followed by gallic, caffeic, and
dihydroxybenzoic acid. On the contrary, for flavonoids, the radical scavenging activity
depends on the structure and the substituents of the heterocyclic and B rings and, in
particular, by the catechol group in the B ring, which has the better electron-donating
properties. Moreover, the 2,3-double bond conjugated with the 4-oxo group is responsible
for electron delocalization. The presence of a 3-hydroxyl group in the heterocyclic ring also
increases the radical-scavenging activity, while additional hydroxyl or methoxy groups
at positions 3,5, and 7 of A and C rings seem to be less important [23]. Considering
this, the order of potency of flavonoids is the following: flavonols, flavones, flavanols,
and flavanones. Most of the isolated flavonoids from the Euphorbia genus are simple
flavonols as well as O-, C-substituted and prenylated. The main glycosides are d-glucose,
l-thamnose, or glucorhamnose attached at either the C-3 or C-7 position. Structure-activity
relationship studies showed that methylation of the hydroxyl groups on the C-3 or C-7
position decreases the activities while glycosylation loses the activity. In any case, the
parent compound is essential in preserving biological activity [20]. Indeed, observing the
average behaviour of the extracts in terms of antioxidant activity, it can be deduced that
FE, the extract richer in rutin and isorhamnetin-3-O-rutinoside (both flavonols), shows
the strongest antioxidant activity, followed by FrE, which is the most diversified extract
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in terms of flavonoid content, followed by LE and BE. BE in particular, shows the lowest
antioxidant activity probably attributable to the very low concentration of rutin found
compared to the other extracts analysed and to the high presence of isovitexin, which, as a
C-glycosylated flavonoid, acts as a weak antioxidant [23].

The present study showed that E. dendroides extracts from aerial parts showed also
strong and concentration-dependent anti-inflammatory properties both in enzymatic and
non-enzymatic assays. It is well-known that polyphenols may exert anti-inflammatory
effects through various mechanisms. Among the main ones that can be counted there is
certainly the radical scavenging activity, due to the close connection between oxidative
balance and inflammation, followed by modulation of the main enzymes involved in
inflammation such as protease, COX-1 and COX-2, and phospholipase A2, as well as
through complex signalling pathways that lead to a modulation of the release of important
pro-inflammatory markers such as interleukins and nitric oxide [25].

One of the most important aspects of this study is that the extracts under examination
showed such biological activities without showing any toxic effect on Artemia salina, as
demonstrated previously for other leaf and flowering top extracts [26].

Moreover, this study demonstrates indirectly that the toxicity generally associated
with E. dendroides is mainly due to the terpenes fraction in accordance with what was
observed in our previous study on a methanol extract of E. dendroides latex, in which an
LDs( ~350 times lower with respect to the most toxic extract investigated in the present
study (0.025 mg/mL vs. 8.82 mg/mL) was found [9].

4. Materials and Methods
4.1. Chemicals

The 1,1-Diphenyl-2-picrylhydrazyl radical (DPPH), 2,20-azino-bis(3-ethylbenzothiaz-
oline-6-sulfonic acid (ABTS), potassium persulfate (K,S,03), butylate-hydroxytoluene,
phenazine methosulphate, 6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox),
diclofenac sodium, butylated hydroxytoluene (BHT), 2,2- Azobis(2-methylpropionamidine)
dihydrochloride (AAPH), fluorescein sodium salt, sodium phosphate dibasic (NayHPOy),
potassium phosphate monobasic (KH,POy), 2,4,6-Tris(2-pyridyl)-S-triazine (TPTZ), iron sul-
phate heptahydrate, sodium acetate, sodium carbonate, vanillin, Folin-Ciocalteu reagent,
[-carotene, linoleic acid, tween 80, ferrozine, iron (II) chloride, EDTA, fatty free BSA,
trypsin, tris-HCI, casein, potassium bichromate (K,Cr,O7) were purchased from Sigma-
Aldrich (MSt. Louis, MO, USA). Methanol, acetonitrile, glacial acetic acid and phosphoric
acid were HPLC grade and purchased from Merck (Darmstadt, Germany). Reference
compounds were HPLC grade and purchased from Extrasynthese (Genay, France).

4.2. Plant Material Collection and Samples Preparation

Euphorbia dendroides L. (Euphorbiaceae) was collected and botanically identified by
Prof. S. Ragusa in April 2019 in Messina (Italy), Masse locality (200 m a.s.l.) during
flowering and fructification. A voucher specimen (19/04 ED) has been deposited within
the herbarium of the Department ChiBioFarAm, University of Messina, Messina, Italy.

The aerial parts have been manually divided into leaves, flowers, fruits, and branches,
that have been air-dried in the dark at RT and then powdered by a blade mill (IKA®
A11) with liquid nitrogen in order to block enzymatic activities and preserve the chemical
features. Two grams of each frozen powder (leaves, flowers, fruits, and branches) were
extracted with 40 mL of a hydroalcoholic mixture consisting of EtOH/H,O 80:20 v/v,
vortex-mixed for 3 min, and sonicated in an ice-cold bath for 5 min using a 3 mm titanium
probe set at 200 W and 30% amplitude signal (Vibra Cell™ Sonics Materials, inc., Danbury,
CT, USA). Extracts were then centrifuged at 3000 x g for 10 min. Thereafter, the supernatant
was filtered on filter paper and evaporated to dryness by a rotary evaporator at 37 °C. The
procedure was repeated 3 times. Dry extracts were suspended and properly diluted in a
hydroalcoholic mixture for phytochemical characterization and subsequent analyses.
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4.3. Phytochemical Screening
4.3.1. Total Phenols Content

Total phenols content was determined using the Folin—-Ciocalteu method according
to Smeriglio et al. [27]. Briefly, 50 uL of sample solution (0.5-4.0 mg/mL) and 450 uL of
deionized water were added to 500 uL of Folin-Ciocalteu reagent. After 3 min, sodium
carbonate (500 uL, 10% v/v) was added and samples were left in the dark at RT for 1 hour,
vortexing every 10 min. Absorbance was read at 785 nm with a UV-VIS spectrophotometer
(Model UV-1601, Shimadzu, Kyoto, Japan) against a blank consisting of the same extraction
hydroalcoholic mixture. Gallic acid was used as a reference compound (0.075-0.60 pg/mL).
Results, which represent the average of three independent experiments in triplicate (1 = 3)
were expressed as g GAE/100 g DE.

4.3.2. Total Flavonoids Content

Total flavonoids content was determined as reported by Smeriglio et al. [9]. Briefly,
0.2 mL of sample solution (0.5-4.0 mg/mL) were mixed with 0.2 mL of AICl3 (2 mg/mL)
and 1.2 mL of sodium acetate (50 mg/mL). After 2.5 h, the absorbance was recorded
at 440 nm with a UV-VIS spectrophotometer (Model UV-1601, Shimadzu, Kyoto, Japan)
against a blank consisting of the same extraction hydroalcoholic mixture. Quercetin was
used as a reference compound (0.125-1.0 mg/mL). Results, which represent the average of
three independent experiments in triplicate (1 = 3), were expressed as g QE/100 g DE.

4.3.3. Vanillin Index Determination

Vanillin index was evaluated according to Smeriglio et al. [24]. Briefly, 2.0 mL of
sample solution diluted in 0.5 M H,SOy (absorbance ranging from 0.2 to 0.4) were loaded
onto a conditioned Sep-Pak C18 cartridge (Waters, Milan, Italy). The column was washed
with 2.0 ml of HySOy (5.0 mM), purged with air, and charged with methanol (5.0 mL) to
elute the sample. Thereafter, 1 mL of the eluate was added to 6.0 mL of 4% vanillin methanol
solution, and the mixture was conditioned in a water bath at 20 °C for 10 min. Chloridric
acid (3.0 ml) was added and after incubation time (15 min), the absorbance was recorded
at 500 nm with a UV-VIS spectrophotometer (Model UV-1601, Shimadzu, Kyoto, Japan)
against a blank consisting of the same extraction hydroalcoholic mixture. Catechin was
used as a reference compound (0.125-0.50 mg/mL). Results, which represent the average
of three independent experiments in triplicate (1 = 3), were expressed as g CE/100 g DE.

4.3.4. Proanthocyanidins Determination

The proanthocyanidins content was evaluated as described by Barreca et al. [28].
Briefly, 2.0 mL of sample solution, diluted 10 times with 0.05 M H,SO,, was loaded onto
a conditioned Sep-Pak C18 cartridge (Waters, Milan, Italy), preconditioned with 5 mM
H,SO4 (2.0 mL), and purged with air. The proanthocyanidins-reach fraction obtained
was eluted with methanol (3.0 mL) and collected in a 100 ml flask shielded from light
containing 9.5 mL of absolute ethanol. Thereafter, the mixture was added with 12.5 mL of
FeSOy - 7H,O solubilized in 37% HCI (300 mg/L) and placed to reflux for 50 min. After
cooling by immersion in cold water (20 °C) for ten min, the absorbance was read at 550 nm
with an UV-VIS spectrophotometer (Model UV-1601, Shimadzu, Kyoto, Japan) against a
blank consisting of the same extraction hydroalcoholic mixture. The basal anthocyanins
content of the sample was determined detracting the absorbance of a sample prepared
under the same conditions but simply cooled in ice. Proanthocyanidins content was
expressed as 5 times the amount of cyanidin formed by means of a cyanidin chloride
(e = 34,700) calibration curve. Results, which represent the average of three independent
experiments in triplicate (n = 3), were expressed as g CyE/100 g DE.

4.4. Determination of Polyphenol Profile by RP-LC-DAD-ESI-MS Analysis

Polyphenols characterization of LE, FE, FrE, and BE was carried out according to
Smeriglio et al. [29] by RP-LC-DAD-ESI-MS analysis. Separation was carried out by a

147



Plants 2021, 10, 1621

Luna Omega PS C18 column (150 mm x 2.1 mm, 5 um; Phenomenex, Torrance, CA,
United States) at 25 °C by using a mobile phase consisting of solvent A (0.1% formic acid)
and solvent B (methanol) according to the following elution program: 0-3 min, 0% B;
3-9 min, 3% B; 9-24 min, 12% B; 24-30 min, 20% B; 30-33 min, 20% B; 33—43 min, 30% B;
43-63 min, 50% B; 63-66 min, 50% B; 66-76 min, 60% B; 76-81 min, 60% B; 81-86 min, 0%
B and equilibrated 4 min for a total run time of 90 min. The injection volume was 5 uL.
The UV-Vis spectra were recorded ranging from 190 to 600 nm and chromatograms were
acquired at different wavelengths (260, 292, 330, and 370 nm) to identified all polyphenol
classes. The experimental parameters of the mass spectrometer (ion trap, model 6320,
Agilent Technologies, Santa Clara, CA, USA) operating in negative (ESI—) ionization mode
were set as follows: capillary voltage 3.5 kV, nebulizer (N) pressure 40 psi, drying gas
temperature 350 °C, drying gas flow 9 L/min and skimmer voltage 40 V. Acquisition was
carried out in full-scan mode (90-1000 11/z). Data were acquired by Agilent ChemStation
software version B.01.03 and Agilent trap control software version 6.2.

4.5. Antioxidant and Free-Radical Scavenging Activity

The antioxidant activity of E. dendroides extracts was evaluated by several in vitro
colorimetric assays based on different mechanisms (electron, hydrogen and electron, and
hydrogen transfer-based assays) and reaction environments. Absorbance was recorded by
a UV-VIS spectrophotometer (Model UV-1601, Shimadzu, Kyoto, Japan). Results, which
represent the average of three independent experiments in triplicate (1 = 3), were expressed
as inhibition percentage (%) of the oxidative/radical activity, calculating the IC5y with
the respective C.L. at 95% by Litchfield and Wilcoxon’s test using PHARM/PCS software
version 4 (MCS Consulting, Wynnewood, PA, USA). All concentration ranges reported refer
to final concentrations of E. dendroides extracts and reference compounds in the reaction
mixture.

4.5.1. FRAP Assay

This assay was carried out according to Smeriglio et al. [30]. Fifty microliters of sample
solution (2.5-100 pg/mL) or Trolox as reference compound (1.25-10 ug/mL) was added to
fresh pre-warmed (37 °C) working FRAP reagent (1.5 mL) and incubated for 4 min at RT in
the dark. Absorbance was recorded at 593 nm against a blank consisting of the extraction
hydroalcoholic mixture

4.5.2. ORAC Assay

Oxygen radical absorbance capacity was evaluated according to Smeriglio et al. [31].
Briefly, 20 uL of sample solution (1.25-10 ug/mL) diluted in 75 mM phosphate buffer
pH 7.4, were added to 120 pL of fresh fluorescein solution (117 nM) and incubated 15 min
at 37 °C. After that, 60 uL of 40 mM AAPH solution was added to start the reaction,
that was recorded every 30 s for 90 min (Aex 485; Aem 520) by a fluorescence plate reader
(FLUOstar Omega, BMG LABTECH, Ortenberg, Germany). A blank consisting of the
extraction hydroalcoholic mixture diluted in phosphate buffer and Trolox as the reference
compound (0.25-2.0 pg/mL) were included in each assay.

4.5.3. BCB Assay

The BCB assay was carried out using a 3-carotene emulsion prepared according to
Smeriglio et al. [32]. Briefly, 0.28 mL of sample solution (10-80 pg/mL) were added to 7 ml
of 3-carotene emulsion, whereas an emulsion without 3-carotene was used as a negative
control. The absorbance was recorded at starting time and during incubation at 50 °C every
20 min for 120 min at 470 nm. BHT was used as a reference compound (0.063-0.5 pug/mL).

4.5.4. TEAC Assay

The Trolox equivalent antioxidant capacity of samples was evaluated according to
Monforte et al. [33]. The reaction mixture (4.3 mM K,S,0g and 1.7 mM ABTS solution,
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1:5 v/v) was incubated for 12-16 h in the dark at RT and diluted just before the analyses
until an absorbance of 0.7 & 0.02 (734 nm). Fifty microliters of each sample (3.0-30 ug/mL)
were added to 1 mL of the reagent and incubated at RT for 6 min. The absorbance was
recorded at 734 nm against a blank consisting of the extraction hydroalcoholic mixture.
Trolox was used as a reference compound (0.63-5.0 pug/mL).

4.5.5. ICA Assay

The iron-chelating activity was evaluated according to Bazzicalupo et al. [34]. Briefly,
50 pL of FeCl, -4H,O solution (2.0 mM) was added to 100 uL of the sample (0.075-0.60 mg/mL)
and incubated at RT for 5 min. After that, 100 uL of 5 mM ferrozine and 3 mL of deionized
water were added to the mixture and incubated for 10 min at RT. The absorbance was read at
562 nm against a blank consisting of the extraction hydroalcoholic mixture. EDTA was used
as a reference compound (1.50-12.0 pig/mL).

4.5.6. DPPH Assay

The DPPH radical scavenging activity was evaluated according to Smeriglio et al. [32].
Briefly, 37.5 uL of sample solution (5-80 pg/ml) was added to fresh DPPH methanol
solution (10~* M), vortex-mixed for 10 s, and incubated in the dark at RT for 20 min. Ab-
sorbance was recorded at 517 nm against a blank consisting of the extraction hydroalcoholic
mixture. Trolox was used as a reference compound (0.63-5.0 ug/mL).

4.6. Anti-Inflammatory Activity

The anti-inflammatory activity of E. dendroides extracts was evaluated by two simple
in vitro colorimetric enzymatic and non-enzymatic assays. Absorbance was recorded by
a multi-well plate reader (Multiskan GO; Thermo Scientific, MA, United States). Results,
which represent the average of three independent experiments in triplicate (n = 3), were
expressed as inhibition percentage (%) of the inflammatory/enzyme activity, calculat-
ing the IC5 with the respective C.L. at 95% by Litchfield and Wilcoxon’s test using the
PHARM/PCS software version 4 (MCS Consulting, Wynnewood, PA, USA). All concen-
tration ranges following reported refer to final concentrations of E. dendroides extracts and
reference compounds in the reaction mixture.

4.6.1. BSA Denaturation Assay

The ability of samples to inhibit the heat-induced bovine serum albumin denaturation
was evaluated according to Saso et al. [35]. Briefly, 100 pL of 0.4 % fatty free BSA solution
and 20 puL of PBS pH 5.3 were added into a 96-well plate. Therefore, 80 uL of sample
solution (31.25-125 ug/mL) were added to the mixture. The absorbance was recorded at
595 nm at starting time and after incubation for 30 min at 70 °C. A blank consisting of the
extraction hydroalcoholic mixture was used as a control. Diclofenac sodium was used as a
reference compound (6.25-50 pg/mL).

4.6.2. Protease Inhibition Assay

The protease inhibitory activity of samples was evaluated according to Oyedapo and
Famurewa [36]. Briefly, 200 uL of sample solution (31.25-250 jig/mL) were added to the
reaction mixture consisting of 12 uL of trypsin (10 pg/mL) and 188 pL of 25 mM Tris-HCI
buffer (pH 7.5). After that, 200 uL of 0.8% casein was added and the reaction mixture and
incubated for 20 min at 37 °C in a water bath. At the end of the incubation time, 400 uL of
perchloric acid was added to stop the reaction. The cloudy suspension was centrifuged at
3500 x g for 10 min and the absorbance of the supernatant was recorded at 280 nm against
a blank consisting of the extraction hydroalcoholic mixture. Diclofenac sodium was used
as a reference compound (6.25-50 pg/mL).
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4.7. Brine Shrimp Lethality Assay

In order to investigate the toxicity of the extracts, a brine shrimp lethality assay was
carried out according to Caputo et al. [37]. Eggs of Artemia salina were purchased from a
local pet shop, placed in a hatcher chamber containing seawater, and incubated for 48 h at
RT with continuous aeration and illumination. Two hundred microliters of each sample
(0.0001 to 10 mg/mL) and K,Cr;O7 as a reference compound (500 png/mL) diluted in
seawater were seeded in a 24-well plate. Ten nauplii per well were added and incubated
for 48 h in the same conditions reported above.

Surviving larvae without abnormal swimming behavior were counted after 24 h and
48 h by a stereomicroscope (SMZ-171 Series, Motic, Seneco s.r.1.-Milano, Italy). One nega-
tive control (10 larvae treated with seawater only) were also evaluated. Three independent
experiments (1 = 10) were carried out for each treatment. Lethality was calculated using
the following equation:

% Lethality = 100 — [(slt x 100)]/slcs (1)

where slt were the survival larvae treated with extracts or K,Cr,Oy, whereas slcs were the
survival larvae treated with seawater (negative control).

4.8. Statistical Analysis

Three independent experiments (n = 3 and n = 10) were carried out for the in vitro
cell-free assays and brine shrimp lethality assay, respectively. Results were expressed as
the mean =+ standard deviation (S.D.). Data were analyzed by one-way analysis of variance
(ANOVA) followed by Tukey’s test and Student-Newman-Keuls Method by SigmaPlot12
(Systat Software, Inc., San Jose, CA, USA). Results were statistically significant for p < 0.05.

5. Conclusions

In conclusion, this is the first study in which extracts of the aerial parts (flowers, leaves,
fruits, and branches) of E. dendroides were investigated. Phytochemical analyses showed a
high content of polyphenols with chlorogenic acid and rutin as the most representative
compounds, respectively for phenolic acids and flavonoids in regards to flowers, leaves,
and fruits. On the contrary, chlorogenic acid and isovitexin were found as the most
representative compounds for the branch extract. However, beyond the most representative
compounds, small differences were found in the phytochemical profile of the extracts under
examination, which certainly may contribute to the promising biological activity observed.
On average, the flower extract showed the highest antioxidant and anti-inflammatory
activity followed by fruits, leaves, and branches. Interestingly, all the extracts showed no
toxicity, demonstrating indirectly that the toxicity, generally ascribed to this plant species,
is due to the terpene component mainly present in the latex.

These results, which certainly require further cell-based studies to better investigate
the biological properties investigated, show clear preliminary evidence of a possible use of
the extracts as powerful antioxidant and anti-inflammatory agents.
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Abstract: Buds usually possess mechanical or chemical protection and may also have secretory
structures. We discovered an intricate secretory system in Ouratea castaneifolia (Ochnaceae) related
to the protection of buds and young leaves. We studied this system, focusing on the distribution,
morphology, histochemistry, and ultrastructure of glands during sprouting. Samples of buds and
leaves were processed following the usual procedures for light and electron microscopy. Overlapping
bud scales protect dormant buds, and each young leaf is covered with a pair of stipules. Stipules and
scales possess a resin gland, while the former also possess an extrafloral nectary. Despite their distinct
secretions, these glands are similar and comprise secreting palisade epidermis. Young leaves also
possess marginal colleters. All the studied glands shared some structural traits, including palisade
secretory epidermis and the absence of stomata. Secretory activity is carried out by epidermal cells.
Functionally, the activity of these glands is synchronous with the young and vulnerable stage of
vegetative organs. This is the first report of colleters and resin glands for O. castaneifolia. We found
evidence that these glands are correlated with protection against herbivores and/or abiotic agents
during a developmental stage that precedes the establishment of mechanical defenses.

Keywords: calcium oxalate crystals; colleter; extrafloral nectaries; resin gland; bud protection;
plant-environment interaction

1. Introduction

The botanical family Ochnaceae has a pantropical distribution, comprising 27 genera
and approximately 500 species [1], with its center of diversity being the Neotropics. Most of
the diversity of Neotropical taxa is in the Amazon Basin, with just a few extra-Amazonian
distributions restricted to Andean forests or the Brazilian Cerrado and Atlantic Forest [2].
The Ouratea genus, with about 300 species, is the largest and most diverse of the family [2].
The genus is widely distributed across several phytogeographic domains of Central and
South America [3,4]. Many species have been recently described as Ouratea, demonstrating
the limited study of the group and the cause of many taxonomic controversies (see [4]).

Secretion and secretory products seem to be important features for species of Ouratea.
Representatives of this genus possess a pair of conspicuous stipules, in which there is, at
least for some species, an extrafloral nectary (EFN) on the abaxial face [5]. Furthermore,
species of Ouratea are a rich source of flavonoids and biflavonoids, and show potential as
constituents of medicines; triterpenes, diterpenes, steroids, monosaccharides, and triacyl-
glycerides are also common in this plant group [6].

Plant secretions are related to several forms of plant-environment interactions. Floral
and vegetative buds constitute a vulnerable portion of plants and, thus, physical and
chemical protections have often been found in these meristematic regions. Shoot buds
usually possess substances produced by glands as distinct as colleters, nectaries, resin-
producing glands, elaiophores, or secretory cavities [7].

The protective roles of some bud secretions have long been studied, as attested
by the reports made by Groom [8], who stated that “many buds have a great protective
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auxiliary in the secretion which covers and fills them. This secretion consists of gummy mucilage
or resin, or both together; it is secreted by the general epidermis, by colleters, or by “leaf-teeth”.”
The substances present in bud secretions can protect vegetative and reproductive buds
against several environmental stresses ([9,10] and references therein). These substances
act complementary to the protection provided by enveloping shoot apical meristems by
superimposing cataphylls and undeveloped leaves [11].

Damage to shoot apices presents a high cost because they are essential for plant
growth [12]. Therefore, investments in protecting the apical meristem are advantageous,
since the resprouting ability is a key functional trait that enables plant populations to
persist after the destruction of living tissues from disturbance [13].

Knowledge regarding chemical defenses in shoot buds of Ochnaceae is far from
comprehensive, although nectar secretion in scales and stipules of some taxa is well
known. Many authors have recently reported the presence of glands in the family [14-17],
sometimes relating them to bud protection [16]. Nevertheless, many aspects of secretion in
the family are still poorly understood.

Considering this knowledge gap, we investigated the anatomy, histochemistry, and
ultrastructure of the colleters, nectaries, and resin glands present in the buds and devel-
oping leaves of Ouratea castaneifolia (DC.) Engl., an arboreal-shrub species of the Cerrado
and Brazilian semi-deciduous forests [18]. This evergreen species possesses leaves with a
long lifespan, which persist for more than two years [19]. We present novel anatomical and
ultrastructural data regarding some glands of Ochnaceae, and further discuss functional
aspects.

2. Results
2.1. Bud Dynamics and Structural Aspects

Adult individuals of O. castaneifolia exhibit rhythmic growth, with one event of shoot
growth per year and a long bud dormancy period lasting about ten months. During this
stationary phase, the vegetative buds are protected by overlapping bud scales covering the
vegetative apices (Figure 1A). The buds re-establish meristematic activity and start a new
phase of vegetative growth before the end of the dry season (April-September), resulting
in new leaves. After bud burst, shoot elongation occurs for about two months, when leaves
grow, differentiate, and become strongly coriaceous and hard.

Flowering occurs at the end of leaf sprouting, and the vegetative buds go into dor-
mancy, remaining in a resting state until the next annual vegetative cycle. The leaf primor-
dia are produced at the beginning of the vegetative growth period and can be found at
the apical portion of buds, each protected by a pair of stipules. The scales and stipules
are foliaceous, wide, long (0.5 x 0.8 cm and 0.6 x 1.2 cm, respectively), and overlap the
apical meristem (Figure 1A). The deciduous scales fall during bud burst, and stipules show
abscission at the end of leaf blade expansion. Mature leaves of O. castaneifolia are simple,
sclerophyllous, and coriaceous, with long marginal teeth resembling spines.
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Figure 1. Resin glands of bud scales and stipules of O. castaneifolia: (A) Vegetative bud showing resin accumulation on
the surface of bud scales (arrows). The insert shows released secretion towards the abaxial side of the bud scales; (B,C)
The surface of resin-glands showing corrugated aspect and secretion residues (*). (D) Cross-section of a bud showing an
overlapped arrangement of bud scales, stipules, and leaf primordia. Note the distinct epidermis at the abaxial face of bud
scales and stipules (*); (E) Cross-section of a stipule showing adaxial secretory epidermis and the overall arrangement of
the mesophyll and vascular tissue. Note the fiber cap that surrounds the vascular bundles; bs = bud scale, fb = fiber cap,
Ip = leaf primordium, ph = phloem, se = secretion, sep = secretory epidermis, st = stipule, xy = xylem.

2.2. Resin Glands

The median-basal portion of the adaxial surface of bud scales and stipules shows
secretory epidermis related to resin secretion. The gland presents an irregular outline, with
variable size among the different scales and stipules, sometimes occupying more than
half of the adaxial surface. The surface of the gland is corrugated, with a smooth cuticle,
and often covered by secretion residues. Stomata, pores, or cuticular ruptures were not
observed on the gland surface (Figure 1B,C).

The resin gland possesses a secretory epidermis with columnar cells arranged in a
palisade-like pattern (Figure 1D,E). The anticlinal surface of the secretory cells is about
three times longer than the ordinary cells of the epidermis. The secretory cells have dense
cytoplasm and large nuclei compared to other epidermal cells (Figure 1D). The mesophyll
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of scales and stipules have similar arrangements and cell types, being homogeneous and
formed by round parenchyma cells (Figure 1D,E). Parenchyma cells of the portion of
mesophyll underlying the gland do not have distinguishing characteristics (Figure 1D,E).
The vascular bundles, arranged in the median portion of the mesophyll, are similar in
scales and stipules; they are collateral and present an extensive cap of fibers on both abaxial
and adaxial sides (Figure 1E). No change was observed in the vascular bundles towards
the secretory region of the resin gland.

The secretory cells have a dense protoplast (Figure 2A), with a conspicuous nucleus
and numerous organelles (Figure 2B). Mitochondria, dictyosomes, and the endoplasmic
reticulum are the most abundant organelles, appearing scattered throughout the cytoplasm
(Figure 2B-D). The endoplasmic reticulum is predominantly smooth, mainly appearing
parallel to the plasma membrane and forming an extensive network permeating the entire
cytoplasm (Figure 2B,C). Plastids are scarce and possess dense stroma and poorly devel-
oped inner membranes. The vacuome of secretory cells is inconspicuous and limited to
small vacuoles. The presence of secretion, forming deposits of varying volumes throughout
the cytosol, is striking in these cells (Figure 2C,D). The secretion observed in the cytosol
is heterogeneous, with a peripheral portion strongly osmiophilic and a central region
with a granular aspect (Figure 2D). The most striking feature in the cells of subglandular
parenchyma is the presence of a large central vacuole, which has phenolic content (Figure
2E). Plastids, mitochondria, and endoplasmic reticulum are the predominant organelles in
the extravacuolar cytoplasm (Figure 2E,F).

The ultrastructural analysis of the cuticle did not detect channels or ruptures that
allow for the release of the secretion. Microdeposits of osmiophilic material are observed
in the cuticle, similar to that observed in the protoplast (Figure 3A). The formation of
subcuticular spaces is rarely observed and is mainly limited to a few cells (Figure 3A).
Secretion residues, which spread throughout the adaxial surface of scales and stipules and
disperse throughout all the structures they encompass, are present on the cuticular surface,
sometimes forming lamellar structures (Figure 3B).
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Figure 2. Ultrastructural aspects of the resin glands of O. castaneifolia: (A) Overall aspect of the secretory epidermis in
cross-section. Note the dense protoplast of the cells. (B-D) Secretory cells showing organelle-rich protoplast with numerous
mitochondria, dictyosomes, and segments of the smooth endoplasmic reticulum. Note the numerous deposits of osmiophilic
secretion throughout the cytosol (*) (E,F). Cells of the subglandular parenchyma showing large vacuoles and phenolic
contents. cu = cuticle, cw = cell wall, di = dictyosome, er = endoplasmic reticulum, mi = mitochondria, nu = nucleus,

pl = plastid, va = vacuole.
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Figure 3. Cuticle structure in the secretory epidermis of resin glands: (A) Cross-section of the epidermic cells showing

osmiophilic microdeposits inside the cuticle. A small subcuticular space can be observed. (B) Secretory residues are forming
lamellar structures (*) on the surface of the cuticle. cu = cuticle, cw = cell wall, ss = subcuticular space.

2.3. Colleters

In the early stages of leaf differentiation, the marginal teeth present a colleter at the
apex (Figure 4A,B). The colleters are long (up to 1 mm-long), pedunculate, and hyaline
(Figure 4B). The peduncle region becomes sclerified and constitutes the marginal spines on
mature leaves, leaving no evidence of the previous existence of the colleters (Figure 4C).

The colleters are formed in the early stages of leaf blade differentiation and are
functional in young, unexpanded leaves (Figure 4D). Colleters persist in secretory activity
throughout leaf expansion, but become senescent, turn brownish, and detach from the
leaf after this stage. The secretory portion of colleters is conical, with a stomata-free
epidermis covered by a smooth cuticle (Figure 4E-G). The fully-developed colleters present
a secretory epidermis with columnar palisade cells that surround a parenchymatous central
axis (Figure 4E,F).

In the secretory stage of colleters, the cells of the epidermal layer possess a dense
and organelle-rich protoplast (Figure 5A—C). These cells display a large nuclei with uncon-
densed chromatin and conspicuous nucleoli (Figure 5B). The rough endoplasmic reticulum,
mitochondria, and plastids complete the cytoplasmic organelles of the secretory cells
(Figure 5B-D). Plastids have a poorly developed endomembrane system, and oil droplets
that are similar to others observed free in the cytosol (Figure 5B). Dictyosomes are dis-
tributed throughout the cytoplasm, although they appear more numerous in the distal
portion of cells (Figure 5C). The plasma membrane is sinuous, with the formation of irregu-
lar periplasmic spaces, within which the presence of amorphous and flocculated material
can be observed (Figure 5C,E, F). This material is also accumulated in the intercellular
spaces formed between palisade cells, in subcuticular spaces, and in large periplasmic
spaces at the distal portion of the secretory cells (Figure 5E,F). The vacuome consists of
small vacuoles, which are rare in most cells of the secretory epidermis. The parenchyma
cells of the central axis present a set of organelles similar to those described for the secretory
epidermis. However, these parenchyma cells possess few extravacuolar organelles due to
the large central vacuoles filled with phenolics.
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Figure 4. Distribution and structure of leaf colleters of O. castaneifolia leaves: (A,B) Young leaves, at the final stage of
expansion, with hyaline colleters at the apex of the marginal teeth (circles). (C) Vegetative bud showing young leaves
above mature leaves (from last sprouting event). Young leaves are shinny due to spread of colleter secretion; mature
leaves present prominent marginal teeth. The inserts show the sequence of leaf maturation; notice the marginal teeth of
the unexpanded young leaf (on top), followed by colleter abscission, intense sclerification and, finally, the fully-developed
marginal spines (bottom). (D) Cross-section of a young leaf with involute ptyxis. Note the colleter at the leaf margin (arrow).
(E) Longitudinal section of a colleter showing the secretory epidermis with columnar palisade cells and a central axis.

(F) Cross-section of a colleter showing secretory epidermis surrounding the central axis. (G) Scanning electron micrograph
of a marginal tooth in a young leaf. Note that the conical-shaped colleter at the apex is connected through a peduncle region
(arrow). cc = central axis; sep = secretory epidermis.

159



Plants 2021, 10, 1680

Figure 5. Ultrastructural aspects of the colleters of O. castaneifolia: (A) Overall aspect of the secretory epidermal cells showing
dense protoplast and numerous osmiophilic inclusions (*); (B-D) Secretory cells showing large nuclei and organelle-rich
cytoplasm with numerous mitochondria, plastids, and segments of the rough endoplasmic reticulum. Note oil droplets

within the plastids and dispersed throughout the cytosol along with osmiophilic inclusions (*) in (B); (E,F) Details of
the sinuous plasma membrane of secretory cells. Note the formation of irregular periplasmic spaces (arrows) and the
accumulation of flocculated material within intercellular spaces and the subcuticular space. di = dictyosome, is = intercellular

space, mi = mitochondria, nu = nucleus, od = oil droplet, pl = plastid, rer = rough endoplasmic reticulum, ss = subcuticular
space.
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2.4. Extrafloral Nectaries

A region of secretory cells stands out on the abaxial face of stipules (Figure 6A). This
region is involved in the synthesis and release of nectar and constitutes an extrafloral
nectary (EFN). The glandular surface is smaller than that of resin glands, slightly elongated
in the axial direction, and also distinguished from the ordinary surface of the stipule by the
absence of stomata, which are frequent in non-secretory portions (Figure 6A,B). Subcutic-
ular spaces form conspicuous spaces on the secretory surface, which appear in different
regions and reach large dimensions (Figure 6B,C), sometimes extending throughout the
entire gland surface.

Figure 6. Structural aspects of extrafloral nectaries in stipules of O. castaneifolia: (A) Overview of a nectary (dashed line) in a
stipule. Note the large nectar droplet (arrow). (B,C) Surface view of the nectary showing conspicuous subcuticular spaces
(*) where nectar accumulates before being released. In (C), note the contrasting presence of stomata (arrows) on the ordinary

surface of the stipule versus their absence over the nectary. (D) Cross-section of a stipule with a resin gland on the adaxial
surface and a nectary on the abaxial surface. (E) Cross-section of a stipule showing the nectary portion. Note the dense
arrangement of the subglandular parenchyma of the nectary and the presence of a large subcuticular space. A fiber cap
(red dashed line), which is interrupted towards the nectary, surrounds the vascular bundles. fb = fiber cap, ph = phloem,
sep = secretory epidermis, sp = subglandular parenchyma, ss = subcuticular space, xy = xylem.

The EFN consists of a uniseriate secretory epithelium, secretory parenchyma, and
vascular tissues (Figure 6D). Epidermal cells are arranged in palisades similar to those
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described for the adaxial face (Figure 6E). The cells of the secretory parenchyma are smaller,
and the cytoplasm is denser than the other components of the mesophyll (Figure 6D,E).
Vascular bundles in the vicinity of the nectary possess a gap on the abaxial fiber cap such
that phloem cells make contact with the secretory parenchyma (Figure 6D,E). The secretory
parenchyma of the EFN shows a remarkable presence of calcium oxalate (CaOx) crystals in
the form of druses (Figure 7A—C). CaOx crystals are characteristically associated with the
vascular bundles in both scales and stipules, especially in the parenchyma cells associated
with the abaxial surface at the fiber cap limit. However, the crystals are more numerous
where the cap of fibers is interrupted in the nectary region than in other areas of the stipule
(Figure 7B-D).

~ _resin gland

Figure 7. Distribution of calcium oxalate (CaOx) crystals in stipules of O. castaneifolia; all images were taken under polarized
light: (A) Longitudinal section of a stipule showing greater accumulation of crystals (arrows) towards the abaxial surface
and the nectary portion. Note that crystals are absent under the resin gland (adaxial face); (B-D) Surface view of the
nectary portion (dashed line in (B)) showing the distribution of crystals. Note the numerous crystals in the nectary (C) in
comparison to the area outside the nectary (D); The rectangles in (B) indicate the detailed areas in C and D. vb = vascular

bundle.

The secretory cells present thin, pecto-cellulosic cell walls and cytoplasm rich in
organelles, among which mitochondria, segments of the rough endoplasmic reticulum,
dictyosomes, and plastids are the most representative (Figure 8A-D). Mitochondria have
well-developed cristae and are distributed throughout the cytoplasm (Figure 8C,D). In
the secretory stage, the dictyosomes appear inactive, with rare vesicles being produced
(Figure 8D). Plastids have electron-lucent stroma, with a poorly developed inner membrane
system with few grana thylakoids; plastoglobuli are dispersed in the stroma (Figure 8C,D),
while starch is markedly absent. The few observed vacuoles are small and filled with a
flocculated content (Figure 8C). Secretory cells of the epidermis were observed to connect
via plasmodesmata (Figure 8C). Although secretory parenchyma cells have large vacuoles,
the extravacuolar cytoplasm is organelle-rich and shows a composition similar to that of
the cells of the secretory epidermis (Figure 8E,F).
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Figure 8. Ultrastructural aspects of the extrafloral nectaries of O. castaneifolia: (A) Overview of a secretory cell showing
a dense protoplast; (B-D) Secretory cells showing organelle-rich cytoplasm with abundant mitochondria, segments of
the rough endoplasmic reticulum, and plastids with a poorly developed inner membrane system. Note the numerous
plastogobuli (*) dispersed in the stroma of the plastids and the small vacuoles filled with a flocculated content; (E,F) Cells of
the subglandular parenchyma showing large vacuoles and extravacuolar cytoplasm rich in organelles. di = dictyosome,
er = endoplasmic reticulum, mi = mitochondria, pl = plastid, va = vacuole.
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2.5. Histochemistry and Sugar Analysis

Histochemical tests revealed a mixture of hydrophilic and lipophilic components,
including terpenoids, mucilage, lipids, and proteins in both the resin-producing gland
and colleters. Terpenoids were the most abundant and strongly marked by NADI reagent
in the resin-producing glands, while mucilage was less conspicuous. Conversely, NADI
reagent showed a weak reaction in the colleters, and both the protoplast and exudate
marked strongly with Ruthenium Red. Differential coloration granted by the NADI reagent
suggests that the terpene content is associated with essential oil production. Lipids and
proteins were seen in both the protoplast and exudate of colleters but were absent in the
resin-producing gland.

The secretion exuded by the EFNs tested positive for glucose by glucose strip tests,
indicating a sugary secretion and confirming nectar release. Tests with Xylidine Ponceau
indicated the presence of structural proteins in the protoplast of nectary cells, but other tests
yielded negative results. The results for all histochemical tests performed are summarized
in Table 1.

Table 1. Results for histochemical tests performed in the glands of O. castaneifolia buds and young leaves.

Resin Gland Colleter Nectary
Test Target Substance
Protoplast Secretion Protoplast Secretion Protoplast Secretion
Terpenoids

NADI reagent (essential oils) + + - - - -
Ruthenium Red Mucilage - — + + — _
Sudan Red B Lipids - — + + _ _
Xylidine Ponceau Proteins — — + + + —
Glucose strip-test Sugars (glucose) N/A N/A N/A N/A N/A +

+ positive, — negative, or weak reaction, N/A = not applicable.

3. Discussion
3.1. Anatomy

The secretory portion of the studied glands share some similarities, mainly because
epidermal cells are directly involved in the secretory process in all of them. The prevalence
of epidermis in secretory processes is common to many other secretory structures of
eudicotyledons, including colleters, nectaries, elaiophores, and other glands throughout
distinct taxa [20-26].

Resin production by a patch of differentiated epithelium, as observed in O. castaneifolia,
is uncommon. These secretions are often associated with trichomes, colleters, ducts, or
cavities [7]. Buds of Populus spp. (Salicaceae) possess a palisade-like epidermis in the
adaxial side of the stipules that secretes resin [7,20], as described here for O. castaneifolia.
However, in Populus, the secretory epithelium is not restricted to a specific area, extending
towards the entire adaxial surface, which is heavily ridged [20].

Nonetheless, the similarities between the secretory system in buds of O. castaneifolia
and Populus species are worth mentioning. Apart from the stipular resin glands, Populus
also possess specialized leaf teeth with resin-secreting glands and extrafloral nectaries (or
hydathodes [7]). Thus, the glandular apparatus of these taxa might constitute an interesting
case of convergence regarding bud protection within the Malpighiales.

The presence of a central axis in the colleters of O. castaneifolia that is very distinct from
the epithelial cells indicates a mixed origin of this structure, encompassing both the proto-
derm and ground meristem. Therefore, such colleters can be considered as the “standard-
type”, following Thomas [21]. Standard colleters occur in several taxa of angiosperms,
most notably the Rubiaceae and Apocynaceae [9,21,22,26]. Colleters or colleter-like glands
(i.e., thick glandular hairs) have been reported in a few species of Ochnaceae, although usu-
ally associated with the inner base of stipules, sepals, or leaves [14-16]. Marginal glands,
however, are commonly reported in Sauvagesia [15,27,28] and several additional genera of
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the subfamily Sauvagesioideae [14]. Recently, Rios et al. [17] also demonstrated marginal
colleters in two species of Luxemburgia. Nonetheless, data on the anatomy, ultrastructure,
and secretory activity of these structures is lacking, and the present description appears to
be unprecedented, to the best of our knowledge.

The colleters of O. castaneifolia are very conspicuous due to their contrasting colors.
However, these structures have not been described until now, and the reason seems to be
the asynchrony between the phase in which they occur and that of interest for taxonomic
studies. By the time most, if not all, Ouratea species bloom, the leaf is already wholly
differentiated, and the colleters have already suffered abscission. Thus, in taxonomic
analyses, which are mainly made of fertile material, colleters are not seen; this fact appears
strikingly in the descriptions of new species, whose morphological descriptions are detailed
yet do not register the presence of colleters. This gap in the reports of temporary secretory
structures has also been reported for extrafloral nectaries [29]. Given that serrate leaves are
a remarkable character for Ouratea [30], it seems reasonable to suppose that colleters, which
occur at the apex of each marginal tooth, are a characteristic shared by several species of this
genus. The report of marginal colleters in Luxemburgia, together with recent data showing
a high correlation between leaf teeth and glands in eudicots [17], might corroborate this
hypothesis.

Based on their structure, the nectaries of O. castaneifolia could be classified as embed-
ded nectaries, i.e., totally embedded in tissues of other organs [31]. Nonetheless, they
comprise slight specializations of the epidermis and subjacent tissue rather than conspicu-
ous and distinct units enclosed in the mesophyll. The observed lack of bundle caps towards
the nectary tissue is also noteworthy, as it exposes the phloem directly to the secretory
parenchyma. While most vascularized nectaries rely on variable extensions of phloem,
xylem, or both [31,32], the nectaries of O. castaneifolia are vascularized by direct contact with
the vascular bundles. This, in turn, indicates the requirement of a steady and direct supply
of pre-nectar solutions from phloem. Usually, extrafloral nectaries lack starch reserves [33],
as we observed here. This remarkable absence of energetic reserves seems to reinforce the
role of phloem as the source of pre-nectar.

3.2. Ultrastructure and Secretion Mechanism

The overall aspect of the protoplast, including dense cytoplasm, conspicuous nuclei,
and numerous organelles, corroborates the secretory nature of the cells comprising the
glands of O. castaneifolia [7,34,35]. Additionally, evidence of accumulated material (os-
miophilic and granulated), either scattered throughout the cytoplasm or associated with
vesicles and other organelles, corroborate an intense secretory process and a secretion of
mixed nature, as also observed in histochemical tests.

The presence of abundant mitochondria observed in all studied glands likely reflects
an intense metabolic activity with high-energy requirements [34,36], while other organelles
are involved in specific types of secretory products [9,34,37]. In this sense, the presence
of abundant active dictyosomes in the colleters and resin glands indicates polysaccharide
synthesis related to mucilaginous secretory products, as commonly demonstrated in several
glands secreting mucilage or mixed-secretions [7,9,37-39]. The presence of mucilaginous
material, as revealed by histochemical tests, corroborates this view. However, in the
resin glands, dictyosomes were also associated with osmiophilic material, indicating
their involvement in resin synthesis. While this is less common, some authors have
previously indicated the association of Golgi bodies with osmiophilic material in resin-
secreting glands [40,41]. The osmiophilic nature and the positive reaction for terpenoids in
histochemical tests suggest that this material comprises the terpene fraction of the secretion.
Terpenoid synthesis in plants likely occurs at different cellular sites, so that a resinous
substance might be composed of distinct portions produced after intercellular exchange
between various compartments [7,42]. Plastids and the endoplasmic reticulum are usually
the most common organelles associated with these type of secretions [7,9,37]; the abundant
presence of these organelles in the colleters and resin glands of O. castaneifolia indicates that
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they are also involved in the resinous portion of the secretion. The presence of oil droplets
and abundant, rough endoplasmic reticulum in colleters corroborates the occurrence of
lipids and proteins in the secretion, as detected by histochemical tests.

In the case of the nectaries, the absence of osmiophilic inclusions, along with the
inconspicuous activity of the Golgi apparatus and an abundance of endoplasmic reticulum,
is congruent with nectar secretion. According to Fahn [7], the endoplasmic reticulum is the
dominant organelle in nectar-secreting cells, and the dictyosomes might be less developed
during the secretory stage.

The secretory route in the colleters and resin glands is delineated by the presence of
secretion products (lipophilic, granular, and amorphous inclusions) dispersed through-
out the cytosol, periplasmic spaces, and subcuticular spaces, and is also included in the
cuticle. In this sense, secretions produced in the various organelles involved are trans-
ported throughout the cytosol, potentially fusing and agglomerating before liberation
in the periplasmic spaces. After this point, the secretion crosses the cell walls, usually
accumulating in intercellular spaces and small subcuticular spaces before reaching the
surface of the glands. Accumulation in the periplasmic space and other extracellular spaces
indicates that a pressure-based model of secretion release is involved [43]. The presence of
osmiophilic droplets in the colleters and resin-secreting glands indicates lipophilic material
and is a typical feature of resin-secreting glands [7,44].

The ultrastructure of the secretory cells in the nectaries indicate a granulocrine se-
cretion [7,34], in which the incoming pre-nectar is processed, transported in vesicles, and
eliminated via fusion or invagination of the plasmalemma. The conspicuous subcuticular
spaces observed in the nectaries of O. castaneifolia suggest cuticle rupture and nectar release
in a cycling manner. This mechanism of nectar release is a common feature among stomata-
free nectaries, in which nectar can be released by repetitive cycles of cuticle detachments
and rupture [45].

3.3. Functional Aspects

Secretions, such as nectar, resins, and mucilages, associated with EFNs, resin glands,
and colleters, respectively, are recognized for mediating plant-environment interactions.
The resin-producing glands of O. castaneifolia are related to the protection of the bud
itself, including the promeristem and all of the developing organs that it contains. In
turn, the EFNs and colleters are related to protecting specific young organs, namely the
developing leaves. The secretion observed in resin glands, in which we found essential
oils in association with polysaccharides, is similar to those commonly observed in colleters,
as these structures also show mixed secretions with both hydrophilic and hydrophobic
compounds. Therefore, resin glands act in the protection of buds in a similar way that
typical colleters do, both providing a coverage of secretion that might protect against
biotic and abiotic factors. In fact, from a functional point of view, these structures can be
considered analogous. Although there are controversies about the definition of colleters, the
functional aspect seems to be preponderant for recognizing these structures [46,47]. While
the scales and stipules of O. castaneifolia have resin glands formed essentially by a secretory
epithelium, Reinales and Parra-O [16] described the presence of standard colleters in scales
and stipules for the clade comprising Rhytidanthera, Godoya, Cespedesia, and Krukoviella. It is
important to note that these colleters and resin glands have similar secretory activity and,
most likely, perform the same function. The involvement of colleters in the protection of
buds, especially those associated with stipules and scales, has been reported for several
taxa [48]. Therefore, the evolution of the glandular system in vegetative buds of Ochnaceae
proves to be an open and intriguing question.

The type of ptyxis showed by O. castaneifolia, and the arrangement of colleters at the
leaf blade margin, seem to act in facilitating the spread of secretion throughout the leaf
surface, on both sides, as suggested by Paiva [49]. Thus, these colleters seem to have an
action directed at leaf blade protection. On the other hand, the meristem and young leaves
in the phase that precedes the formation of colleters, are protected by the secretion of resin
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glands. In this way, there is no overlapping of functions but a complementarity between
these two secretory structures.

There seems to be a correlation between the composition of the secretion of colleters
and environmental factors. Tresmondi et al. [9] compared colleters of species from savanna
environments with those from the forest and observed that resinous secretions prevail in the
savanna environment, which is subject to greater luminous and water stresses. Considering
that O. castaneifolia inhabits savanna (Brazilian Cerrado) and forest-edge environments, the
presence of mixed secretion, both in the colleters and in the resin gland, seems to reflect a
greater protection against desiccation.

Concerning mucilaginous secretions, such as that produced by colleters, Groom [8]
argued that “hygroscopic substance like mucilage (and tannin) is an admirable means
of controlling the water-supply of an organ for two reasons: first, the osmotic power of
a solution increases with a rise of temperature; secondly, the osmotic power increases
with the concentration of the solution. The result is that when a bud is in greatest danger
of losing all its water—i.e., when the temperature is high and a considerable amount of
water has been evaporated from the mucilage—the remaining water is held most firmly
or a first supply of water is absorbed most fiercely”. Similarly, resins are also likely to
reduce water loss by cuticular transpiration or even reduce leaf temperature by increasing
radiation reflectance in hot, arid conditions [7,50]. This protection against water loss is
even more critical in young organs because their cuticle and vascular tissues are incipient,
compromising adequate transport and water retention (see [49]). Additionally, due to
its chemical composition, lipophilic substance such as essential oils and oleoresins are
frequently associated with protection against pathogens and herbivores [7,23].

The occurrence of EFNs was reported for eight species of Ouratea [5], including O.
castaneifolia [23,51,52]. In these reports, the location of the nectaries is the same, that is, on
the abaxial face of the stipules or cataphylls. Thus, in all species of Ouratea with reports of
EFNSs, these structures are ephemeral and seem to be related exclusively to the protection
of young organs, given the caducous nature of the stipules to which they are associated.
According to Machado et al. [23], the EFNSs of species of Ouratea effectively protect plants
against herbivores; EFNs of O. spectabilis are visited by several ant species that significantly
reduce damage by lepidopteran caterpillars.

In the studied EFNSs of O. castaneifolia, the highest concentration of calcium oxalate
crystals coincides with the vascularized portion of these structures. The presence of these
crystals is associated with the control of cytosolic calcium levels [53], which seems to be
an essential factor for nectar secretion [54]. It is not by chance that the presence of these
crystals is frequently reported in the nectaries of different plant taxa [23,55-61]. Although
the presence of these crystals is often linked to some protection against the action of
herbivores [58], in O. castaneifolia, and in most of the taxa in which they occur, this seems
unlikely. It is important to emphasize that the crystals occur in the deepest layers of the
nectary, leaving the cells with dense protoplast, which are more nutritious and vulnerable
to herbivory, exposed towards the gland surface.

4. Materials and Methods
4.1. Plant Material

Plant material was collected from three adult individuals of O. castaneifolia growing
on the Campus of the Universidade Federal de Minas Gerais, Belo Horizonte (Brazil). The
plants were observed and sampled during the years 2019 and 2020. Whole vegetative buds
and the median portion of several isolated bud scales, stipules, and young developing
leaves were obtained from each of these individuals and subjected to the procedures below.
For each of the portions obtained, all individuals were sampled in each of the procedures,
with at least three replicates per individual.
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4.2. Light Microscopy

For microscopy analysis, whole buds and samples of bud scales, stipules, and young
leaves were vacuum infiltrated with Karnovsky’s fixative (paraformaldehyde 4% and glu-
taraldehyde 5% in phosphate buffer 0.1 M, pH 7.2; modified from [62]) for 5 min and left to
set for 24 h in the same solution. Soon after, they were dehydrated in an increasing ethanol
series (10-98%) and embedded in (2-hidroxiethyl)-methacrylate (Historesin embedding
kit, Leica, Heidelberg, Germany). Transverse and longitudinal sections of the entire apex
and fragments of stipules, bud scales, and young leaves were obtained using a rotary
microtome (Hyrax M40, Carl Zeiss Mikroskopie, Jena, Germany). The 5-6 um thick sec-
tions were mounted on glass slides and stained with toluidine blue (0.5% in acetate buffer
0.1 M, pH 4.7; modified from [63]). Analysis and image capture were performed using a
light microscope (CX41RF, Olympus Scientific Solutions, Waltham, MA, USA) coupled to a
digital camera (U-TV0.5XC-3, Olympus Scientific Solutions, Waltham, MA, USA) and a
computer with an imaging software (LCmicro, Olympus Soft Imaging Solutions, Waltham,
MA, USA).

4.3. Electron Microscopy

For scanning electron microscopy (SEM), whole buds and samples of bud scales,
stipules, and young leaves were fixed in Karnovsky solution (paraformaldehyde 4% and
glutaraldehyde 5% in phosphate buffer 0.1 M, pH 7.2; modified from [62]). Samples were
left under vacuum for 5 min to improve infiltration, after which they were kept in the
fixative for 24 h. The samples were then dehydrated in an increasing ethanol series (5-100%),
critical-point dried (CPD030, Bal-Tec/Leica, Balzers, Liechtenstein), and coated with a
palladium-gold alloy (MD20, Bal-Tec, Balzers, Liechtenstein). The samples were analyzed
using a Quanta 200 scanning electron microscope (FEI Co., Eindhoven, The Netherlands).

For transmission electron microscopy (TEM), samples of bud scales, stipules, and
young leaves were prepared to isolate fragments (1 x 1 mm) containing portions of the
secretory glands. These samples were fixed in Karnovsky solution (paraformaldehyde 4%
and glutaraldehyde 5% in 0.1 M phosphate buffer, pH 7.2; modified from [62]), infiltrated
under vacuum for 5 min, and left in this fixative for 24 h. The fixed material was post-fixed
in osmium tetroxide (1% in phosphate buffer 0.1 M, pH 7.2) for 2 h, dehydrated in an
acetone series (30, 50, 70, 95, 100%), and embedded in low viscosity epoxy resin [64]. The
material was then sectioned with an ultramicrotome (UC6, Leica, Deer-field, IL, USA) cou-
pled with a diamond blade. The ultrathin sections (40-60 nm thick) were contrasted using
a saturated solution of uranyl acetate and lead citrate [65]. The analysis was performed
using a Tecnai G2-Spirit transmission electron microscope (Philips/FEI Co., Eindhoven,
The Netherlands) at 80 Kv.

4.4. Histochemistry

Freshly collected samples of O. castaneifolia were used for histochemical tests. For each
studied gland, samples were free-hand sectioned, subjected to histochemical tests, and
mounted on glass slides. Sudan Red B (0.5%, in ethanol 95% and glycerin 1:1) was used for
lipids (modified from [66]), Ruthenium Red (0.002%, aqueous solution) for mucilages [67],
NADI reagent for oleoresins and essential oils [68], and Xylidine Ponceau (0.1% in acetic
acid 3%) for proteins [69]. After treatment, the sections were briefly washed in the respective
solvent of each test, and then finally washed in distilled water (for NADI test we used
phosphate buffer 0.1 M, pH 7.2). An analysis was performed at the end of each test using a
light microscope (CX41RF, Olympus Scientific Solutions, Waltham, MA, USA) coupled to a
digital camera (U-TV0.5XC-3, Olympus Scientific Solutions, Waltham, MA, USA) and a
computer with an imaging software (LCmicro, Olympus Soft Imaging Solutions, Waltham,
MA, USA). Additionally, glucose strip tests (Alamar Tecno Cientifica, Sao Paulo, Brazil)
were used to confirm the presence of sugars in the nectary secretion.
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5. Conclusions

The vegetative buds of O. castaneifolia display a diverse secretory system comprised
of resin-secreting glands, colleters, and extrafloral nectaries. There is marked synchrony
of the secretory activity of these glands with the differentiation and expansion of young
organs. Thus, it seems reasonable to assume that the secretory activity in these cases is
correlated with the protection against herbivores and/or abiotic agents, since buds and
young organs are vulnerable. Vegetative buds are vulnerable structures that have a high
fitness value and are usually strongly defended. In O. castaneifolia, the defense system is
expressed through mediators of plant-environment interactions, which prevail in young
organs and act in a phase that precedes the development of mechanical defenses.
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Abstract: Carbohydrate metabolism is an important biochemical process related to developmental
growth and yield-related traits. Due to global climate change and rapid population growth, increasing
rice yield has become vital. To understand whole carbohydrate metabolism pathways and find related
clues for enhancing yield, genes in whole carbohydrate metabolism pathways were systemically
dissected using meta-transcriptome data. This study identified 866 carbohydrate genes from the
MapMan toolkit and the Kyoto Encyclopedia of Genes and Genomes database split into 11 clusters
of different anatomical expression profiles. Analysis of functionally characterized carbohydrate
genes revealed that source activity and eating quality are the most well-known functions, and they
each have a strong correlation with tissue-preferred clusters. To verify the transcriptomic dissection,
three pollen-preferred cluster genes were used and found downregulated in the gori mutant. Finally,
we summarized carbohydrate metabolism as a conceptual model in gene clusters associated with
morphological traits. This systemic analysis not only provided new insights to improve rice yield but
also proposed novel tissue-preferred carbohydrate genes for future research.

Keywords: carbohydrate metabolism; microarray; crop; rice; productivity

1. Introduction

As the world’s population increases and arable land decreases year by year, food
security has become one of the most serious problems faced by all countries [1]. Rice
(Oryza sativa L.) is not only a model crop plant but also the main staple cereal that sup-
plies nearly half of the world’s calorie consumption. Hence, improving its production
is of great strategic significance for ensuring food security and sustainable agricultural
development [2]. As a sessile and autophototrophic plant, rice generates carbohydrates by
photosynthesis. These photoassimilates undergo a series of ordered metabolic processes
and play a pivotal role in different developmental stages, including vegetative, repro-
ductive, and ripening. Additionally, carbohydrate reserves in mature seeds provide the
primary energy intake of mankind and contribute energy during its germination [3]. This
source-sink coordination that runs through the entire plant life cycle reflects the importance
of carbohydrate metabolism in rice productivity improvement.

Extensive research has provided evidence for the generation of more metabolic sub-
strates by manipulating the potential of “source”, resulting in increased rice yield. For
instance, OsDWARF4 mutation showed an erect leaf phenotype that may enhance light
capture for photosynthesis and finally lead to enhanced grain yield [4,5]. High grain yield
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was also observed in SNU-SGI rice with the stay-green phenotype [6]. In addition to
these, several attempts have been made to evaluate sugar transporters and key enzymes
due to their vital role in carbohydrate metabolic processes. There are two main steps
in sucrose translocation: phloem loading and unloading [7]. In the apoplastic loading
model, one of the phloem loading steps, sucrose moves to the apoplasmic region and is
loaded into phloem via Sucrose Transporters (SUTs) and Sugar Will Eventually be Exported
Transporters (SWEETs) [8-10]. In post-phloem unloading, many studies have focused on
sugar signaling after sucrose conversion into hexose by Hexokinase (HXK) family genes [11].
Moreover, the overexpression of Grain Incomplete Filling 1 (GIF1), which encodes a cell
wall invertase under the control of its native promoter, increases grain production [12].
Similarly, in maize, the constitutive expression of Cell Wall Invertase (CWINV) elevates grain
yield and starch content [13].

Great progress has been made in this field. However, there has not been any big
success until now, such as the green revolution caused by the discovery and application
of semi-dwarf rice cultivars [14]. One explanation could be the failure to establish giant
“sink” cultivars with rich spikelets due to the grain-filling ability that could not match a
large yield capacity [15]. Another explanation is that carbohydrate metabolism has been
oversimplified [8]; recently, there have been several reports regarding its complexity. For
example, there is considerable heterogeneity in phloem loading and transport even in one
species [16], and invertase inhibitors capping invertase exist [17]. An understanding of the
systematic perceptions of carbohydrate metabolism for further applications is still very limited.

With the rise of bioinformatics and the establishment of high-throughput gene ex-
pression methods such as microarrays or next-generation sequencing technology, new
technologies and methods have afforded systemic insights into various biological research
fields. Recently, transcriptomic analyses of carbon partitioning during rice grain filling and
the relationship between high temperature and grain filling have been carried out [18,19].
Despite the importance of systematic insights on carbohydrate metabolism in tissues re-
lated to morphological traits, transcriptome analysis has only been focused on a type of
tissue and developmental processes.

To provide systemic insights into carbohydrate metabolism in rice, a transcriptomic
dissection of carbohydrate metabolism-related genes retrieved from the Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) database [20] and the MapMan toolkit [21], which
cover genome-wide biological pathways, was performed. After clustering genes with meta-
expression profiles of anatomical samples, a functional enrichment analysis was performed,
and the results were validated by quantitative reverse transcription-polymerase chain
reaction (qQRT-PCR). Finally, a conceptual model of carbohydrate metabolism to enhance
crop yield was constructed. This research can shed light on carbon metabolism and provide
candidate genes to enhance crop yield of rice and other species.

2. Materials and Methods
2.1. Integration of Carbohydrate Metabolism Annotation Data

Carbohydrate metabolism-related genes were collected according to the annota-
tion of the MapMan toolkit (version 3.6.0RC1) [21] and KEGG database (retrieved on
10 April 2021 [20]. First, 266 carbon metabolism genes were selected from the KEGG
database. Carbohydrate metabolism-related genes with MapMan bincodes from the Map-
Man toolkit were selected next. In total, 787 genes had MapMan bincodes (1: photosyn-
thesis; 2: major CHO; 3: minor CHO; 4: glycolysis; 6: gluconeogenesis/glyoxylate cycle;
7: OPP; 8: TCA/org.trasnformation; 25: Cl-metabolism; 34: transporters related to sugar or
sucrose). Finally, 872 genes from the two data sources were selected, and 866 genes annotated
by the Rice Genome Annotation Project (RGAP) [22] were chosen for further analysis.

2.2. Collection and Clustering of Microarray Data

Transcriptomic data were downloaded to analyze the anatomical expression patterns
of carbohydrate metabolism-related genes. The data source mentioned was used in previ-
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ous reports [23]. The detailed information is discussed below. For the analysis of anatomical
expression profiles, anatomical data were retrieved from the Rice Oligonucleotide Array
Database (ROAD) [24]. For heatmap analysis of cluster H genes, data were downloaded
from RMEDB [25]. Multiple Experiment Viewer (MeV) is a widely used program for visu-
alizing transcriptome data and performing statistical analysis [26]. MeV (version 4.9.0) was
used to visualize the microarray data. For the dissection of transcriptome data, a k-means
clustering (KMC) algorithm embedded in MeV was applied using the same method as
with the identification of late pollen-preferred genes in rice [27]. Adobe Illustrator CS6 was
used to edit the heatmap images.

2.3. Functional Classification via Literature Search

To find the previously characterized functional roles of the 866 carbohydrate metabolism-
related genes in anatomical clusters, the Overview of Functionally characterized Genes
in Rice Online (OGRO) database (http://qtaro.abr.affrc.go.jp/ogro/table (accessed on
14 April 2021)) was used [28]. Information for 1949 functionally characterized genes is
available in this database. As in a previous study [29], information on the 866 genes was
parsed, and data were summarized using Excel 365 (version 16.0.14228.20158). Count
numbers for the characterized genes were visualized using R Studio (version 1.4.1106)
and ggplot2 R package (version 3.3.3) [30]. The detailed, functionally characterized gene
information of the 866 carbohydrate metabolism-related genes is listed in Table S1.

2.4. Gene Ontology (GO) Enrichment Analysis

GO enrichment is commonly used to interpret the functional roles of large-scale tran-
scriptomic data [31]. This study used the ROAD to find the GO terminology for each
cluster (http://ricephylogenomics-khu.org/road/go_analysis.php, temporary homepage
for updating (accessed on 7 May 2021)). To perform the GO enrichment analysis, the fol-
lowing criteria were applied: query number > 2, hyper p < 0.05, and fold enrichment value
(query number/query expected number) > 2 [32]. Significant GO terms and integrated
cluster information were selected from the transcriptome data analysis with each selected
GO term. Finally, these data were visualized via R Studio (version 1.4.1106) and ggplot2 R
package (version 3.3.3).

2.5. KEGG Enrichment Analysis

KEGG enrichment analysis was performed using R Studio and the clusterProfiler
package [33]. To use the enrichKEGG function in this package, input data consisting of clus-
ter information and Rice Annotation Project Database ID (https://rapdb.dna.affrc.go.jp/
(accessed on 7 May 2021)) [34] were used. In addition, “dosa” was chosen as the organism
code, and the results were filtered out by applying an adjusted p-value cutoff < 0.05. For
the visualization of the results, the dot-plot function in the package was used, and the
figure was modified with the ggplot2 package (version 3.3.3).

2.6. RNA Extraction and gRT-PCR

To isolate RNA, plants were grown in a paddy field condition, as reported previ-
ously [35]. Samples were immediately frozen in liquid nitrogen, and total RNA was isolated
using a TRIzol reagent (Invitrogen, Waltham, MA, USA) combined with an RNase Plant
Mini Kit (Qiagen, Hilton, Germany; http://www.qiagen.com (accessed on 7 May 2021))
and DNase treatment. First-strand cDNA was synthesized using the SuPrimeScript RT
Premix (with oligo(dT), 2x; GeNet Bio, Daegu, Korea). A qRT-PCR was performed, as
reported previously [36]. For the gori knockout mutant, anthers from a paddy field-grown
plant were collected to extract RNA. All primers used in this study are listed in Table S2.

2.7. Construction of the Conceptual Carbohydrate Metabolism Model

To generate a conceptual model focusing on the source-sink communication pathway,
four key enzymes were selected: invertase (INV), sucrose synthesis (SUS), sucrose trans-
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porter (SUT), and hexokinase (HXK). Cluster information was then integrated by indicating
an organ/tissue-preferred expression pattern: clusters A and B for leaf, cluster E for root,
cluster H for pollen, cluster I for grain, and cluster ] for ubiquitous expression patterns.
Finally, the regulatory network between GORI and three cluster H genes was incorporated
after adding qRT-PCR data between the gori knockout mutant and wild type anthers.
Rice plant images were downloaded from the International Rice Research Institute
(https:/ /www.flickr.com/photos/ricephotos /albums /72157643341257395) (accessed on
7 May 2021)), and the images were arranged using Adobe Illustrator CS6 (version 16.0.0).

3. Results
3.1. Identification of Genome-Wide Candidate Genes Related to Carbohydrate Metabolism

The MapMan toolkit and the KEGG database are useful information sources for the
functional annotation of large-scale genes [20,21]. These two data sources were used to re-
trieve reliable carbohydrate metabolism-related genes. First, 266 genes involved in carbon
metabolism pathways were found in the KEGG database. These genes were also searched in
the MapMan toolkit, and genes in bincodes related to carbohydrate metabolism were iden-
tified: photosynthesis, major CHO, minor CHO, glycolysis, gluconeogenesis/glyoxylate
cycle, OPP, TCA/organic acid transformation, and C1l-metabolism. In addition to these
bincodes, genes related to sugar or sucrose transport were added. Finally, 872 genes were
collected using two public annotation sources. Because most expression data were available
with locus IDs from the RGAP website (http:/ /rice.plantbiology.msu.edu/ (accessed on
15 July 2021)), further analysis was performed on 866 candidate genes with RGAP locus
IDs (Figure 1; Table S3).
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Figure 1. Schematic diagram summarizing 866 carbohydrate metabolism-related genes retrieved from the KEGG database and
the MapMan toolkit. In the KEGG database, carbon metabolism pathway genes were selected and applied to the MapMan toolkit
to find associated MapMan annotations. (a) There were eight bincodes related to 266 KEGG genes and with multiple members.
(b) The bins with a black box and the total number of whole elements in each bin were indicated. Therefore, 681 MapMan
genes associated with carbohydrate metabolism were selected. In addition, 106 carbohydrate transporters annotated in MapMan
were included. A total of 787 genes from the MapMan toolkit and 266 from the KEGG database were collected. (c) Finally,
872 carbohydrate metabolism-related genes were collected. For further analysis, 866 genes with RGAP locus information were
used. The detailed information of the 866 genes, including 181 overlapped genes, is listed in Table S3.
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3.2. Functional Analysis of the Characterized Carbohydrate Metabolism-Related Genes

To analyze the functional significance of the 866 carbohydrate metabolism-related
genes, functionally characterized genes were searched among them. To do this, the OGRO
website was used [28]. Information of 1949 functionally characterized genes was then re-
trieved and classified according to major functional categories such as physiology, morphol-
ogy, tolerance, or resistance. The functionally characterized roles for 76 of the 866 genes,
including duplicate information about one locus, were identified (Figure 2). In the physiol-
ogy category, eating quality was related to 22 genes, source activity was related to 19 genes,
and flowering was related to three genes. In the morphology category, dwarf was related
to five characterized genes, seed was related to four genes, and culm/leaf and root were
related to two genes. Finally, regarding tolerance or resistance, salinity tolerance was
related to five genes and cold and drought tolerance was related to two genes. As expected,
the most frequently characterized functional category associated with carbon metabolism
was eating quality in the physiology category, followed by source activity (Table 1). This
result indicates that 866 carbohydrate genes might be useful candidates for enhancing the
grain yield of rice associated with eating quality and source activity.
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Figure 2. Distribution of functionally characterized genes from 866 carbohydrate metabolism-related genes according 