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Preface to ”Recent Advances in Natural Products

Chemistry Related to Metabolites and Microbiomes”

The characterization of molecules, metabolomes, and related microbiomes in recent years has

paved the way for the identification of novel secondary metabolites with potential for agricultural

applications both directly (increased yield and nutritional value of crops) and indirectly (effects on

the environment, agricultural practices, etc.). The abundance and variety of metabolites in plant

and animal extracts makes challenging the isolation of single secondary bioactive metabolites whose

synergism with other biomolecules is particularly attractive in the field of natural products with

health-promoting properties or active molecules for plant protection. In this context, it is now

recognized that future agricultural production will be characterized by sustainable systems that

produce food (and/or feed) with nutritional and functional properties suitable for sustaining human

health and wellbeing.

In this Special Issue, aspects related to the production of bioactive microbial metabolites,

characterization of plant metabolomes, and studies of the metabolome profiles of animal products

have been explored.

We are confident that this book will highlight the need for natural products chemistry research

related to metabolites and microbiomes, serving the scientific community and also being useful to

teachers, researchers, and students.

We are grateful to the authors, to the colleagues that have reviewed the submitted articles, to the

publisher MDPI, and to all the editorial staff of this journal.

Francesco Vinale, Maria Luisa Balestrieri

Editors
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Abstract: Myrtaceae are a group of plants that include a number of renowned species used in
ethnomedicine in many areas worldwide. Their valuable therapeutic properties have stimulated a
fruitful research activity addressed to the identification of the bioactive components of their extracts
yielding a great diversity of terpenes; polyphenols; and other exclusive products. Among the
latter, starting with the discovery of myrtucommulone A from myrtle (Myrtus communis), a series of
structurally-related acylphloroglucinol compounds have been characterized from several species that
represent the basic active principles to be considered in view of possible drug development. Aspects
concerning chemical and biological properties of these products are reviewed in the present paper.

Keywords: myrtucommulone; acylphloroglucinols; Myrtaceae; plant extracts; biological activities

1. Introduction

Myrtle (Myrtus communis) is a typical shrub of maquis and coastal bushes native of the
Mediterranean area and Western Asia. It is well-known in traditional medicine, and for centuries
its leaves and berries have found ethnomedical application in the treatment of several disorders of
the digestive apparatus, as well as pulmonary and skin diseases [1,2]. More recently, experimental
studies have provided an indication for a broader spectrum of pharmacological and therapeutic
effects based on antioxidant, antiviral, antibiotic, antitumor, antidiabetic, hepatoprotective, and
neuroprotective properties of extracts from this plant [2–4]. Many assorted compounds are considered
as the possible bioactive components within the myrtle metabolome, such as terpenes occurring in
the essential oils, α-tocopherol, anthocyanes, flavanols, and a series of acylphloroglucinols related
to the myrtucommulones [4–10]. Particularly, the number of the latter compounds is continuously
increasing as a result of a recent fruitful research activity carried out on other plant species belonging
to the Myrtaceae in several independent laboratories worldwide. Structural aspects and the valuable
bioactive properties that are pointed out for these compounds are reviewed in the present paper.

2. Biological Sources

The family Myrtaceae includes approximately 6000 species in 132 genera, with a wide distribution
in tropical and warm-temperate regions of the world [11]. Until recently, these species were grouped in
the two subfamilies of the Myrtoideae, including species with fleshy fruits and the Leptospermoideae,

Molecules 2018, 23, 3370; doi:10.3390/molecules23123370 www.mdpi.com/journal/molecules1
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whose members produce dry capsules; however, this traditional arrangement has been disrupted in
the current taxonomic schemes based on phylogenetic analysis resulting from DNA sequencing [12].

Historically relevant and well-known for its already-introduced multiple usage, M. communis
represents the type species, and probably the best studied with reference to its biochemical properties.
However, investigations in the field are developing more and more, enlarging the panorama of
secondary metabolites produced by the Myrtaceae [2,8,13–15]. Particularly considered are aspects
concerning the antibiotic properties, which have even led to proposing the use of some species in
soil sanitization [16]. In this respect, a leading position pertains to the myrtucommulones, originally
extracted from myrtle leaves [5,17]. More refined analytical studies have later shown their presence in
fruits [7], which preludes the possible dietary intake of these products following the use of berries in
gastronomy and in the preparation a digestive liquor typical of Sardinia [18,19].

After the pioneering reports concerning M. communis, compounds belonging to this class have
been reported in species from other genera of Myrtaceae spread in the Australasian supercontinent.
More particularly, species of Callistemon, which are now incorporated in the Linnaean genus
Melaleuca [20], Angophora, Baeckea, Corymbia, Eucalyptus, Kunzea, Lophomyrtus, Rhodomyrtus, and
Syncarpia, while Myrciaria dubia is endemic to the neotropical region (Table 1).

3. Structures and Chemical Properties

Within the large family of phloroglucinols [21], a series of alike natural products have been
reported from plant species belonging to the Myrtaceae which are characterized by a molecular
structure that is built on a phloroglucinol nucleus coupled with one or more syncarpic acid
residues (Table 1). Myrtucommulone A (1), 4,4′-[(2,4,6-trihydroxy-5-isobutyryl-1,3-phenylene)bis
(2-methylpropylidene)]bis(5-hydroxy-2,2,6,6-tetramethylcyclohex-4-ene-1,3-dione), represents the
founder product of this series [17].
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Despite the use of an inconsistent nomenclature based on the plant species from which the different
compounds were originally extracted, all of these structures are clearly related to the myrtucommulone
skeleton, and they most likely are assembled through common biosynthetic pathways. A plausible
scheme considers the residues of isobutyrylphloroglucinol and isobutylidenesyncarpic acid deriving
from the intramolecular Claisen reaction of a polyketidic intermediate obtained from three residues
of malonyl CoA and one of isobutyryl CoA [45,53]. In particular, the cyclic intermediate
2-isobutyrylcyclohexane-1,3,5-trione is thought to form isobutyrylphloroglucinol through a double
geminal dimethylation, passing through the formation of flavesone [45]. In this hypothesis, the
syncarpic acid residue itself is derived from acylphloroglucinol. On the other hand, it has been
previously reported that tetramethylation of the polyketidic chain is followed by intramolecular
cyclization to form isobutylidenesyncarpic acid [54]. The latter standpoint is supported by what
has been assessed for the biosynthesis of several well-known compounds, such as 5-methylorsellic
acid [53].

Acylphloroglucinol and substituted syncarpic acid (one or two residues) components are probably
coupled via the Michael reaction to form dimeric and trimeric structures [45]. This reaction might be
non-enzymatic because the carbon between these residues may lead to the formation of a couple of
enantiomers (without further chiral centers) or epimers (with further chiral centers). In fact, in a few
cases the enantiomeric composition of myrtucommulones and related compounds is not fully defined.
More thorough assessments in this respect are also desirable in view of ascertaining whether or not the
bioactivity of myrtucommulones depends on chirality of the molecules.

By means of derivatization, CD spectroscopy and enantiomeric analysis, it has been shown that
natural myrtucommulone A is a mixture of three stereoisomers, a racemate, and a meso form in a
1:1 ratio c.a., while myrtucommulone B (2) and nor-semimyrtucommulone (34) are both racemates.
Furthermore, many isomeric forms may occur due to a tautomeric equilibrium of the enolized syncarpic
moiety [42].

Further intramolecular reactions could involve the phenolic or ketonic group to form,
respectively, pyranic or furanic rings. Prenylation has also been reported for compounds from this
class [25,27,45,49,52].

On account of such a wide extent of structural variation, a convenient discussion on the properties
of oligomeric acylphloroglucinols should be based on their grouping in subclasses, depending on the
number of structural units and the eventual occurrence of additional cycles, such as furan and pyrane.
In this respect we distinguished eight homogeneous groups whose members further differ upon the
variation in the acyl functionalities occurring in the different moieties (e.g., isobutyryl, isovaleryl,
methylbutyryl, and hexanoyl substituents).

Compounds in the first subclass (Figure 1) present a dimeric structure, modeled on
semimyrtucommulone (6) and two closely related compounds (3–4) reported from Kunzea species.
Other compounds in this group present additional cyclic structures. In particular, the bullataketals
(8–9) have a phenyl-oxabycyclooctane system, myrtucommulone J (21) is characterized by a
dipyrancyclopentanone moiety, while myrtucommuacetalone (26) contains an unprecedented bridged
furochromene moiety.
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21

 
  

8  
9  

26

 

 
 R1 R2 R3 

3  iBu iBu H 

4  iBu iPr H 

6  iPr iPr Me 

29  iPr iBu COiPr 

34 
 

 iPr iPr H 

Figure 1. Structures of compounds of the dimeric type.

The dimeric-monopyrane skeleton is shared by over one-third of the compounds examined in this
review, which mainly differ in the assortment of the acyl functionalities (Figure 2). This group includes
compounds that exhibit a methylated phenolic group on the phloroglucinol residue. Interestingly,
myrtucommulone M (25) consists in two myrtucommulone B (2) moieties that are linked together
through a methylene bridge to form a symmetrical structure.
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25

 
 R1 R2 R3 R4 

2  iPr COiPr H H 

5  iPr H COiPr H 

7  iBu H COiBu H 

19  iBu COiBu H H 

22  Ph H COiBu H 

27  iPr H COiBu H 

28  iPr COiBu H H 

33  iPr H COEtPh H 

35  iBu COnPent H H 

36  iPr COsecBu H Me 

37  iPr H COsecBu Me 

38  iPr COiBu Me H 

39  iBu COiBu H Me 

44  iBu H COsecBu H 

47  iPr COsecBu H Me 

48  iPr COiPr H Me 

49  secBu COiBu H Me 

(+) 50  iPr COiPr H Me 

(-) 50  iPr COiPr H Me 

51  iPr (R)-COsecBu H Me 

52  iBu H COiPr H 

53  iPr H COsecBu H 

60  Ph H COsecBu H 

61  iBu COsecBu H H 

62  iPr COMe COiPr H 

63  iPr COiPr MeCH3 H 

Figure 2. Structures of compounds of the dimeric-monopyrane type.

The founder compound, myrtucommulone A (1), and the related myrtucommulones F (14) and H
(16), presenting a hexanoyl residue on the phloroglucinol ring, are characterized by a trimeric structure
(Figure 3). This kind of skeleton can be modified by additional cyclization, with the formation of mono
and dipyranic analogues that are separated in the following subclasses.
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R1 R2 
1 iPr iPr 

14 iPr n-Pent 

16 iBu n-Pent 

Figure 3. Structures of trimeric compounds. Compound 1 is reported as (R,R)-stereoisomer.

Myrtucommulone C (10), with a trimeric-monopyrane structure (Figure 4), was isolated as single
stereoisomer presenting an isobutanoylic residue. Eucalyptone G (13) is also a member of this subclass.

10 13

Figure 4. Structures of compounds of the trimeric-monopyrane-type.

In products of the trimeric-dipyrane-type (Figure 5), the presence of a pentacyclic structure can be
observed where cycles may have an orientation that is similar to pentacene in the case of tomentosone
C (42), while it is similar to pentaphene for other compounds (11, 12, 15, 17, 20, 30, 31). The different
orientation is due to diverse phenolic and enolic/ketonic groups that are involved in the formation of
pyranic rings of the trimer intermediate.

20

 
 R 

30 iPr 

31 iBu 

42

 
 R1 R2 R3 

11  OH iPr iPr 

12  H n-Pent iPr 

15  OH n-Pent iPr 

17  OH n-Pent iBu 

Figure 5. Structures of compounds of the trimeric-dipyrane type.
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Rhodomyrtosone A (18) from R. tomentosa is the first natural product possessing a bisfurane fused
ring (Figure 6). The dimeric compound 3 may represent its possible biosynthetic precursor, based
on oxidation of the isobutyl side chain followed by the formation of benzofuran via cyclization and
dehydration. Afterwards, several related compounds (32, 43, 45, 46) have been characterized from
other species in the Myrtaceae, indicating a possible wider occurrence of this peculiar structure.

 
R1 R2 

18 COiBu H 

32 COEtPh Me 

43 H COiBu 

45 CoiBu Me 

46 Me COiBu 

Figure 6. Structures of compounds of the dimeric-bisfurane type.

Tomentosones A and B (23, 24) are two epimers possessing a novel hexacyclic ring system
(Figure 7) whose structures present a bisfuranic group and a hexacyclic ring.

 

 
23  
24 

Figure 7. Structures of compounds of the trimeric-bisfurane-pyrane-type.

Callistrilones (40, 41, and 54–59) represent the first syncarpic-phloroglucinol-monoterpene
compounds that were isolated from a natural source. These compounds are characterized by the
presence of a residue similar to phellandrene, which is fused through a furan ring to the phloroglucinol
unit (Figure 8). Other compounds belonging to this class are the baefrutones, four of which (64–67)
show the presence of an iridane skeleton, while 68 and 69 are sesquiterpene adducts.
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40 41

54 59

 

  
64  
65  

 
  

66  
67  

 
  

68  
69  

 
  R1 R2 

55  Me Me 

56  iPr H 

57  Et Me 

58  Me Me 

Figure 8. Structures of compounds of the terpene-adduct type.

The available literature concerning Myrtaceae also reports the existence of products that are not
classifiable as acylphloroglucinol oligomers, and are hence not included in this review. Particularly,
monomers of either acylphloroglucinol (e.g., callisalignene A–C [25], xanchryone A–D [55], operculatol
A–B [56]) or syncarpic acid (e.g., myrtucommulone K [35,57], callistiviminene A–O [58]), and flavonoids
conjugated to a syncarpic acid residue (e.g., kunzeanones A–C [59], myrtocummunines A–D [51]).

A huge laboratory activity has been carried out on the synthesis of phloroglucinol compounds [60].
As an answer to the rising interest for pharmaceutical applications of myrtucommulones and related
compounds, in the last decade several independent approaches have been developed in order to
synthesize compounds belonging to this class. In particular, myrtucommulone A was first obtained
from commercially available precursors [61], and later through stereoselective synthesis [62,63]. Other
analogs of the series have been synthetically obtained (Table 2), particularly in the last couple of years,
which possibly preludes further achievements in this respect in the short term.

Table 2. Myrtucommulone-related compounds obtained synthetically.

Code Compound Name Subclass Ref.

1 Myrtucommulone A Trimeric type [61–63]
7 Rhodomyrtone A Dimeric-monopyrane [64,65]

18 Rhodomyrtosone A Dimeric-bisfurane type [66]
19 Rhodomyrtosone B Dimeric-monopyrane type [64–66]
21 Myrtucommulone J Dimeric type [67]
26 Myrtucommuacetalone Dimeric type [67,68]
40 Callistrilone A Terpene-adduct type [68–70]

55, 58 Callistrilone G, J Terpene-adduct type [71]

4. Other Biological Sources

Following recent discoveries concerning a number of valuable plant-derived drugs that have been
also detected as fermentation products of endophytic fungal strains [72], myrtucommulones A and
D (1, 11) were extracted from the culture filtrates of a strain of Neofusicoccum australe endophytically
associated with myrtle [73]. This finding represents the start point for new search terms addressed to a
comparative elucidation of the genetic base of myrtucommulone biosynthesis, and possible applicative
opportunities for more economic production to be exploited in view of drug development. Actually,
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while our laboratory investigations are in progress, we can anticipate that this extraordinary aptitude
is shared with more endophytic strains isolated from myrtle in several locations (Figure 9). A few
of these strains have been taxonomically identified and were found to belong to infrequent species,
such as Neosetophoma italica, Neocucurbitaria cava, Colletotrichum karsti, and Helminthosporium asterinum.
Following this preliminary assessment concerning myrtle, more evidences in this respect may be
expected if metabolomic investigations are extended to endophytic microorganisms from other species
in the Myrtaceae.
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Figure 9. Detection of myrtucommulones A and B through HPLC-DAD analysis in culture extracts of
endophytic fungi isolated from M. communis. (a) A1304B (N. australe); (b) A1306A (H. asterinum); and,
(c) M15M2B (N. italica). Methods for culturing, extraction and chromatography have been previously
reported [73].

Finally, quite interesting is the finding of myrtucommulone I (17), together with syncarpic acid
and some more identified and unidentified alkylated phloroglucinols in propolis of the Australian
stingless bee Tetragonula carbonaria, which has been taken into account to explain the antibacterial
properties of this bee product [74].

5. Biological Activities

5.1. Antibacterial Activity

Myrtucommulones A and B (1–2), the founder compounds in this review, were preliminarily
characterized for their antibiotic activity in agar plate diffusion assays against Gram-positive
bacteria, namely Staphylococcus aureus, Staphylococcus epidermidis, Bacillus subtilis, Bacillus pumilus,
Enterococcus faecalis, Corynebacterium diphtheriae, and Corynebacterium xerosis [75]. Similar assays
provided concurrent indications in this respect for a few more products, such as the bullataketals
(8–9) [31], myrtucommulones C–E (10–12) [33], and eucalyptone G (13) [29]. Afterwards, effectiveness
against Gram-positive bacteria has been repeatedly reported for other related compounds, and
circumstantiated with details concerning their minimum inhibitory (MICs) (Table 3). Conversely, assays
against Gram-negative bacteria have been generally unfruitful, with a few questionable exceptions
reporting inhibitory effects against Escherichia coli for rhodomyrtone A (7) [28,46], eucalyptone G [29],
isomyrtucommulone B (5) [25], and callistenone H (38) [48]. Effects against Gram-negative species
other than E. coli, such as Pseudomonas aeruginosa, Salmonella typhi, and Shigella flexneri, were reported
for myrtucommulones C–E (10–12) [33].
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Particularly interesting is the activity against multi-resistant bacterial strains, especially
methicillin-resistant S. aureus (MRSa) and vancomycin-resistant E. faecalis, exhibited by products,
such as callistrilone A (40) [45], and rhodomyrtone A (7), which did not induce resistance even after 45
passages in vitro [87]. Moreover, the latter product has recently displayed notable effects against both
cell division and spore formation in Clostridium difficile [83].

Mechanisms of antibacterial activity have been quite thoroughly investigated in the case of 7.
Gene assays and proteomic profiling experiments in B. subtilis indicate that the cytoplasmic membrane
is the main target of this compound. In S. aureus, it was reported to decrease the membrane potential
at low doses, and to cause the release of ATP and cytoplasmic proteins. Local membrane damage
was confirmed through lipid staining, and the protective effect displayed by saturated fatty acids was
explained in terms of counteractive mending. It can be speculated that resistance to 7 by Gram-negative
bacteria is due to the reduced penetration of the product through the outer membrane, and its
neutralization by lipopolysaccharides. Moreover, interferences in the proteome and metabolome of
Streptococcus pneumoniae were documented after exposure to 7, consisting in a reduction of the levels of
two enzymes (glycosyltransferase and glucose-1-phosphate uridylyltransferase) and of the uridine
diphosphate derivatives of glucose, glucuronic acid, and N-acetyl-D-galactosamine, which participate
in the synthesis of the capsule; as a matter of fact, a reduction in capsule size was confirmed through a
colorimetric assay and electron microscopy [89].

Exposure of MRSa to subinhibitory concentrations of 7 revealed a significant modulation of
gene expression. Prominent changes involved genes encoding essential proteins for metabolic
pathways and processes, such as membrane function, ATP-binding cassette transportation, and
metabolism of amino acids, lipoproteins and nucleotides. Although the amino acid content of
peptidoglycan in rhodomyrtone-treated MRSa did not differ significantly from the control, data
gathered on genes involved in the biosynthesis of amino acids and the diaminopimelate pathway
indicate that peptidoglycan represents a target for bioactivity of this compound [91]. Moreover,
proteome analyses in MRSa revealed that exposure to subinhibitory concentrations of 7 affects the
expression of several major functional classes of whole cell proteins, which act as surface antigens and
virulence factors, or are involved in cell wall biosynthesis, cell division, oxidative stress, and various
metabolic pathways. Transmission electron micrographs confirmed that 7 causes morphological and
ultrastructural alterations in the bacterial cells, affecting the cell wall with abnormal septum formation
and ensuing cell lysis [79].

The protein secretome was also investigated in a representative clinical MRSa isolate, where
the immunodominant antigen A, the staphylococcal secretory antigen, and other antigenic proteins
involved in cell wall hydrolysis were downregulated after treatment with a subinhibitory concentration
of 7. Ribosomal and cytoplasmic proteins, such as glycerol phosphate lipoteichoic acid synthase and
the stage V sporulation protein G (SpoVG), were found in the treated sample, while glycerophosphoryl
diester phosphodiesterase, and another lipase precursor were absent. Finally, the finding of several
cytoplasmic proteins in the supernatant of the treated cultures indicated impairment in the cell wall
synthesis [80].

Again, the proteomic approach was followed in assays carried out with Streptococcus pyogenes.
Various enzymes associated with important metabolic pathways, including alcohol dehydrogenase,
glyceraldehyde-3-phosphate dehydrogenase, Xaa-His dipeptidase, ornithine carbamoyltransferase,
putative O-acetylserine lyase, enolase (2-phosphoglycerate dehydratase), fructose-bisphosphate
aldolase, and cysteine synthase, were strongly affected in a clinical isolate treated with 7 at half the MIC.
Moreover, a series of known virulence factors, such as glyceraldehyde-3-phosphate dehydrogenase,
CAMP factor, and exotoxin C, were downregulated [84]. It was also found that 7 reduces the synthesis
of staphyloxanthin, a pigment promoting resistance to reactive oxygen species (ROS) whose shortage
increases the bacterial susceptibility to H2O2 and singlet oxygen killing [92]. Furthermore, it could
reduce biofilm formation by S. aureus and S. epidermidis, ensuing a reduction in the transcription signals
of biofilm-related genes, with a different autolysin profile detectable in the treated cells [77,78]. Besides
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formation, effects on the disorganization of established biofilms have been recently documented in
assays carried out on Propionibacterium acnes [86].

Another documented molecular effect of 7 consists in the competitive binding of the tubulin
homologue protein FtsZ. In fact, conformational changes in this main bacterial cell division protein
were observed in both the (S)- and (R)- binding states of 7. The compound reduced FtsZ polymerization
by 36% and inhibited guanosine triphosphatase activity by up to 45%. However, at inhibitory
concentrations, the compound had no effect on FtsZ localization in B. subtilis, and cells did not elongate
after treatment. Higher concentrations of 7 affected the localization of FtsZ and of its membrane anchor
proteins FtsA and SepF, showing that it did not specifically inhibit FtsZ but rather impaired multiple
divisome proteins. Cell morphology was sometimes modified to a bean-like shape, possibly implying
that the compound may also target cell wall synthesis, or maintenance [93].

At a more applicative level of investigation, it has been observed that subinhibitory concentrations
of 7 affect the pathogenicity of oral bacteria (S. aureus, Streptococcus mutans) by impairing their
adherence to both buccal epithelial cells and a polystyrene support in in vitro assays [84]. Moreover, 7 in
a liposomal encapsulated preparation has been proposed for the treatment of bovine mastitis based on
observations that were carried out in a bovine udder epidermal tissue model demonstrating remarkable
effects against adhesion and invasion of the bacterial agents (S. aureus and S. epidermidis) [88].

Within a general framework of consistent antibacterial properties, data gathered in Table 3
emphasize that activity may appreciably change among the structural analogues. As an example,
the higher efficacy of callistenone A (27) in comparison with its B isomer (28) is reported to depend
on the point of attachment of the isovaleryl side chain [39]. This is confirmed by specific studies
based on synthetic analogues, providing indication that the acyl tail of myrtucommulones and related
compounds is a prerequisite for the antibacterial properties, and that its affinity for lipids is critical for
activity more than its spatial dimension [94,95]. Additional clues in this respect also derive from assays
concerning cytotoxicity, which in the case of tomentodiones is potentiated by an isobutyryl chain [50].

5.2. Bioactivities against Other Microorganisms and Viruses

The bioactivity of myrtucommulones and related acylphloroglucinols has been also investigated
on fungi, with general negative results deriving from assays on species such as Candida albicans,
Cryptococcus neoformans, Microsporum gypseum, and Saccharomyces cerevisiae [27,39].

Conversely, there are positive indications concerning antimalarial properties. In fact,
antiplasmodial activity in the nanomolar range was reported for myrtucommulone A (1), and at a lower
extent for semimyrtucommulone (6) [5,96]. Watsonianone B (32) displayed a potent activity against
strain 3D7 of Plasmodium falciparum (IC50 0.289 μM), particularly against the young ring stages, coupled
with selectivity towards a human embryonic kidney cell line (HEK 293) [40]. Strong effects against the
chloroquine resistant strain Dd2 (IC50 0.10 μM) and low toxicity towards HEK 293 also characterize
rhodomyrtosone F (35) [42], while a more moderate activity was assessed for rhodomyrtone A (7)
against both 3D7 and Dd2 (IC50 1.84 μM and 4.00 μM, respectively) [30]. Moreover, tomentosone A
(23) inhibited the growth of both chloroquine resistant and sensitive strains (IC50 1.49 μM and 1.0 μM,
respectively), while its B analogue (24) was significantly less active [37]. Structural comparisons
indicated that the syncarpic acid moiety is essential for antiplasmodial activity [97]. Additional data
concerning antiplasmodial properties of the above products extracted from the flowers of Angophora
woodsiana are reported in another paper by the same research group [30].

Antiviral effects were displayed in vitro by the mixture of compounds 3–4, so far only extracted
from two Kunzea species, based on the inhibition of the cytopathic effects of Herpes simplex type 1
(HSV-1) and Polio type 1 viruses [26]. Moderate effects in similar assays against HSV-1 have been also
reported for callistrilones H–I (38–39) [49].
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5.3. Antioxidant and Anti-Inflammatory Activities

Besides the possible applications in the treatment of infective diseases based on the above-reported
effects, multiple observations concerning consistent antioxidant and anti-inflammatory properties
have resulted from investigations that were carried out in several laboratories, representing an
indication of a potential for a therapeutic use in the treatment of a series of disorders, ranging
from allergopathies to cardiovascular diseases. With reference to the latter, myrtucommulone A (1)
and semimyrtucommulone (6) were reported to exert powerful antioxidant properties during the
degradation of cholesterol, preserving the LDL form from oxidative damage induced by copper ions,
and inhibiting the increase of oxidative products deriving from polyunsaturated fatty acids [98,99]. At
micromolar concentrations both compounds suppressed eicosanoid biosynthesis in vitro and in vivo
by directly inhibiting cyclooxygenase (COX)-1 and 5-lipoxygenase. Moreover, they were successful
in preventing the mobilization of Ca2+ in polymorphonuclear leukocytes, mediated by G protein
signalling pathways, with the first compound acting at lower concentrations, and suppressed the
formation of ROS and the release of elastase [100].

Binding affinity to the thyrotropin-releasing hormone (TRH) receptor-2, which is known to
play a role in the phosphoinositide metabolism and is regarded as a potential therapeutic target
to treat pain, was also reported for myrtucommulones A, D, and F–I (1, 11, 14–17) at micromolar
concentrations [23]. After experiments carried out on both a human lung adenocarcinoma cell line
(A549) and in a cell-free assay based on microsomal preparations of A549 cells stimulated with
interleukin (IL)-1β, myrtucommulone resulted to be the first natural product to inhibit microsomal
prostaglandin synthase-1 that efficiently suppresses prostaglandin formation without significant
inhibition of cyclooxigenases, hence without displaying the typical side effects of non-steroidal
anti-inflammatory drugs [101]. Furthermore, 1 exerted anti-inflammatory effects in the pleurisy
model. In particular, a reduction was observed in the exudate volume, leukocyte numbers, lung
injury, and neutrophil infiltration, and in a series of more specific effects mediated by enzymes and
cytokines [102].

The interest for a potential therapeutic use of rhodomyrtone A (7) is also based on consistent
properties that may prevent or delay the progression of inflammation in skin diseases, such as psoriasis.
After stimulating human skin organ cultures with TNF-α and IL-17A to mimic skin inflammation,
7 significantly decreased inflammatory gene expression and the secretion of inflammatory proteins.
Particularly, it inhibited TNF-induced extracellular signal–regulated kinases (ERK), c-Jun N-terminal
kinases (JNK), the mitogen-activated protein (MAP) kinase p38, and phosphorylation of the NF-κB
transcription factor p65, suggesting that it acts by modulating MAP kinase and NF-κB signalling
pathways. Moreover, it reversed imiquimod-induced skin hyperplasia and epidermal thickening in
mice [103]. The potential of 7 as an anti-psoriasis agent is further increased by its property to inhibit
proliferation and to induce growth arrest and apoptosis in HaCaT keratinocytes [104]. The expression
of pro-inflammatory molecules, including IL-1β, IL-6, TNF-α, and inducible nitric oxide synthase
(iNOS) was enhanced in THP-1 monocytes that were stimulated with a high dose of heat-killed MRSa.
In contrast, monocytes stimulated with lower doses did not express these cytokines. However, in
monocytes stimulated with heat-killed MRSa at low doses, 7 significantly increased the expression
of pro-inflammatory mediators, IL-6 and iNOS, and displayed some anti-inflammatory activity by
reducing TNF-α expression. Treatment with 7 also significantly upregulated the expression of key
pattern recognition receptor proteins (TLR2 and CD14). The ability of 7 to eliminate the resistant
bacteria was observed within 24 h after treatment, following enhancement of the expression in
monocytes of MRSa recognition receptors, which possibly improved MRSa clearance by modulating
pro- and anti-inflammatory cytokine responses [105].

The possible application of the anti-inflammatory and immunomodulatory properties of 7

has been suggested in aquaculture as a result of observations carried out in vitro on head kidney
macrophages of the rainbow trout (Oncorhynchus mykiss). In fact, exposure to 7 (1 μg mL−1) induced
changes in the expression of genes involved in innate immune and inflammatory responses, particularly
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with reference to pro-inflammatory cytokines (IL-1β, IL-8, TNF-α), anti-inflammatory cytokines (IL-10,
TGF-β), the antioxidant enzyme glutathione peroxidase 1, and other inducible enzymes (iNOS, COX-2,
arginase). Co-exposure of 7 with lipopolysaccharides led to a downregulation of genes encoding for
some of the above inflammation-related products and a reduction in ROS levels [106].

Myrtucommuacetalone (26) exhibited a significant inhibitory effect against production of nitric
oxide, a ROS generated by NADPH oxidases in human peripheral blood phagocytes whose excess is
associated with the pathogenesis of various diseases, such as colitis, diabetes, septic shock, and ischemic
neuronal damage. Moreover, it inhibited the proliferation of T-cells, which is a relevant effect for the
prevention or treatment of autoimmune disorders, such as Parkinson’s disease, rheumatoid arthritis,
and diabetes [38]. Additionally, inhibitory effects on nitric oxide production after lipopolysaccharide
stimulation in murine macrophage cells (RAW 264.7) have been documented for baefrutones A–D
(64–67) [52], and for tomentodione T (61) and rhodomyrtosones B, G, and I (19, 43, 22) [50].

5.4. Cytotoxic and Antiproliferative Activities

Apart from the diverse implications arising from the above properties, the observation of a
pro-apoptotic effect induced on human cancer cell lines more directly introduces a possible relevance of
myrtucommulones and associated acylphloroglucinols as antitumor drugs. Tretiakova et al. [107] first
showed that, at micromolar concentrations, myrtucommulone A (1) induces apoptosis in several cancer
cell lines, such as PC-3 (androgen-independent prostate carcinoma), LNCaP (androgen-dependent
prostate carcinoma), KFR (rhabdomyosarcoma), HL-60 (acute promyelocytic leukemia), MM6 (acute
monocytic leukemia), H9 (cutaneous T-cell lymphoma), DLD-1 (colorectal adenocarcinoma), and
Jurkat (acute T-cell leukemia). Cell death occurred through the mitochondrial pathway involving
the activation of caspase-3, -8, and -9, cleavage of poly(ADP-ribose)polymerase (PARP), release of
nucleosomes into the cytosol, and DNA fragmentation. A lower cytotoxic effect was displayed on
non-transformed human peripheral blood mononuclear cells and foreskin fibroblasts. Apoptosis
appeared to be mediated by the intrinsic pathway, with the loss of the mitochondrial membrane
potential in MM6 cells and the release of cytochrome c from mitochondria. Interestingly, Jurkat cells
deficient in caspase-9 were resistant to apoptosis, and no processing of PARP or caspase-8 was evident.
Conversely, in cell lines that were deficient in either CD95 signalling or caspase-8, myrtucommulone
was still able to induce cell death and PARP cleavage.

A more direct indication that 1 induces apoptosis by triggering the intrinsic pathway and directly
disrupting the mitochondrial functions resulted in assays carried out on HL-60 cells. In these cells, the
compound caused the loss of the mitochondrial membrane potential and suppressed mitochondrial
ATP synthesis, consequently inducing the adenosine monophosphate-activated protein kinase (AMPK),
an energy sensor involved in apoptosis of cancer cells. More in detail, 1 acts as a protonophore that
primarily dissipates the mitochondrial membrane potential through a direct structural interaction, and
suppresses the proton motive force that impairs mitochondrial viability and activates AMPK due to
lowered ATP levels [108]. The chaperonin heat-shock protein 60 (HSP60) also represents a molecular
target of myrtucommulone A, which binds the protein and modulates its mitochondrial functions.
Particularly, in a protein refolding assay the compound was found to prevent HSP60-mediated
reactivation of denatured malate-dehydrogenase [109].

Myrtucommulone A (1) also induced apoptosis in several chronic myelogenous leukemia cell lines
(K-562, MEG-01, KBM-5) in consequence of downregulation of anti-apoptotic proteins, as evidenced
by nuclear fragmentation and PARP cleavage. Interestingly, the compound displayed differential
toxicity, since peripheral blood mononuclear cells from healthy donors that were used as control were
unaffected [110].

In further studies carried out on murine breast cancer cells (4T1), 1 was found to trigger
apoptosis at micromolar concentrations through both the intrinsic and extrinsic apoptotic pathways.
The compound mediated an increased expression of several apoptotic genes, such as Fas, FasL,
Gadd45a, Tnf, Tnfsf12, Trp53, and caspase-4. Moreover, the results of a wound healing experiment
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showed that it is also able to inhibit cancer cell migration [111]. All these effects were enhanced when
treatment was operated in combination with epirubicin or cisplatin, evidencing a synergistic effect
that could be exploited for setting more effective therapeutic schemes [112].

Another relevant effect of 1 that may contrast tumor development consists in a reduction of the
expression of endoglin, a membrane glycoprotein that has a crucial role in angiogenesis. Treatment
with this product reduced the chondrogenic potential in human mesenchymal stem cell (hMSC)
lines, possibly as a consequence of the NF-κB p65 activation, while the adipogenic or osteogenic
differentiation was not dramatically affected. The exploitation of these properties could be useful in
targeted differentiation studies [113].

It is known that hMSCs can be observed in tissues surrounding tumors, where they could play
a role in regulating cancer cell behaviour through paracrine signalling. Therefore, the modulation
of their secretome is highly significant in view of attempts to control the disease. 1 was effective
in modulating cytokine expression in hMSCs with a decrease of TNF-α, IL-6, IL-8, the vascular
endothelial growth factor (VEGF), and the basic fibroblast growth factor (FGF-2), and in reducing the
proliferation, migration, and clonogenicity of human bladder (HTB-9) and 4T1 cancer cells [114].
Moreover, when considering the prominent role that is played by the epithelial-mesenchymal
transition in cancer progression and metastasis, the ability of 1 to interfere in this process again
by modulating signalling pathways and inhibiting phosphorylation of multiple proteins represents
a notable therapeutic property [115]. Besides reducing the viability and proliferation in HTB-9 cells,
in cancer stem cells the compound downregulated the expression of markers associated to pluripotency
and multipotency (i.e., NANOG, OCT-4, SOX-2, SSEA-4, TRA-1-60, CD90, CD73, and CD44), and
decreased sphere-forming ability [116].

As an integration to data concerning efficacy, perspectives for a possible pharmaceutical use
of myrtucommulones are corroborated by the absence of substantial cytotoxicity for non-malignant
cells [107], and evidence of molecular stability in human and rat plasma [117].

Additional indications concerning the inhibitory effects on tumor cells have resulted in several
laboratories from assays that were carried out with a number of compounds of the myrtucommulone
series. Particularly, antiproliferative activity has been reported for bullataketals A and B (8–9) on
murine leukemia cells (P388) [31], for myrtucommulones A and J (1, 21) on another prostate cancer
cell line (DU145), HEpG2 (human liver carcinoma) and MT-4 (lymphocytic leukemia) [35], on PC3 and
DU145 treated with a mixture of 1 and myrtucommulone D (11) [73], on HCT116 (human colorectal
carcinoma) treated with 11 and isomyrtucommulone B (5) [25], on HeLa (human cervix uteri carcinoma)
for tomentodiones S and T (60–61), rhodomyrtone A (7), and rhodomyrtosones A, B, G, and I (18, 19,
43, 22) [50].

Rhodomyrtone A (7) is cytotoxic for several types of eukaryotic cells, and eryptosis induced in
human erythrocytes progresses along with cell shrinkage, membrane blebbing, and phosphatidylserine
translocation to the cell surface. The distinctive interactions with the cytoplasmic membrane assimilate
7 to amphipathic products, introducing it as a useful tool in studies on membrane physiology [118].
While confirming that it is responsible for membrane invaginations that form intracellular vesicles
trapping a broad range of membrane proteins, Saeloh et al. [119] observe that 7 does not behave as a
typical membrane-inserting molecule; in fact, it transiently binds to phospholipid head groups and
causes a distortion of lipid packing, which explains membrane fluidization and curvature. However,
both the transient binding mode and the ability to form protein-trapping vesicles are unique properties,
which are possibly indicative of a peculiar mechanism of action.

More detailed investigations provide further insight in the antitumor properties of 7, which
has been recently characterized as an antimetastatic agent for the treatment of skin cancer cells after
studies that were carried out on an epidermoid carcinoma cell line (A431). In fact, at subcytotoxic
concentrations the compound reduced migration of tumor cells, as well as their adhesive and invasive
ability. At the molecular level it was able to inhibit the focal adhesion kinase (FAK) and phosphorylation
of protein kinase B (AKT), c-Raf, ERK1/2, and p38 involved in the downregulation of enzyme activities
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and the expression of matrix metalloproteinase (MMP)-2 and -9. Moreover, the compound increased
the expression of TIMP-1 and TIMP-2, which are inhibitors of MMP-9 and MMP-2, respectively, and
inhibited the expression and phosphorylation of NF-κB in a dose-dependent manner [120].

5.5. Other Pharmacological Perspectives

The α-glucosidase-inhibitory activity displayed by myrtucommulones C–E (10–12) could
introduce therapeutic application of these compounds in another widespread disease, such as
diabetes [33]. Moreover, rhodomyrtosone E (33) showed weak effects on the translocation to the
plasma membrane of the insulin-responsive glucose transporter 4 (GLUT-4) protein, representing
another attractive target for anti-diabetic drug development [41]. Finally, the strong inhibitory activity
towards soluble epoxyde hydrolases that is exhibited by myrtucommulone B (2) and callistenone B
(28) could be exploited for the treatment of a variety of pathological conditions [24].

Besides data resulting from specific assays carried out with the purified compounds, the
widespread use in ethnomedicine of extracts of plant species in the Myrtaceae represents a reliable
guide for the possible pharmaceutical applications of these products [121–123]. Based on its consistent
antibacterial properties, the use of myrtle extracts has been proposed for the treatment of mild bacterial
disorders such as vaginosis [124], and an ethanolic myrtle extract (Myrtacine®) has been registered
for the treatment of acne lesions whose active principles are claimed to be myrtucommulones A and
B [125,126]. For the latter dermatological use, rhodomyrtone A has been proposed in an innovative
liposome encapsulation in order to overcome problems deriving from the poor water solubility [127].
The same kind of preparation has also been tested for zootechnical use [88].

6. Conclusions

Structures and properties of 69 myrtucommulone-related products that were extracted from
plant species belonging to the Myrtaceae during the past 45 years have been reviewed in this paper.
Considering that about half of these compounds have been discovered in the last two years, and that
attention of the scientific community to the exploitation of natural resources of bioactive products is
increasing more and more, it is predictable that their number is going to increase quite quickly in the
future. Furthermore, in the aim to study more in detail aspects concerning the relationships between
structure and bioactivity of these products, synthetic studies have been recently started in a few
laboratories from which quite a high number of analogues have been obtained, indicating that these
structural models may be used for the synthesis of novel variants with improved effects [94,95,128,129].

Advances in the exploitation of these valuable products require a more refined capacity to detect
their occurrence in plants [130–132], and to perform a careful extraction and purification of the effective
analogues. Alternative opportunities to obtain these products through controlled fermentation also
represent a basic investigational line that is likely to attract the attention of leading actors in the field
of drug discovery and development in the near future.
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Abstract: Metabolites from a collection of selected fungal isolates have been screened for
insecticidal activity against the aphid Acyrthosiphon pisum. Crude organic extracts of culture filtrates
from six fungal isolates (Paecilomyces lilacinus, Pochonia chlamydosporia, Penicillium griseofulvum,
Beauveria bassiana, Metarhizium anisopliae and Talaromyces pinophilus) caused mortality of aphids
within 72 h after treatment. In this work, bioassay-guided fractionation has been used to characterize
the main bioactive metabolites accumulated in fungal extracts. Leucinostatins A, B and D represent
the bioactive compounds produced by P. lilacinus. From P. griseofulvum and B. bassiana extracts,
griseofulvin and beauvericin have been isolated, respectively; 3-O-Methylfunicone and a mixture
of destruxins have been found in the active fractions of T. pinophilum and M. anisopliae, respectively.
A novel azaphilone compound, we named chlamyphilone, with significant insecticidal activity,
has been isolated from the culture filtrate of P. chlamydosporia. Its structure has been determined using
extensive spectroscopic methods and chemical derivatization.

Keywords: secondary metabolites; beneficial microbes; pea aphid; azaphilones

1. Introduction

Alarm over the impact of pesticides on the environment and human health is increasing year
after year, and rigorous pesticide registration procedures have been introduced. Through Directive
2009/128/EC, the European Community has severely restricted the use of synthetic pesticides in plant
protection, and the new regulations have reduced the number of chemicals available in agriculture [1].
Novel pesticides, including natural product-based formulations, have been developed to counteract
the evolution of resistance among plant pathogen and pest populations [2].

Molecules 2019, 24, 750; doi:10.3390/molecules24040750 www.mdpi.com/journal/molecules29
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Microorganisms biosynthesize thousands of compounds displaying different biological activities,
e.g., acting as antibiotics, therapeutic agents, toxins, hormones, etc. [3]. Thus, the exploitation of the
microbial metabolome has become an important area of research to isolate novel natural products
potentially useful for agricultural applications [3]. The improvement of screening technologies
can be used to extend the search of new microbial active metabolites, i.e., through (i) upgrading
of fermentation techniques, (ii) the development of new methods for detection, and (iii) genetic
manipulation to create mutants able to produce qualitatively or quantitatively different metabolites [4].

Microorganisms have been extensively screened for antibiotic production; the main producers
are fungi and bacteria, particularly the actinomycetes Streptomyces spp. [5]. A large number of
manuscripts deal with microbial metabolites, which have demonstrated efficacy as crop protection
agents, but only a few compounds have been marketed so far [2]. Examples of commercially available
microbial metabolites with insecticide activity are: (1) abamectin and anthelmintic produced by the
soil-dwelling actinomycete S. avermitilis; (2) milbemycin (also known as milbemectin), an insecticide
and acaricide from S. hygroscopicus subsp. aureolacrimosus; (3) polynactins, secondary metabolites from
the actinomycete S. aureus, isolated and applied as a mixture of tetranactin, trinactin and dynactin;
(4) spinosad, a secondary metabolite from the soil actinomycete Saccharopolyspora spinosa [2].

The interaction between some fungal strains and the plant establish a molecular cross-talk in
which fungal metabolites can act as elicitors that activate the expression of genes involved in plant
defence response, and promote the growth of the plant [6]. Identification of new bioactive compounds
may be obtained with a good microbial collection or isolating metabolites not expressed under standard
laboratory conditions [6–8].

In this work, we show the results of a screening aimed to isolate microbial metabolites with
insecticidal activity. Various genera of fungi, including some entomopathogenic species, were grown in
liquid culture and their major secondary metabolites were investigated. Bioassay-guided fractionation
used to isolate the bioactive metabolites allowed the identification of seven known compounds and
a new metabolite named chlamyphilone. This compound was fully characterized by spectrometric
analysis and chemical derivatization. The fungal metabolites have been screened for insecticidal
activity against Acyrthosiphon pisum (Hemiptera: Aphididae), the pea aphid, whose high rate of
increase makes it a useful model for screening [9].

2. Results

The microbes used in the present study includes various genera of fungi identified according
to morphological features and molecular analyses (rDNA-ITS and β-tubulin gene sequencing).
In particular, 5 isolates belong to the Trichoderma genus (T. tomentosum F19, T. asperellum CINO1,
T. harzianum M10, T. harzianum F53, T. velutinum F28) and 4 to Penicillium (P. chrysogenum F5, P. decumbens
F29, P. griseofulvum F11, P. restrictum F55). Beauveria bassiana BB1, Chloridium virescens F57, Metarhizium
anisopliae MA3, Paecilomyces lilacinus 100379, Pochonia chlamydosporia B and Talaromyces pinophilus F36CF
are present as single species.

All fungi have been grown in static conditions and the culture filtrates were extracted exhaustively
with ethyl acetate. The crude extracts were fractionated by column chromatography to provide a total
of 79 organic fractions. The extracts and all the fractions were tested at different concentrations on
Acyrthosiphon pisum. Table 1 reports the percentage of mortality at 72h of the active extracts/fractions
obtained from different fungal isolates. Only extracts obtained from P. lilacinus, P. griseofulvum,
P. chlamydosporia, B. bassiana, M. anisopliae and T. pinophilus showed significant insecticidal activity
(data obtained from the other fungal strains are not showed). Moreover, the bioassay-guided
fractionation indicated that only one fraction per strain was responsible of a significant aphid mortality
after 72 h exposure (Table 1).

Chemical characterization of the active fractions was obtained using NMR and/or LC-MS qTOF
analyses. Fraction No. 3 of P. lilacinus (showing 30% aphid mortality; Table 1) was constituted by a
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mixture of leucinostatins A, B and D (1, 2 and 3, respectively; Figure 1), with the molecular weights
(MW) 1218.634 g/mol, 1204.607 g/mol and 1104.4799 g/mol, respectively (Figure S1).

Table 1. Insecticidal activity of fungal organic extracts and active fractions as mortality (%) of the pea
aphid Acyrthosiphon pisum at 72 h after exposure. Different lower letters refer to significant differences
(p < 0.05) among treatments at the same incubation time. Extracts from T. tomentosum F19, T. asperellum
CINO1, T. harzianum M10, T. harzianum F53, T. velutinum F28, P. chrysogenum F5, P. decumbens F29,
P. restrictum F55 and C. virescens F57 did not show significant insecticidal activity.

Microbes

Aphid Mortality (%)
at 72 h after

Exposure to Organic
Extract (10 mg/mL)

Standard
Deviation

Active
Fraction

(Number)

Aphid Mortality (%)
at 72 h after Exposure

to Active Fraction
(0.5 mg/mL)

Standard
Deviation

Paecilomyces
lilacinus 6.0 a ±3.6 3 30.0 a ±18.0

Penicillium
griseofulvum 63.3 b ±21.0 7 73.3 b ±8.0

Pochonia
chlamydosporia 50.0 b ±13.0 2 100.0 c ±0.0

Beuveria
bassiana 40.0 b ±17.0 3 40.0 a ±22.9

Metarhizium
anisopliae 53.3 b ±5.7 5 60.0 a ±10.0

Talaromyces
pinophilus 65.0 b ±15.0 2 48.3 a ±5.8

 

Figure 1. Chemical structures of leucinostatin A, 1; leucinostatin B, 2; leucinostatin D, 3; griseofulvin, 4;
chlamyphilone, 5; Ac-chlamyphilone, 6; beauvericin, 7; dextrusin B2, 8; 3-O-Methylfunicone, 9.
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The mycotoxin griseofulvin (4 in Figure 1) was determined as the main metabolite of
P. griseofulvum and was isolated in the active fraction number 7 (showing 73,3% aphid mortality;
Table 1). Figure S3 reports the mass spectrum of the isolated compound.

The residue recovered after the organic extraction (350 mg) of P. chlamydosporia culture filtrate was
subjected to flash column chromatography, eluting with CH2Cl2/MeOH (90:10 v/v). Fractions showing
similar thin-layer chromatography (TLC) profiles were combined and further purified by using
preparative TLC separation (Si gel; CH2Cl2/MeOH 90:10 v/v). Both fractions and pure compounds
were tested for insecticidal activity. Twelve milligrams of a novel compound, named chlamyphilone
(5 in Figure 1; 5 mg/L), were obtained as a yellow amorphous solid in pure form after TLC (Rf in
CH2Cl2/MeOH 90:10 v/v = 0.8) and has: [α]25

D −21.9◦ (c 1; CH2Cl2); UV (CH2Cl2) λ max (log ε)
219 (3.57), 332 (4.23). 1H and 13C NMR spectral data of chlamyphilone (in CDCl3) are presented in
Table 2. LC-MS qTOF analysis detected the precursor ions at m/z 221.0814 (pseudomolecular ion
[M + H]+); 463.1360 [M2 + Na]+; 243.0916 [M + Na]+; 221.0814 [M + H]+ (calcd. 221.0814); 203.1313
[M + H − H2O]+ (Figure S4). The results obtained by 13C NMR (Table 2 and Figure S6) and LC-MS
qTOF analyses (Figure S4) were consistent with a compound having a molecular weight of 220.0814,
corresponding to the molecular formula C12H12O4 with seven unsaturations.

Table 2. 1H and 13C NMR spectral data of chlamyphilone (in CDCl3).

Position δC Mult. δH (J in Hz) HMBC *

1 115.3 qC
2 151.7 CH 7.91 d (1.37) 1, 10, 11
4 155.1 qC
5 114.4 qC
6 145.2 qC
7 102.9 CH 5.55 d (1.37) 6, 9
8 196.3 qC
9 83.1 qC
10 196.5 qC
11 17.5 CH3 2.26 d (0.6) 2
12 12.7 CH3 1.93 d (0.6) 4, 6
13 28.6 CH3 1.55 s 9, 10, 8

OH 3.9 8

* All correlations represent 2 or 3 bond couplings. Abbreviation, s: singlet, d: doublet, t: triplet, dd: doublet
of doublets.

The UV spectrum showed absorption peaks characteristic of the azaphilone family, which are
natural products containing a 6H-isochromene-6,8(7H)-dione. Six carbon signals at 102.9, 114.4, 115.3,
145.2, 151.7, and 155.1 ppm revealed three double bonds, whereas signals at 196.3 and 196.5 ppm
indicated the presence of two ketones. The other four signals in the 13C spectrum were all shifted
upfield in the 12.7–83.11 ppm range. The DEPT data demonstrated that one of the protons in the
molecule is bound to oxygen, and that in the molecule there are three CH3, two CH, and seven fully
substituted C atoms. The 1H-1H COSY, HSQC analysis, and the chemical shift evaluation (Table 2)
allowed the identification of the structural fragment. In Table 2 all the compound signals are reported.

The connectivity of the spin systems was deduced by a long-range 1H-13C heterocorrelated
experiment that was obtained with the HMBC (Table 2). In particular, the most relevant HMBC
correlations are reported in Figure 2, which implied that the structure of the metabolite 5 is
7-hydroxy-3,4,7-trimethyl-isochromene-6,8-dione. The configuration of chlamyphilone was evident
from NOESY experiment. The MM-2 energy calculation (16.0 Kcal/mol) was run to find the most
stable conformational model (Figure S12).
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Figure 2. HMBC correlation of chlamyphilone.

To confirm the proposed structure, a sample of chlamyphilone was acetylated using acetic
anhydride/pyridine (6 in Figure 1). The 1H-NMR spectrum of the product (acetic acid
3,4,7-trimethyl-6,8-dioxo-7,8-dihydro-6H-isochromen-7-yl ester) contained one acetate resonance,
confirming the presence of the hydroxyl group bound to the carbon at 83.1. The 13C-NMR spectrum
contained an additional signal for the acetyl carbonyl resonance at 170.8 and for the acetate methyl
carbon at 18.4 ppm.

Chlamyphilone (5 in Figure 1) showed the highest insecticidal activity against Acyrthosiphon pisum
with a median Lethal Dose (LD50) of 175 μg/mL and a minimal inhibitory concentration (MIC)
of 150 μg/mL (Table 3).

Table 3. Insecticidal activity of chlamyphilone 5 at different concentrations. Treatments were evaluated
as mortality (%) of the pea aphid Acyrthosiphon pisum at 72 h after exposure to 5.

Concentrations (μg/mL) Aphid Mortality (%) Standard Deviation

500 100.0 ±0.0
200 100.0 ±0.0
190 96.7 ±5.8
180 51.7 ±2.9
170 30.0 ±5.0
160 8.3 ±2.9
150 3.3 ±2.8

The insecticidal activity of the B. bassiana strain used in the present work was mainly dependent
on the presence of beauvericin (7 in Figure 1). This metabolite is a cyclohexadepsipeptide mycotoxin
with the molecular formula C45H57N3O9 (Figure S13).

From M. anisopliae extract, destruxin B2 has been characterized (8 in Figure 1). Destruxins are
cyclic hexadepsipeptides composed of an α-hydroxy acid and five amino acid residues. Individual
destruxins differ in terms of the hydroxy acid, N-methylation, and R group of the amino acid residues.
Destruxin B2 has the molecular formula C29H49N5O7, as revealed by the MS spectrum (Figure S14).

Finally, the major active metabolite produced by T. pinophilus strain F36CF was
3-O-methylfunicone (OMF—9 in Figure 1), a well-known γ-pyrone derivative, previously isolated
from Talaromyces spp.

3. Discussion

In this work, a functional screening of fungal strains, preliminarily selected because of their ability
to synthetize active metabolites, has been carried out. Bioassay-guided fractionation has been used
to isolate microbial metabolites with insecticidal activity against the pea aphid A. pisum (Hemiptera:
Aphididae), long used as a model to study plant-insect interactions [9]. This aphid is an important pest
of several plants, is a phloem-feeding insect determining direct negative effects on plants in terms of
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nutritive subtraction and injection of toxic saliva. Moreover, it has been involved in the transmission
of diverse plant viruses [9].

The active fraction obtained from P. lilacinus was constituted by a mixture of leucinostatins A, B,
and D. Leucinostatins are peptides containing an unsaturated fatty acid, nine amino acid residues,
and a basic component joined together by amide linkages [10]. These antibiotic metabolites also
showed antitumor and nematocidal activities and an uncoupling effect on rat liver mitochondrial
function [10,11]. To the best of our knowledge, our work is the first report on the insecticidal activity
of leucinostatins against A. pisum.

Griseofulvin was determined to be the main metabolite of P. griseofulvum. The insecticidal activity
of this metabolite has been previously demonstrated in the corn earworm, Helicoverpa zea Boddie,
and the fall armyworm, Spodoptera frugiperda (J. E. Smith), by oral administration in an artificial diet
(250 ppm) [12–14]. In the case of soft-tegument aphids like A. pisum, the activity is probably topical as
oral administration may be excluded because of their peculiar feeding pattern. In fact, aphids use their
piercing, sucking mouthparts to feed on plant fluid [9].

The extract of P. chlamydosporia culture filtrate yielded 12 mg of a novel compound
named chlamyphilone. This metabolite belongs to the class of azaphilones, which contain a
6H-isochromene-6,8(7H)-dione or an isoquinoline-6,8(2H,7H)-dione skeleton (and its substituted
derivatives thereof). This is the first report on the isolation of an azaphilone metabolite from
P. chlamydosporia. A similar azaphilone, named myxostiol, with plant growth regulating activity,
has been previously isolated from Myxotrichum stipitatum [15]. Over 170 different azaphilone
compounds, classified into 10 structural groups, have been isolated from fungi belonging to
23 genera [16]. Azaphilones display a wide range of biological activities, such as antimicrobial,
antifungal, antiviral, antioxidant, cytotoxic, nematocidal, and anti-inflammatory [16]. Many of these
properties may be explained by the reactions of azaphilones with amino groups, such as those found in
amino acids, proteins, and nucleic acids, resulting in the formation of vinylogous c-pyridones [16–18].
To the best of our knowledge, this is the first evidence of the insecticidal activity of a metabolite
belonging to the class of azaphilones. Recently, the involvement of small molecules (e.g., aurovertins)
in the interaction between nematodes and P. chlamydosporia has been demonstrated [19].

An active beauvericin has been extracted from culture filtrate of B. bassiana. This metabolite is
a mycotoxin whose insecticidal properties have been previously reported (e.g., against the wheat
aphid Schizaphis graminum at 0.5 mg/mL) [20,21]. This molecule contains three residues, each with
D-2-hydroxyisovaleric acid (Hiv) and L-N-methylphenylalanine linked alternately [21].

Destruxin B2 is the active molecule isolated from M. anisopliae extract. Destruxins exhibited a wide
variety of biological activities, but are best known for their insecticidal and phytotoxic properties [22,23].
However, the effect of destruxin B2 against Acyrthosiphon pisum is reported here for the first time.

T. pinophilus strain F36CF produced 3-O-methylfunicone. This compound was downregulated in
the presence of T. harzianum M10 [8], exhibited notable antibiotic and antitumor properties, and recently
exhibited an insecticidal effect, thus expanding the biological activities of this compound [24]. Recently,
talarodiolide, a new 12-membered macrodiolide, was isolated and characterized from the culture
filtrate of a T. pinophilus strain [25]. This metabolite did not show insecticidal activity, highlighting that
the strain collection is important to select the best producers of bioactive compounds.

4. Materials and Methods

Fungal strains. The microbes used in the present study were present in the fungal collection at
Department of Agricultural Sciences, University of Naples Federico II (UNINA Collection) or isolated
from different sources (Table 4).
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Table 4. Fungal strains used in the present study for the isolation of metabolites with insecticidal
activity against the pea aphid A. pisum.

Microbes Strain Division Class Order Family Habitat/Source *

Beauveria bassiana BB1 Ascomycota Sordariomycetes Hypocreales Cordycipitaceae UNINA Collection
Chloridium virescens F57 Ascomycota Sordariomycetes Chaetosphaeriales Chaetosphaeriaceae Pasture

Metarhizium anisopliae MA3 Ascomycota Sordariomycetes Hypocreales Clavicipitaceae UNINA Collection
Paecilomyces lilacinus 100379 Ascomycota Eurotiomycetes Eurotiales Trichocomaceae UNINA Collection

Penicillium chrysogenum F5 Ascomycota Eurotiomycetes Eurotiales Trichocomaceae Mediterranean area
Penicillium decumbens F29 Ascomycota Eurotiomycetes Eurotiales Trichocomaceae Mediterranean area

Penicillium griseofulvum F11 Ascomycota Eurotiomycetes Eurotiales Trichocomaceae Mediterranean area
Penicillium restrictum F55 Ascomycota Eurotiomycetes Eurotiales Trichocomaceae Mediterranean area

Pochonia chlamydosporia B Ascomycota Sordariomycetes Hypocreales Clavicipitaceae UNINA Collection
Talaromyces pinophilus F36CF Ascomycota Eurotiomycetes Eurotiales Trichocomaceae Arbutus unedo

Trichoderma tomentosum F19 Ascomycota Sordariomycetes Hypocreales Hypocreaceae Woodland (Oak)
Trichoderma asperellum CINO1 Ascomycota Sordariomycetes Hypocreales Hypocreaceae UNINA Collection
Trichoderma harzianum M10 Ascomycota Sordariomycetes Hypocreales Hypocreaceae UNINA Collection
Trichoderma harzianum F53 Ascomycota Sordariomycetes Hypocreales Hypocreaceae Mediterranean area
Trichoderma velutinum F28 Ascomycota Sordariomycetes Hypocreales Hypocreaceae Woodland (Oak)

* UNINA Collection: fungal collection available at the Department of Agricultural Sciences/University of Naples
Federico II, Naples, Italy.

The fungi were identified according to morphological features and molecular analyses. Briefly,
an amount of 106 spores/mL was inoculated in a 250-mL Erlenmeyer Flasks containing 100 mL of
sterile Potato Dextrose Broth (PDB, HIMEDIA, Mumbai, India). Each flask was incubated at 25 ◦C in
an orbital shaker (150 r.p.m.) and fungi were left to grow for seven days. Mycelium was recovered,
ground to a powder in liquid nitrogen, and used to perform the DNA extraction. Genetic analysis was
carried out through PCR and sequencing of the rDNA Internal Transcribed Spacer (ITS) and β-tubulin
gene, using the most common primers to identify fungal strains: ITS1 and ITS4 [26], as well as tub2
and BenA [27]. The PCR products were subjected to gel electrophoresis, excised, and sequenced [26,27].
Analysis of the ITS gave 99% of identity with GenBank sequences of the fungi reported in Table 4,
confirming the identity of the microbes.

Secondary metabolites production. The fungi were maintained on potato dextrose agar (PDA,
HIMEDIA) at room temperature and sub-cultured bimonthly. Liquid cultures were prepared in
5000 L-Erlenmeyer flasks containing 1 L of PDB and inoculated with five mycelial plugs (7 mm2) from
a fresh PDA culture of each fungal strain. After 30 days of incubation at 25 ◦C in static conditions,
the cultures were filtered through filter paper (Whatman No. 4) and the filtrate was analyzed by
LC-MS qTOF [28].

Extraction and isolation of fungal secondary metabolites. The culture filtrates were acidified to
pH 4 with 5 M HCl and extracted exhaustively with ethyl acetate (EtOAc). The combined organic
extracts were dried (Na2SO4) and solvent eliminated under reduced pressure at 35 ◦C (Rotavapor RV
10 IKA® - Werke GmbH & Co. KG, Staufen, Germany). The residues recovered were fractionated by
column chromatography (silica gel; 200 g) eluted with different eluents (Table 5) and the homogeneous
fractions were collected as reported in Table 5. For thin layer chromatography (TLC) the following
solvents were used: dichloromethane (CH2Cl2)/methanol (MeOH) 90:10; 80:20 (v/v), chloroform
(CHCl3)/MeOH 90:10; 80:20 (v/v); EtOAc/petroleum ether 90:10; 80:20 (v/v) [28]. All fractions were
tested for insecticidal activity against A. pisum, and, where necessary, further purified by preparative
TLC (Table 5).
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Table 5. List of solvents used for chromatographic separations (column chromatography or preparative
TLC) and total number of homogeneous collected fractions.

Fungal Source
Eluent Used for Column Chromatography

and Preparative TLC *
Total Number of
Homogeneous Fractions

Paecilomyces lilacinus EtOAc/petroleum ether (90:10, v:v) 5
Penicillium griseofulvum EtOAc/petroleum ether (90:10, v:v) 8

Pochonia chlamydosporia
CH2Cl2/MeOH (90:10, v:v); fraction No. 4 out
of 5 was further purified by preparative TLC on

silica gel with CH2Cl2/MeOH (90:10, v:v)
5

Beauveria bassiana EtOAc/petroleum ether (90:10, v:v) 5
Metarhizium anisopliae EtOAc/petroleum ether (90:10, v:v) 7

Talaromyces pinophilus
CH2Cl2/MeOH (98:2, v:v); Fraction No. 2 out
of 7 was further purified by preparative TLC

with CH2Cl2/MeOH (98:2, v:v)
7

* EtOAc: ethyl acetate; CH2Cl2: Dichloromethane; MeOH: Methanol.

General experimental procedures. The isolated molecules were solubilised in 700 μL of
deuterated chloroform (99.8% CDCl3 – Sigma-Aldrich, Darmstadt, Germany) and transferred into a
stoppered NMR tube (5 mm, 7′ ′, 507-HP-7, NORELL, Morganton, NC, USA) where remaining void
volume was gently degassed by a N2 flux. Proton and carbon solvent signals were used as reference
to calibrate both 1H and 13C frequency axes. A 400 MHz Bruker Avance spectrometer (Bruker Co.,
Billerica, MA, USA), equipped with a 5 mm Bruker Broad Band Inverse probe (BBI), working at the
1H and 13C frequencies of 400.13 and 100.61 MHz, respectively, was used for the NMR measurements
(at 25 ±1 ◦C).

Monodimensional 1H and 13C acquisitions were conducted as follows: proton spectra were
acquired with 2 s of thermal equilibrium delay (number of scans = 64), a 90◦ pulse length 7.7 μs,
50 transients and 16 ppm (6410.2 Hz) as spectral widths, whereas proton-decoupled carbon acquisitions
were executed by both inverse-gated and DEPT 135◦ pulse sequences, adopting 7 and 5 s of
equilibrium delay, 12,500 and 2400 transients, respectively, and a spectral width of 250 ppm
(25.152 KHz). A time domain of 32,768 points was adopted for all cited mono-dimensional
experiments. Homo-nuclear 1H-1H COSY (COrrelation SpectroscopY), TOCSY (TOtal Correlation
SpectroscopY), NOESY (Nuclear Overhauser Enhancement SpectroscopY), and hetero-nuclear 1H–13C
HSQC (Hetero-nuclear Single-Quantum Correlation) and HMBC (Hetero-nuclear Multiple Bond
Coherence) experiments (2D) were used for structural identification of metabolites. 2D homo- and
heteronuclear spectra experiments were acquired with 48 and 80 scans, respectively, 16 dummy scans,
a time domain of 2k points (F2) and 256 experiments (F1). TOCSY and NOESY experiments were
conducted with a mixing time of 80 and 1000 ms, respectively, while HSQC and HMBC experiments
were optimized for 145 Hz short and 6.5 Hz long range JCH couplings, respectively. All executed
2D experiments were gradient enhanced, except for the TOCSY acquisition. A Qsine weighting
function associated to a magnitude mode was used to process NOESY spectrum with the purpose
to emphasize the weak cross-peaks and minimize the noise artefacts. The free induction decay (FID)
of mono-dimensional spectra was multiplied by an exponential factor corresponding to 0.1 Hz, for 1H
and 13C acquisitions, and to 1 Hz for DEPT 135◦ experiment. All above mentioned spectra were
baseline corrected and processed by using Bruker Topspin Software (v.4.0.2).

LC-MS/MS Q-TOF analysis were done on an Agilent HP 1260 Infinity Series liquid chromatograph
equipped with a DAD system (Agilent Technologies, Santa Clara, CA, USA) coupled to a Q-TOF mass
spectrometer model G6540B (Agilent Technologies). Separations were performed on a Zorbax Eclips
Plus C18 column, 4.6 × 100 mm, with 3.5 μm particles (Agilent Technologies). The analyses were
done at a constant temperature of 37 ◦C and using a linear gradient system composed of A: 0.1%
(v/v) formic acid in water, and B: 0.1% (v/v) formic acid in acetonitrile. The flow was 0.6 mL/min,
95% A graduating to 100% B in 12 min, 100% B 12-15 min, 95% A 15-17 and equilibrating 95% A
17–20 min. The UV spectra were collected by DAD every 0.4 s from 190 to 750 nm with a resolution of
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2 nm. The MS system was equipped with a Dual Electrospray Ionization (ESI) source and operated
with Agilent MassHunter Data Acquisition Software, rev. B.05.01 in the positive or negative mode.
Mass spectra were recorded in the range m/z 100–1600 as centroid spectra, with 3 scans per second.
Two reference mass compounds were used to perform the real-time lock mass correction, purine
(C5H4N4 at m/z 121.050873, 10 μmol/L) and hexakis (1H,1H, 3H-tetrafluoropentoxy)-phosphazene
(C18H18O6N3P3F24 at m/z 922.009798, 2 μmol/L). The capillary was maintained at 4000 V, fragmentor
voltage at 180 V, cone 1 (skimmer 1) at 45 V, Oct RFV at 750 V. Gas temperature was 350 ◦C during the
run at 11 L/min, and the nebulizer was set at 45 psig. The injected sample volume was 5 μL.

MS/MS spectra were simultaneously recorded for confirmation purposes of new compounds,
using the operating parameters described above, unless otherwise stated. The instrument was operated
in the range m/z 100-1000, recording two spectra per second in targeted acquisition mode (targeted
mass: 244.1197, Z = 1, RT 5.88 ±0.5 min). The sample collision energy was set to 20 V.

LC-MS data were evaluated using MassHunter Qualitative Analysis Software B.06.00 and
compared to known compounds included in an in-house database. The database contains information
of about 4000 known secondary metabolites isolated from more than 80 different fungal genera,
and recorded according to their name, molecular formula, monoisotopic mass and producing organism.
Positive identifications of fungal metabolites were reported if the compound was detected with
a mass error below 10 ppm and with a sufficient score. Standards were used to confirm the
chemical identifications.

UV spectra were recorded with a V-730 UV-Visible Spectrophotometer JASCO (Mary’s Court,
Easton, MD, USA). Column chromatography was performed using silica gel (Merck silica gel 60 GF254;
Merck, Darmstadt, Germany), and TLC with glass pre-coated silica gel GF254 plates (Merck Kieselgel
60 GF254, 0.25 mm). The compounds were detected on TLC plates using UV light (254 or 366 nm)
and/or by dipping the plates in a 5% (v/v) H2SO4 solution in ethanol followed by heating at 110 ◦C
for 10 min [28,29].

Acetylation of chlamyphilone. Acetic anhydride (40 μL) was added to chlamyphilone (1, 2.5 mg),
dissolved in dry pyridine (80 μL 2.5 mg), and the residue was purified by preparative TLC on silica gel
(petroleum ether/aceton, 20:80, v/v) to yield the acetyl derivative 6 (1.4 mg, 49%) [29]. The reaction
was monitored by LC-MS analysis (Figure S1).

In vivo insecticidal assay. Insecticidal activity of organic extracts, each column fraction and
pure metabolites were tested against the pea aphid Acyrthosiphon pisum. Aphids were reared on
Vicia faba var. aguadulce in a growth chamber (20 ± 1 ◦C, 70% RH, 18 h light/6 h dark photoperiod).
Small populations were synchronized to obtain newborn nymphs every 24 h. Third-instar nymphs
were dipped in the assay solution for 10 s and put on a paper towel to dry. Then, each insect was
carefully transferred by a soft paintbrush on a leaf plug [30,31]. Twenty treated (or untreated—solvent
control) 3rd-instar nymphs were placed on two circular (35 mm diameter) leaf plugs on 2% water agar
layer in a Petri dish, in order to keep the leaf turgid. Plates were incubated at the climatic conditions
described above and the number of dead aphids was assessed 24, 48, and 72 h after treatments. Extracts,
fractions, and pure compounds were tested at 500, 400, 300, 200, 100, and 50 μg/mL. Each metabolite
solution was also tested for phytotoxicity on V. faba. The aphid mortality has been calculated in each
treatment as the mean value ± standard deviation, in three replicates for each time point (24, 48,
and 72 h). The experiments were repeated at least twice.

Statistical analysis. Data analysis was performed with SPSS 11.0 software (Statistics for Windows
Version 24.0, IBM Corp., Armonk, NY, USA), and statistical analysis was done using one-way analysis
of variance (ANOVA). The Least Significant Difference (LSD) post hoc test with p < 0.05 was used to
analyse the multiple comparisons. The mean values between different treatments at the same time
point and the mean values between the same treatments at different time points were compared.
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5. Conclusions

In this work six known metabolites with activity against the pea aphid A. pisum have been isolated
from culture filtrates of selected fungal strains; for some of them this is the first report of insecticidal
activity (Table S1). Moreover, a novel anti-aphid natural product, named chlamyphilone, has been
isolated form the culture filtrate of P. chlamydosporia and fully characterized. The isolation of natural
products with beneficial effects for plants may help to formulate novel secondary metabolites–based
biopesticides, which represent promising alternatives to synthetic chemicals in agriculture. Further
investigations should optimize extraction protocols and define environmental parameters that can
affect the commercial formulations based on these natural compounds.

Supplementary Materials: The following are available online, Figures S1–S11 and S13-S14: NMR and MS spectra
of compounds. Figure S12: Conformational model of the new compound named chlamyphilone. Table S1:
Biological activity of the isolated compounds.
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Abstract: In the course of investigations on the complex phenomenon of bee decline, Aspergillus flavus
was isolated from the haemocoel of worker bees. Observations on the metabolomic profile of this
strain showed kojic acid to be the dominant product in cultures on Czapek-Dox broth. However,
an accurate review of papers documenting secondary metabolite production in A. flavus also showed
that an isomer of kojic acid, identified as 5-(hydroxymethyl)-furan-3-carboxylic acid and named
flufuran is reported from this species. The spectroscopic data of kojic acid were almost identical to
those reported in the literature for flufuran. This motivated a comparative study of commercial kojic
acid and 5-(hydroxymethyl)-furan-3-carboxylic acid, highlighting some differences, for example in
the 13C-NMR and UV spectra for the two compounds, indicating that misidentification of the kojic
acid as 5-(hydroxymethyl)-furan-3-carboxylic acid has occurred in the past.

Keywords: kojic acid; flufuran; 5-(hydroxymethyl)-furan-3-carboxylic acid; Aspergillus flavus;
bees; immunomodulation

1. Introduction

Fungi have evolved the capability to produce a great number of secondary metabolites involved
in the improvement of their ecological fitness, and many of them play important biological roles as
virulence factors, chemical defense agents, developmental regulators, insect attractants, and chemical
signals for communication with other organisms. On these properties is founded the pharmacological
exploitation of many products as antibiotic, antiviral, antitumor, antihypercholesterolemic, and
immunosuppressant agents [1–5]. In this respect, fungi are prime targets of a vigorous investigational
activity, based on the employment of the most advanced analytical and structure elucidation
techniques [6,7].

A wide array of fungal secondary metabolites has been ascribed to the ascomycete genus Aspergillus,
well-known for its ubiquity and cosmopolitan distribution [7,8]. The species Aspergillus flavus is
well-known as a foodstuff contaminant and a mycotoxin producer, and in this respect its metabolomic
profile has been quite well characterized [9,10]. However, this fungus has been also reported in
association with plants and animals in many different environments [11,12]. Particularly, it has been
directly isolated from bee (Apis mellifera) individuals in different developmental stages and health
conditions [13]. Although reported as the agent of stonebrood disease, further elucidation is required if
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A. flavus basically behaves like an entomopathogen, or if its relationships with bees are more complex
and eventually involve modulation of the immunitary response to other pathogens and parasites of
these insects. Generally, the fungus is considered an opportunistic pathogen of immunocompromised
individuals, gaining access to the host through ingestion, or taking advantage from the interaction of
bees with other pathogens and parasites which negatively affect host immunocompetence and cuticle
integrity [13–16].

During investigations on the honeybee colony collapse, a multifactorial syndrome mainly related
to the compresence of immunosuppressive viruses and Varroa destructor, a parasitic mite which is also
known as a possible vector [16–18], strains of A. flavus were repeatedly isolated from the haemocoel of
worker bees.

The present paper reports the identification of kojic acid (KA) as the main metabolite obtained
from this source. Furthermore, revision of the structure of flufuran, previously characterized as
5-(hydroxymethyl)furan-3-carboxylic acid from A. flavus and other fungal species is proposed, based
on a comparison of spectroscopic data of commercially available compounds and some derivatives.

2. Results

2.1. Comparison of NMR Data Obtained from KA (1) and 5-(Hydroxymethyl)furan-3-carboxylic Acid (2)

A white solid was obtained from the extraction with ethyl acetate (EtOAc) of the culture
filtrate of strain AB1EET of A. flavus, which consisted in a main metabolite, as deduced by its
1H and 13C-NMR spectra. NMR data collected for the extracted compound showed significant
similarities with proton and carbon chemical shifts reported in literature for both KA (1) [19] and
5-(hydroxymethyl)furan-3-carboxylic acid (2) [20], a compound characterized from A. flavus and other
fungal species (Table 1). A full analysis of the previous reports revealed discrepancy between the carbon
chemical shifts of furan compounds [21] and those assigned for 5-(hydroxymethyl)furan-3-carboxylic
acid. In order to clarify this issue, commercially available KA and 5-(hydroxymethyl)furan-3-carboxylic
acid were submitted to spectroscopic and potentiometric investigations.

Table 1. Previous reports dealing with flufuran identification.

Source Spectroscopic Data Activity Ref.

Aspergillus flavus 1H and 13C-NMR, MS, IR, UV Antifungal [22]
A. flavus — Cytotoxic against human cancer cell lines [23]
A. flavus Bacteriostatic (Escherichia coli) [24] 1

A. flavus 2 1H and 13C-NMR Antibacterial, antioxidant [25]
A. flavus MS — [26]

Aspergillus oryzae — — [27]
A. oryzae 1 Antioxidant, antimicrobial [28]

Fusarium sp. 3 1H and 13C-NMR Antimicrobial [29]
Penicillium dipodomyicola 1H and 13C-NMR — [30]

Penicillium polonicum — Monoamine oxidase inhibitor [31]
Pestalotiopsis sp. 1H and 13C-NMR Cytotoxic against HepG2 cells [32]
Polyporus ciliatus P.f., MS, 1H and 13C-NMR, MS, IR, UV — [20]

1 This paper is in Chinese and could not be examined in detail. 2 7-O-Acetyl derivative was also isolated. 3 Methyl
ester was also isolated.

The comparison of 1H-NMR spectra, recorded in CD3OD, showed no significant differences
between 5-(hydroxymethyl)furan-3-carboxylic acid and KA (Figures 1 and 2). Notwithstanding, the
1H-NMR spectra recorded in DMSOd6 for 2 revealed the coupling between the proton of the hydroxyl
group in C-7 and protons of the methylene group which resonate as triplet and doublet, respectively,
at δ 5.31 and 4.40 (J = 5.8 Hz) and the presence of the signal of proton of the carboxylic group at δ 12.60
(Figure 3).
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Figure 1. 1H-NMR spectra of KA (1, red) and 5-(hydroxymetyhyl)-furan 3-carboxylic acid (2, green)
recorded at 400 MHz in CD3OD.

Figure 2. Proton and carbon chemical shifts of KA (1) and 5-(hydroxymethyl)furan-3-carboxylic acid
(2). Data reported in red were erroneously assigned to flufuran. The spectra were recorded in CD3OD.

Figure 3. 1H-NMR spectra of KA (1, red) and 5-(hydroxymetyhyl)-furan 3-carboxylic acid (2, green)
recorded at 400 MHz in DMSOd6.

43



Molecules 2019, 24, 1709

The main differences between 1 and 2 were observed, as expected, in 13C-NMR spectra. The C-3,
C-5 and C-6 carbons of 2 resonate at δ 120.1, 156.4 e 165.1 (Figure 2 and Figure S1), respectively, assigned
by 2D-NMR spectra (Figures S2 and S3). However, the 13C-NMR spectrum of flufuran showed chemical
shift values identical to KA (Figure 2), indicating a misinterpretation of the flufuran structure.

2.2. Comparison of Potentiometric, UV, and MS Spectrophotometric Measurements

The acid-base behavior of KA and 5-(hydroxymethyl)furan-3-carboxylic acid was determined by
potentiometric and spectrophotometric methods. The calculated protonation constants cologarithm
values are 7.68 ± 0.05 and 4.03 ± 0.05, for compound 1 and 2 respectively. Potentiometric data are
reported in Figure 4.

Figure 4. ZH(pH) function in 0.1 M NaClO4 for KA (squares) and 5-(hydroxymethyl)furan-3-carboxylic
acid (circles). The solid lines are calculated with protonation constants cologarithm value 7.68
(on squared) and 4.03 (on circles).

In particular KA constant is very similar to that in 0.1 M KCl (7.7) [33]. While no value on the
protonation of 5-(hydroxymethyl)furan-3-carboxylic acid had been previously reported.

UV spectra of the pure compounds, recorded in water in the interval 200–400 nm, show λmax at
216 and 270 nm for KA, and at 240 nm for 2. Similar values were observed when the spectra were
recorded in methanol.

In agreement with acid-base behavior of both compounds, measurements conducted in pH
function confirmed that KA spectra are highly influenced by pH [34]. In fact, absorbance value at
315 nm increases from 3 to 9 pH range, instead the peak at 270 nm decreases in the same interval.
Conversely, UV spectra of compound 2 present minimal variation in function of pH (Figure 5). Finally
with pH increasing, KA shows a isosbestic point at 285 nm, while 5-(hydroxymethyl)furan-3-carboxylic
acid presents one at 240 nm.
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Figure 5. (A) UV spectra of 2.0 × 10−3 M in 0.1 M NaClO4 for KA. (B) UV spectra of 2.0 × 10−3 M in
0.1 M NaClO4 for 5-(hydroxymethyl)furan-3-carboxylic acid (optical path 0.2 cm).

The fragmentation pattern observed in MALDI TOF/MS spectra evidenced relevant analogies
between the two compounds, as to be expected from considering the nature of the respective functional
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groups. In fact, from peaks corresponding to the protonated ions [M+H]+ at m/z 143 of 1 and 2,
fragments deriving from the loss of OH, CHO, and COOH groups were observed in both cases.

2.3. Comparison of KA and 5-(Hydroxymethyl)furan-3-carboxylic Acid Derivatives

Considering reports concerning the presumptive isolation of the 7-O-acetyl derivative of
flufuran [25] and of its methyl ester [29], in this work the differences between derivatives of 1

and 2 obtained from common acetylation and methylation reaction were also evaluated.
The proton spectrum of 5-(acetoxymethyl)furan 3-carboxylic acid (4, Figure S4), produced after

acetylation of 2, showed the down shift of Δδ 0.55 of the signal assigned to the methylene group C-7
which resonates as singlet at δ 5.08, and the presence of a further singlet at δ 2.07 assigned to the
CH3 of the acetyl group (Figure 6 and Figure S4). As discussed in relation to 1 and 2 the differences
between the 1H-NMR spectra of 4 and 7-O-acetylflufuran [25] are not so marked compared to the ones
of 13C-NMR spectra (Figure 6 and Figure S5).
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Figure 6. Proton and carbon chemical shifts of 7-O-acetylKA, 5,7-O,O’-diacetylKA, 5-O-methylKA,
5-O-methyl-7-O’-acetylKA (3, 5, 6, and 8); 5-(acetoxymethyl)furan-3-carboxylic acid, methyl
5-(hydroxymethyl)furan-3-carboxylate, methyl 5-(acetoxymethyl)furan-3-carboxylate (4, 7, and 9).

From the data reported on the diacetylated flufuran [22], it is possible to exclude its formation
from 2; most likely the described compound is 5,7-O,O′-diacetylKA (5, Figure 6), derived from 1.

The treatment of 1 and 2 with diazomethane led to the production of 5-O-methylKA (6) and
methyl 5-(hydroxymethyl)furan-3-carboxylate (7, Figure 6) as deduced from 1H and 13C-NMR spectra.
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In fact, NMR spectra of 7 (Figures S6 and S7) showed further singlets, respectively, at δ 3.83 and
at δ 50.6 attributed to methoxy group. As observed for the other compounds under examination,
the comparison of 13C-NMR spectra of methyl derivatives of 1 and 2 revealed significant differences
(6 and 7, Figure 6).

Finally, the preparation of 5-O-methyl-7-O’-acetylKA (8) and methyl 5-(acetoxymethyl)furan-
3-carboxylate (9) and the interpretation of their one-dimensional NMR spectra (Figures S8 and S9)
allowed to confirm the derivative structures, and to establish that the derivative i.e., methyl
5-(acetoxymethyl)furan-3-carboxylate) reported by Evidente et al. [22] is undoubtedly 8.

3. Discussion

The furan compound 5-(hydroxymethyl)furan-3-carboxylic acid was identified for the first time as
a natural product in cultures of Polyporus ciliatus [20], and afterwards reported from other fungi (Table 1).
Although furan derivatives are not an extensive class of fungal compounds [35], over the past few years
the literature concerning these natural products has been enriched by new reports [36–40]. According
to their biosynthetic origin, the structure of natural furan derivatives shows the presence of furan rings
substituted in position 2 and 5 [35]. Flufuran represented an exception to such a general model.

In the present paper, we produce evidence that in most of the previous reports the product
identified as flufuran was instead KA. In addition to being known as a typical secondary metabolite of
both A. flavus and A. oryzae, KA has been reported from several Penicillium spp. [41]. Other fungal
species are claimed as producers of some derivatives [42], indicating that biosynthetic ability for this
compound might be more widespread. To the best of our knowledge, our amendments to previous
findings represents the first evidence of its production in important fungal genera, such as Fusarium and
Pestalotiopsis, which deserve further confirmation also with reference to correct taxonomic identification
of producing strains. In view of the present revision, the bioactivities erroneously assigned to flufuran
should be instead referred to KA, integrating the known profile of biological properties of this γ-pyrone
compound [43]. Actually, these data show that KA and 5-(hydroxymethyl)furan-3-carboxylic acid are
susceptible of misidentification. Particularly, some instrumental techniques commonly used for the
identification of secondary metabolites in fungal extracts (i.e., 1H-NMR and ESI MS data) are not able
to distinguish between these two compounds. However, huge differences can be observed between 1

and 2 in the UV spectra obtained with different solvents and pH. The acid-base properties are also
valid to differentiate between 1 and 2. Finally, observations concerning acetyl and methyl derivatives
also confirmed the misidentification of KA with flufuran.

4. Materials and Methods

4.1. General Experimental Procedures

1H and 13C-NMR spectra were recorded at 400 and at 100 MHz, respectively, in CD3OD unless
otherwise noted, on a Bruker spectrometer (AscendTM400) (Bremen, Germany); the same solvent was
used as internal standard. Potentiometric titrations were performed in an air-bath thermostat kept
at (25.00 ± 0.05) ◦C. A programmable computer-controlled Data Acquisition Unit 34970A, (Agilent
Tecnologies Inc., Santa Clara, CA, USA) was used to perform the potentiometric measurements.
The glass electrodes were Metrohm (Herisau, Switzerland) of 60102-100 type, and Ag/AgCl electrode
was utilized as reference. The EMF values were measured with a precision of ± 0.01 mV using a
Keithley 642 type Digital Electrometer (Tektronix Inc., Beaveron, OR, USA). UV–VIS spectra were
recorded by model Cary 5000 Spectrophotometer by Varian (Palo Alto, CA, USA) from 200 to 600 nm
(optical path 0.2 cm) at 25.0 ◦C, under a constant flow of nitrogen.

MALDI-TOF/MS spectra were acquired by a 4700 Proteomics Analyzer (Applied Biosystems,
Framingham, MA, USA). Compounds were detected in reflector mode using α-cyano-
4-hydroxycinnamic acid (CHCA) as matrix.
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Analytical and preparative TLC were performed on silica gel plates (Kieselgel 60, F254, 0.25 mm)
(Merck, Darmstadt, Germany). The spots were visualized by exposure to UV radiation (253
nm), or by spraying with 10% H2SO4 in MeOH followed by heating at 110 ◦C for 10 min.
5-(hydroxymethyl)furan-3-carboxylic acid and KA were purchased from Enamine Ltd. (Kyiv, Ukraine)
and Alfa Aesar (Karlsruhe, Germany), respectively.

4.2. Isolation of A. flavus from Bees

Worker bee individuals were collected from experimental apiaries at the Department of Agriculture,
University of Naples Federico II (Portici, Italy) in October–November 2018. Freshly emerged bees
(<48 h) were anaesthetized by chilling on ice for 20 min, and surface-disinfected by dipping in 70%
ethanol for 30 s. The intersegmental membrane between head and thorax was cut using a sterile
scalpel. Ten microliters of the liquid matter exuding from haemocoel were aseptically collected
using a micropipette, and spotted on potato-dextrose agar (PDA, Oxoid) amended with 50 mg/L
chloramphenicol. Plates were incubated at 32 ◦C in the dark. Hyphal tips from the emerging fungal
colonies were transferred to fresh PDA plates to obtain pure cultures for morphological identification
and storage. The strains obtained were readily identified as belonging to the Aspergillus section Flavi,
based on the formation of colonies producing a dense felt of yellow-green rough conidiophores with
radiate heads, and subglobose echinulate conidia. An orange reverse could be observed in cultures on
a specific medium (AFPA) [44]. Unequivocal ascription to the species A. flavus resulted after rDNA-ITS
and calmodulin gene sequencing. To this purpose, total genomic DNA was extracted from fresh
mycelium taken from pure culture of strain AB1EET using CTAB protocol [45]. According to reported
methodology, primers ITS1F and ITS4 were used to amplify rDNA-ITS, while primers CF1M and
CF4 were used to amplify the calmodulin gene [45,46]. The original DNA sequences obtained in this
study have been deposited in GenBank under the codes MK611561 (ITS) and MK611938 (calmodulin).
The calmodulin gene sequence proved to be more respondent for unequivocal species identification,
yielding 100% homology with sequences from 60 strains of A. flavus available in GenBank.

4.3. Production and Extraction of KA

Strain AB1EET was cultured in Czapek-Dox broth (Oxoid) following a previously reported
procedure [47]. The freeze-dried culture filtrates (750 mL) were dissolved in 100 mL, acidified with
HCl 2 N at pH 3, and extracted three times with an equal volume of EtOAc. Organic phases were
combined, dried with Na2SO4, and evaporated under reduced pressure originating a white solid
residue (350.7 mg) identified as KA.

4.4. Determination of Protonation Constants

The evaluation of the protolysis constants was conducted through spectrophotometric and
potentiometric titration, at 25 ◦C in 0.1 M NaClO4 as ionic medium [48]. By experimental data the
average number (ZH) of protons released per molecule was assessed through the equation:

ZH = ([H+] − CH − Kw/[H+])/CL (1)

where [H+] is hydrogenionic concentration, CH is the total acid concentration, CL is the compound
concentration and Kw is ionic product (10−13.7, in 0.1 M NaClO4). Experimental data were processed
with Hyperquad softare [49].

4.5. UV and MS Data of KA and 5-(Hydroxymethyl)furan-3-carboxylic Acid

Kojic acid (1). UV λmax nm (log ε): (H2O) 216 (4.12), 270 (3.93); (MeOH) 225 (3.99), 270 (3.99);
(pH 3.0) 215 (3.47), 270 (3.30); (pH 5.0) 216 (3.51), 268 (3.17), 318 (2.63); (pH 8.0) 227 (3.66), 315 (3.5);
(pH 9.0) 227 (3.72), 315 (3.15). MALDI TOF/MS: m/z 143 [M+H]+, 125 [M-OH]+, 113 [M-CHO]+,
97 [M-COOH]+, 69 [M-CH2OH-COO]+.

47



Molecules 2019, 24, 1709

5-(Hydroxymethyl)furan-3-carboxylic acid (2). UV λmax nm (log ε): (H2O) 240 (3.39); (MeOH) 240
(3.38); (pH 2.5) 243 (2.97); (pH 3.0) 243 (3.07); (pH 4.0) 243 (3.07); (pH 5.0) 243 (3.12). MALDI TOF/MS:
m/z 143 [M+H]+, 125 [M-OH]+, 113 [M-CHO]+, 97 [M-COOH]+.

4.6. Sample Methylation

Fifteen milligrams of samples [KA, 5-(hydroxymethyl)furan-3-carboxylic acid,
5-(acetoxymethyl)furan-3-carboxylic acid (1, 2 and 4)] were dissolved in MeOH (1.5 mL);
an ethereal solution of CH2N2 was slowly added until a yellow color became persistent. The reaction
mixtures were stirred at room temperature for 4 h. The solvent was evaporated under a N2 stream at
room temperature. Residues of each reaction were analyzed by TLC on silica gel; 6, was evidenced at
Rf 0.37 by eluting with EtOAc-MeOH (9:1), while Rf 0.54 and 0.82 corresponded to 7 and 9 respectively,
as eluted with CHCl3-i-PrOH (92:8).

4.7. Sample Acetylation

Ten mg of samples [KA, 5-(hydroxymethyl)furan-3-carboxylic acid, 5-O-methylkojic acid (1, 2, 6)],
dissolved in pyridine (30 μL), were converted into the corresponding acetyl derivatives (5, 4, 7) by
acetylation with Ac2O (30 μL) at room temperature overnight. The reaction was stopped by addition
of MeOH, and the azeotrope formed by addition of benzene was evaporated in a N2 stream at 40 ◦C.
Residues of each reaction were analyzed by TLC on silica gel; 5 was evidenced at Rf 0.44 by eluting
with CHCl3-i-PrOH (95:5), while Rf 0.54 and 0.82 corresponded to 7 and 9 respectively, as eluted with
CHCl3-i-PrOH (92:8).

Supplementary Materials: The following are available online, Figures S1–S3. NMR spectra of KA (1) and
5-(hydroxymethyl)furan-3-carboxylic acid (2); Figures S4–S9. 1H and 13C-NMR spectra of acetyl and methyl
derivatives of 2.
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Abstract: The present study was conducted to assess the chemical composition of Yellow Maca
(Lepidium meyenii) and its biological activity on stallions following oral administration of hypocotyl
powder. Maca was subjected to methanolic extraction and the chemical analysis was carried out by
LC-MS-QTOF (liquid chromatography-mass spectrometry). Our results showed that Maca contains
some effective antioxidants, a high percentage of glucosinolates, and other important components
with a high antioxidant capacity. To evaluate the plant biological activity in stallions fed with Maca
powder for 60 days, the redox status and some reproductive parameters were investigated. Blood and
semen samples were collected at 0, 30, 60, and 90 days from the beginning of this study. Blood samples
showed a decrease of the reactive oxygen metabolites, evaluated by d-ROMs test, and an increase
of the antioxidant barrier in terms of biological antioxidant potential (BAP test), powerful oxidant
capacity (OXY-Adsorbent test), and thiols evaluation (-SHp test). Furthermore, semen samples
showed a positive trend during Maca administration in the following parameters: ejaculate volumes
and sperm concentrations, total and progressive motility, and acrosome integrity.

Keywords: Lepidium meyenii (Maca); stallion semen; oxidative stress; antioxidants; chemical analysis

1. Introduction

Maca (Lepidium meyenii Walp), belonging to the Brassicaceae family, was discovered more than
2000 years ago in the Andes highlands of Peru, where it grows exclusively between 3500 and 4500 m
above sea level [1]. The hypocotyls have been widely used as a nutritional supplement and in folk
medicine to increase fertility and sexual function [2]. The dried hypocotyls of Maca are rich in high
nutritional value elements, such as carbohydrates, proteins, lipids, essential amino acids, and free fatty
acids. Furthermore, Maca contains several secondary metabolites, such as macamides, macaridine,
alkaloids, and glucosinolates [3]. The most abundant glucosinolates detected in Maca are aromatic
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glucosinolates, namely benzyl glucosinolate(glucotropaeolin) and m-methoxybenzyl glucosinolate
(glucolimnanthin). Maca has been mainly classified in three ecotypes according to the color of the
hypocotyls: red, yellow, and black. These showed different biological activity depending on the type of
cultivation, processing, and extraction, and on the concentration of different bioactive metabolites [3,4].
The main chemical components of Maca were considered to be responsible, among other things, for its
aphrodisiac, immunostimulant, and energizing properties [5,6].

Previous studies have demonstrated the effects of Maca on spermatogenesis, sperm count, and
sperm motility [1,7]. Furthermore, in a rat model Maca restored the spermatogenesis decrease when
altitude increases [8]. Additionally, diet supplementation of Maca showed a beneficial effect on semen
quality of hypofertile and fertile stallions [9], as well as on the quantity of fresh semen and the quality
of semen after storage at 5 ◦C up to 72 h [10].

The use of artificial insemination (AI) has greatly increased in recent decades. AI has several
advantages compared to natural service, including higher pregnancy rates and reduced transportation
costs of a mare to the stallion, with, consequently, lower stress and prevention of a stallion overuse.
Semen used for AI should be preserved from damage occurring due to oxidative stress [10]. A strategy
to prevent oxidative damage to spermatozoa may be found in food supplementation with antioxidants.
The presence of compounds, such as macamides and glucosinolates, which are hydrolisated to
isothiocyanates by myrosinase, allows Maca to scavenge free radicals and protect cells from oxidative
stress (OS). Reactive oxygen species (ROS) are produced in different sites in mammalian bodies [11],
and were found to accumulate during the normal testicular spermatogenesis and steroidogenesis [12].
Physiological low levels of ROS play an important role in processes such as capacitation, hyperactivation,
acrosome reaction, and sperm-oocyte fusion, thus ensuring appropriate fertilization, whereas high
levels of ROS may determine sperm pathologies, such as ATP depletion and loss of sperm motility
and viability [13]. ROS activity is of major concern for sperm quality both in vivo and during in vitro
incubation, as well as during its cool storage [14]. The cellular antioxidant defense systems are able to
control the deleterious effects of ROS, but if an imbalance between oxidant and antioxidant systems
determines ROS accumulation, OS may occur [15–17].

In the present study the chemical composition of Yellow Maca (Lepidium meyenii) was investigated
by using LC-MS- QTOF. Moreover, the biological effects on stallions orally fed during the breeding
season with Maca hypocotyl powder was evaluated in terms of antioxidant activity and semen quantity
and quality.

2. Materials and Methods

2.1. Plant Material

Yellow Maca hypocotyls used in this study were harvested in the district of Junin, in the Andean
Highlands of Peru (4100 m above the sea level). The taxonomic identification of the plant was
performed by Professor Domenico Carotenuto (Figure 1).

Figure 1. Typical roots of Yellow Maca from Junin district, Peru.
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Maca powder was obtained from hypocotyls exposed for two months at extreme temperature
cycles, strong light conditions, and atmospheric pressure typical of the high altitude environment,
using the traditional open-field drying process. After drying, hypocotiles were selected, washed,
ground to obtain a flour with a particle size of 0.8 mm, and stored until used.

2.2. Extraction and Chemical Analysis of Maca

A total of 3 g of dried sample was extracted with 30 mL of methanol (MeOH) for 30 min under
ultrasonic treatment and centrifuged. The solution was stored at 4 ◦C and filtered through a 0.22 μm
membrane syringe filter before injection into the LC system. All analyses were performed on an Agilent
high performance liquid chromatograph (HPLC) 1260 Infinity Series (Agilent Technologies, Santa Clara,
CA, USA) equipped with a DAD (Diode Array Detector) system (Agilent Technologies) and coupled to
a quadrupole-time of flight (Q-TOF) mass spectrometer model G6540B (Agilent Technologies) with a
Dual ESI source (Agilent Technologies). Separations were performed on a Zorbax Eclipse Plus C-18
column (4.6 × 100 mm, with 3.5 μm particles, Agilent Technologies), held at a constant temperature
of 30 ◦C. For elution, mobile phase consisted of A: 0.1% (v/v) formic acid (FA) in water (H2O) and B:
0.1% formic acid (FA) in acetonitrile (ACN). Gradient elution was done at a flow rate of 0.3 mL/min,
as follows: 0–1% B at 0–5 min, 1–30% B at 5–20 min, 30–50% B at 20–30 min, 50–70% B at 30–40 min,
70–95% B at 40–60 min, 95% B at 60–75 min, and 95–100% B at 75–80 min (as equilibration time). The
injection volume was 5 μL. UV spectra were collected by DAD, setting the detection wavelength at 220
and 280 nm. MS and MS/MS parameters were set using the Agilent MassHunter Data Acquisition
Software, rev. B.05.01 (Agilent Technologies). The system operated in positive and negative ion
mode and for both cases MS spectra were recorded in m/z 50–1000 range as centroid spectra, with a
speed of 1.5 spectra/s. The capillary was maintained at 4000 V, fragmentor voltage at 180 V, cone 1
(skimmer 1) at 45 V, Oct RFV at 750 V. Gas flow rate was set at 11 L/min, at 350 ◦C, and the nebulizer
was set at 45 psig. A standard solution was infused by using an Isocratic pump (1260 Infinity Series,
Agilent Technologies) in order to perform the real-time lock mass correction. The solution consisted of
two reference mass compounds: purine (C5H4N4 at m/z 121.050873, 10 μmol/L) and hexakis (1H,1H,
3H-tetrafluoropentoxy)-phosphazene (C18H18O6N3P3F24 at m/z 922.009798, 2 μmol/L) [18–20]. Flow
rate was set at 0.06 mL/min, while the detection window and the minimum height were set at 1000 ppm
and 10,000 counts, respectively, for reference mass correction. MS/MS spectra were recorded in m/z
50–500 mass range, with a speed of 2 spectra/s. Collision energy was set at 20 eV.

A recovery study was done according to Zhou et al. [18]; recovery percentage was calculated
for three standard compounds, namely benzyl glucosinolate, m-methoxybenzyl glucosinolate, and
N-benzylhexadecanamide, resulting in 96.51%, 97.62%, and 98.15%, respectively. Raw data were
evaluated using Mass Hunter Qualitative Analysis Software, rev B.06.00 (Agilent Technologies),
and compound identification was carried out using an in-house database (containing about 2000
different plant metabolites), and by comparison with standard compounds or with data present in the
literature [18,21–23]. Among the detected molecules, only those with a mass error below 10 ppm and a
sufficient score (>80% similarity) were reported.

2.3. Animals and Experimental Design

In the present study, active breeding healthy stallions weighing 400 to 600 kg were included. The
study was performed in accordance with the code of ethics (Legislative Decree 26–04/03/2014) and the
protocol and procedures were approved by the Ethics Committee of Department of Veterinary Medicine
and Animal Production at the University of Naples Federico II, Italy (Protocol Number 0003909).

The study was conducted during the breeding season (lasting from February to July) starting
from the beginning of April to the end of July. Animals of both control (C; n = 5) and treated (M;
n = 5) groups received an identical diet based on hay and concentrate pellets. In M the concentrate
was supplemented daily with 20 g of Yellow Maca powder, resulting in an average dosage of 4 g
Maca/100 kg body weight (minimum: 3 g Maca/100 kg; maximum: 5 g Maca/100 kg) for 60 days. Blood
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and semen specimens were collected at the beginning of the experiment (D0) and every month (D30,
D60, and D90, respectively) for a total of 4 samplings for each stallion. The dosage was based on studies
performed on humans [1,24] and animals [8,10,25,26]. Blood analysis was used to monitor oxidative
stress. Semen was collected from stallions of treated group (M) and both quantitative (ejaculate volume,
concentration, and total sperm count) and qualitative (total and progressive motility and acrosome
integrity) determinations were performed on 4 animals according to previous studies carried out in
our laboratory [10,27,28].

2.4. Systemic Oxidative Stress Status

All kits for the evaluation of OS status were purchased from Diacron International, Grosseto,
Italy. The pro-oxidative status was evaluated by measuring hydroperoxides in the serum using the
d-ROMs test; the measurements of antioxidant capacity in serum samples were performed by BAP-test,
OXY-Adsorbent test, and thiols by -SHp test. The ratio between the values of d-ROMs and OXY (×100)
(Oxidative Stress index—OSi) is an arbitrary value, used as an index of plasma redox status; high
values indicate a higher concentration of oxidized molecules than non-enzymatic antioxidants [29].

The d-ROMs test is a photometric test that allows the oxidant capacity of plasma to be determined,
mainly related to the level of hydroperoxides (a subclass of reactive oxygen metabolites, ROM); it
measures the oxidant ability of a serum sample towards a particular substance used as an indicator
(chromogen, e.g., N,N-diethylparaphenylendiamin), producing a pink-colored derivative that is
photometrically quantified at 505 nm [30]. The intensity of the developed color is directly proportional
to the concentration of ROMs, according to the Lambert-Beer’s law, and is expressed as Carratelli Units
(1 CARR U = 0.08 mg hydrogen peroxide/dl).

In the Biological Antioxidant Potential (BAP) test the antioxidant power of the serum is evaluated
by measuring the capacity of the sample to reduce a solution of ferric chloride from Fe3+ to Fe2+. This
test measures the directly-active fraction of the anti-oxidant barrier, encompassing both exogenous
antioxidants (vitamin C, vitamin E, carotenoids, bioflavonoids) and endogenous ones (bilirubin,
uric acid, cholesterol, protein). Some of these substances exhibit a scavenger-type activity, i.e., they
neutralize free radicals by interacting directly with them. The values of the BAP tests are expressed as
μM of a sample.

The OXY-Adsorbent test assesses the ability of the plasma to counteract the oxidation capacity of
a hypochlorous acid (HClO) solution, which is both a powerful and physiological oxidant and is able
to mimic situations occurring in vivo. Bilirubin, uric acid, vitamins C and E, albumin, and in general,
macromolecular complexes that act as a shock absorber against free radicals, such as glycoproteins,
help curb the oxidizing action of HClO. The values of the OXY-Adsorbent tests are expressed as μmol
HClO/L of a sample.

The -SHp test measures thiols, organic compounds having a sulfhydryl group (-SH), that represent
a significant qualitative component of the plasma antioxidant barrier against free radicals. Thiols also
include cysteine and lipoic acid.

2.5. Statistical Analysis

The results are expressed as mean ± standard deviation (SD). Levels of OS in blood samples in
C and M groups were compared using the Student t-test, as the data were normally distributed. A
p value less than 0.05 was considered to be statistically significant. Due to the reduced number of
semen samples obtained exclusively from animals fed with Maca (M), the Student t-test was performed
on quantitative parameters of stallion semen between the samples collected at D30, D60, and D90,
while samples collected at D0 were considered as controls.
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3. Results

3.1. Chemical Analysis of Maca

LC-MS analysis (Figures S1 and S2) allowed to detect 88 different compounds, of which 80 were
detected in ESI positive ion mode and 8 in ESI negative ion mode. Raw data were compared both
with the in-house database and with data present in the literature [18,21–23]. From this analysis, 13
compounds were identified in positive mode via database search and 5 compounds using literature
data (Table 1). Only N-benzylhexadecanamide (Compound No. 16) was identified by comparison with
a commercial standard (Table 1). In negative mode 2 compounds were identified by comparing data
with both existing literature and standard compounds (benzyl glucosinolate and m-methoxybenzyl
glucosinolate, Table 2).

In Table 1 molecules belonging to alkaloids and alkamides are reported. Compounds 1,3-dibenzyl-2,
4, 5-trimethylimidazilium (called Lepidine B or Macaline B) belong to the former class (No. 1, 3–8
in Table 1). Alkamides are natural compounds found in many plants formed by fatty acids and
different amide groups. Polyunsaturated fatty acids that are specific for Maca are called macaenes
and the LC-MS analysis allowed one of them (5-oxo-6E, 8E octadecadienoic acid; N. 9 in Table 1) to be
identified. Identification also allowed 9 macamides (No. 2, 10–18 in Table 1) to be found, which are
amide derivatives of fatty acids exclusively found in Maca.

The metabolites reported in Table 2, benzyl glucosinolate and m-methoxybenzyl glucosinolate,
are two important glucosinolates of Maca that may be converted into isothiocyanates when the plant is
damaged [31,32].

3.2. Oxidative Stress Measurements in Blood Samples

The values of blood count did not show any difference between C and M groups, but they
confirmed the good state of health of the animals during the whole experimental period (data not
shown). Table 3 reports the pro- and antioxidant data of blood samples. The mean values obtained
with the d-ROMs test showed a constant decrease in M compared to C group, with p < 0.1 at D60, the
time point corresponding to the end of Maca administration (Table 3). Interestingly, the evaluation
of the antioxidant barrier showed higher mean values of the OXY-Adsorbent, and BAP tests in M
compared to C at D60 (p < 0.1) and -SHp at D90 (p < 0.1) (Table 3). A significant increase of BAP was
highlighted at D90 (p < 0.05) in M versus C (Table 3).

OSi showed a progressive decrease in treated animals (M), as compared to controls (C), exhibiting
the lowest value at D60, which corresponded to the end of Maca administration. Conversely, 30 days
after suspension of supplementation (D90) a slight increase of OSi was observed; however, this value
was lower than the correspondent in C and M at D0 (Table 4).

3.3. Semen Analysis

The parameters for semen quantity are shown in Table 5. The ejaculate volume increased gradually
from D0 to D60 (p < 0.05), and decreased at D90. The sperm concentration and total sperm count
steadily increased from D0 to D90 (p < 0.05), even if a slight decrease was observed at D60 (Table 5).
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Table 2. Identification of the main Lepidium meyenii (Maca) metabolites by LC-MS-DAD and qTOF
analyses operating in negative ion mode (ESI−).

No. Name RT (min)
ESI(-)/

Expected
(m/z)

ESI(-)/
Measured

(m/z)
Delta (ppm)

Main
Fragment

(m/z)

λmax
(nm)

1 ** × Benzyl
glucosinolate 14.174 408.0423 408.0424 −0.24507263

274.9903
241.0027
166.0333

217.2

2 ** × m-methoxybenzyl
glucosinolate 15.421 438.0534 438.054 −1.36969602 358.0956

259.0126 219.4

Note: ** compound identified by comparison with literature [18,21–23]; × compound identified by comparison with
a reference standard.

Table 3. Mean values (±SD) of pro- and antioxidant data of blood samples calculated in C and M
groups, evaluated during the experimental trial.

d-ROMs
(U CARR)

OXY-Ads
(μmol HClO/mL)

BAP
(μEq/L)

-SHp
(μM/L)

C M C M C M C M

D0
336 316.8 325 335.8 1759.3 1844.4 532.7 568.2

(±34.4) (±33.5) (±9.9) (±12.13) (±58.8) (±88.2) (±57.5) (±32.5)

D30
342.6 329.8 355.2 375.6 1652.4 1722.6 602.4 645

(±37.3) (±31) (±26.3) (±27.4) (±122.7) (±151.2) (±70.0) (±48.6)

D60
315.8 299.6 354 402 1746.4 1902.5 579.8 706.2

(±12.1) (±14.3) (±58.5) (±33.8) (±193.2) (±138.5) (±67.7) (±95.7)

D90
349.8 336.8 364.8 379.8 1580.8 1683 * 469.5 554.6

(±28.7) (±29.9) (±43.2) (±52.7) (±51.6) (±65.6) (±49.6) (±56.3)

C = control group; M = Maca treated group; D0, D30, D60, D90, samples taken at 0, 30, 60, 90 days from the
beginning of the study, respectively; * p < 0.05 vs. corresponding C (Student t-test).

Table 4. OSi (%) is an arbitrary calculated value that indicates the plasma redox status for C and
M groups.

OSi (%)

C M

D0 103.4 94.3
D30 96.5 87.8
D60 89.2 74.5
D90 95.9 88.7

Table 5. Mean values (±SD) of some quantitative parameters of stallion semen fed with Maca, evaluated
during the experimental trial.

D0 D30 D60 D90

Ejaculate volume (mL) 38.38 ± 12.12 48.13 ± 17.50 * 60.88 ± 29.09 * 47.5 ± 23.63 *

Sperm concentration (×106/mL) 124.38 ± 43.05 220.00 ± 90.69 * 178.88 ± 86.54 * 279 ± 126.87 *

Total Sperm Count (×109) 3.68 ± 1.18 10.15 ± 6.22 * 8.20 ± 7.65 * 8.83 ± 4.36 *

Note: * p < 0.05 vs. D0 (Student t-test).

The parameters for semen quality (total and progressive motility, and acrosome integrity) of
4 stallions in the M group are shown in Figure 2. The total motility reached a maximum value
approximately after 60 days of Maca administration, while decreasing 30-days after Maca suspension
(D90, Figure 2A). Conversely, both progressive motility and acrosome integrity increased gradually up
to D90 (Figure 2B,C, respectively).
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Figure 2. Trends of qualitative parameters of semen collected from four stallion fed with Maca during
the experimental trial. (A) Total motility; (B) progressive motility; and (C) acrosome integrity.

4. Discussion

In this study Lepidium meyenii (Maca) was characterized from the chemical point of view, and
its main bioactive compounds were identified. Moreover, the antioxidant capacity of Maca diet
supplementation was evaluated by redox status of blood, and by qualitative and quantitative semen
parameters in stallions.

In our study yellow Maca hypocotyls were found to contain several compounds with antioxidant
activity, such as alkaloids and glucosinolates; benzyl glucosinolate and m-methoxybenzyl glucosinolate
are commonly the most abundant molecules found in fresh and dry hypocotils of Maca [31]. According
to the analysis, the extract contains a percentage of 24.37% for benzyl glucosinolate and 4.31% for
m-methoxybenzyl glucosinolate. The level of glucosinolates and their derivatives in the dry product
is considered a good indicator of the quality of the product and of the effectiveness of the drying
process [33]. Moreover, plant glucosinolates may be converted by myrosinase in isothiocyanates,
bioactive metabolites with protective properties. Myrosinase is also present in the gut microflora of
mammals [30,31].

Macamides are specific alkamides of Maca that are known for their antioxidant effect. Their
concentrations are generally low, but their presence can be used to measure and standardize Maca
quality [34,35]. The total amount of alkaloids in the extract is 40.74% and the percentage of other
unidentified compounds is 31.21%. The drying process may affect the amount of macamides.
Esparza et al. [33] showed that the traditional open-field drying method led the accumulation of
macamide precursors.

In the present study, the biological effect of Maca administration was evaluated by the systemic
redox status. The antioxidant barrier evaluation provides indications on the type of defenses that the
body can adopt to obtain the balance between pro- and antioxidant species. BAP, OXY-Adsorbent,
and -SH tests measure the antioxidant capacity in blood from different points of view; thus, altogether
give a complete picture of the antioxidant arrangement. In our study, a progressive increase of all
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antioxidants occurred during the first part of the experimental trial, with the maximum values obtained
at D60, which corresponded to the suspension of diet supplementation with Maca. Subsequently, at
D90 the values decreased, possibly as a consequence of the suspension of Maca supplementation, but
they were significantly higher in M vs. C in BAP. Conversely, the detection of d-ROMs has shown a
progressive decrease from D0 to D60 in M group, as compared to controls (C), while only at D90 an
increase was highlighted.

OSi allows a global view of the degree of oxidative stress, because it relates to the pro- and
antioxidant status, thus avoiding data misinterpretation. The lowest value of OSi was found in M
group at D60; this may indicate that after 60 days of Maca administration the redox balance in blood
samples was hanging towards the antioxidant barrier. It is well known that high values of OSi could
reflect an imbalance between oxidant and antioxidant systems, with an over-accumulation of ROS
that can affect membrane structure and consequently changes in membrane fluidity [13,36]. However,
despite the decrease of the antioxidant markers and increase of the oxidants at D90 with respect to D60,
these final values were always higher in M group compared to the correspondent controls, and for the
BAP were also statistically significant (p < 0.05 Student t-test). A range of the normal values of the
redox status markers has been established for humans [30], but not for horses. In the literature very
few data are available currently [37]; thus far, our results may provide knowledge for the study of the
blood redox status in horses and could be useful in establishing species-specific references.

Finally, the biological effects of Maca administration as diet supplementation to stallions were
evaluated in the reproductive season from April to July. Semen samples were collected at the same time
points as blood samples (D0, D30, D60, D90). Quantitative semen parameters showed a progressive
and significant increase during the experimental trial. The increase of ejaculate volume is in agreement
with Gonzales et al. [1] and Melnikovova et al. [38], who highlighted this effect in rats and in humans,
respectively. Sperm concentrations and total sperm count showed the same trend as the ejaculate
volume, and this confirms the observations in a previous study by our group [10]. These results
may also present interesting economic advantages, as an increased volume of the ejaculate allows
preparation of a greater number of pellets to be used for AI and a greater concentration allows a higher
probability of fertilization.

Data reported in Figure 2 show the trend of qualitative semen parameters of stallions belonging to
M group. It was not possible to perform a reliable statistical analysis of the results, due to the reduced
number of animals and for a lack of a control group, but the beneficial trend observed in terms of
total and progressive motility and acrosomal integrity during the treatment with Maca confirms our
previous findings [10].

In conclusion, this study revealed that Yellow Maca composition, and particularly the presence of
specific bioactive metabolites, such as glucosinolates and macamides, may be responsible for the plant
antioxidant activity. Moreover, our data showed that Maca supplementation positively affected the
redox status and some reproductive parameters in stallions.

Supplementary Materials: The following are available online, Figures S1 and S2.
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Abstract: Although the evolutionary significance of the early-diverging flowering plant Amborella
(Amborella trichopoda Baill.) is widely recognized, its metabolic landscape, particularly specialized
metabolites, is currently underexplored. In this work, we analyzed the metabolomes of Amborella
tissues using liquid chromatography high-resolution electrospray ionization mass spectrometry
(LC-HR-ESI-MS). By matching the mass spectra of Amborella metabolites with those of authentic
phytochemical standards in the publicly accessible libraries, 63, 39, and 21 compounds were tentatively
identified in leaves, stems, and roots, respectively. Free amino acids, organic acids, simple sugars,
cofactors, as well as abundant glycosylated and/or methylated phenolic specialized metabolites were
observed in Amborella leaves. Diverse metabolites were also detected in stems and roots, including
those that were not identified in leaves. To understand the biosynthesis of specialized metabolites with
glycosyl and methyl modifications, families of small molecule UDP-dependent glycosyltransferases
(UGTs) and O-methyltransferases (OMTs) were identified in the Amborella genome and the InterPro
database based on conserved functional domains. Of the 17 phylogenetic groups of plant UGTs
(A–Q) defined to date, Amborella UGTs are absent from groups B, N, and P, but they are highly
abundant in group L. Among the 25 Amborella OMTs, 7 cluster with caffeoyl-coenzyme A (CCoA)
OMTs involved in lignin and phenolic metabolism, whereas 18 form a clade with plant OMTs that
methylate hydroxycinnamic acids, flavonoids, or alkaloids. Overall, this first report of metabolomes
and candidate metabolic genes in Amborella provides a starting point to a better understanding of
specialized metabolites and biosynthetic enzymes in this basal lineage of flowering plants.

Keywords: Amborella trichopoda; metabolome; specialized metabolites; O-methyltransferase; OMT;
UDP-dependent glycosyltransferase; UGT

1. Introduction

Amborella (Amborella trichopoda Baill.), a short shrub native to the tropical rainforests of New
Caledonia, is the only living species in the Amborellales, the earliest diverging order of flowering
plants (angiosperms) [1]. Despite its widely recognized importance in understanding flowering
plant phylogeny and land plant evolution, little is known about the metabolomes, in particular
specialized metabolites (secondary metabolites), of Amborella. To date, only three specialized
metabolites, procyanidin, kaempferol-3-O-glucoside, and kaempferol-3-O-rutinoside, have been
tentatively identified from Amborella leaves according to the Rf values of the compounds measured
using paper and column chromatography [2].

Molecules 2019, 24, 3814; doi:10.3390/molecules24213814 www.mdpi.com/journal/molecules65
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Plant specialized metabolites participate in beneficial and defensive interactions between plants
and the environment [3–5]. In addition, their bioactivities in humans have been exploited as a source of
nutraceuticals (e.g., phytonutrients) and pharmaceuticals (e.g., anticancer agents) [6]. Plant specialized
metabolites can be classified into three major groups: terpenoids (isoprenoids), phenolics, and alkaloids.
Terpenoids are divided into mono- (C10), sesqui- (C15), di- (C20), sester- (C25), tri- (C30), tetra- (C40),
and poly- (Cn) terpenoids based on the number of C5 isoprene units in the carbon skeleton [7]. A majority
of plant phenolics are produced initially by the general phenylpropanoid pathway and subsequently
branch into groups of flavonoids, isoflavonoids, anthocyanins, and proanthocyanidins [8]. Unlike the
hydrophobic nature of most terpenoid and phenolic aglycones, alkaloids are water-soluble, alkaline
molecules that contain heterocyclic (true alkaloids) or exocyclic (proto-alkaloids) nitrogen atoms.
Alkaloids can be categorized based on either the biosynthetic precursors (e.g., phenylalanine, tyrosine,
lysine, arginine, etc.) or the N-containing heterocyclic/exocyclic ring structures (e.g., monoterpenoid
indole alkaloids, benzylisoquinoline alkaloids, tropane alkaloids, pyrrolizidine alkaloids, etc.) [9].

There are estimated over 200,000 specialized metabolites produced by plants [10]. The rich
diversity of plant specialized metabolites is conferred by enzymes that modify the core compound
structures (i.e., modification enzymes). Glycosylation and O-methylation, catalyzed by UDP-dependent
glycosyltransferases (UGTs) and O-methyltransferases (OMTs), respectively, represent common
modifications of plant specialized metabolites [11]. Conserved functional domains have been
identified in plant UGT and OMT proteins. Plant small molecule UGTs contain a 44 amino acid
plant secondary product glycosyltransferase (PSPG) motif for interacting with the sugar donor [12].
S-adenosyl-l-methionine (SAM)-dependent OMTs contain a GxG/GxGxG motif for binding the adenosyl
part of SAM and an acid reside for hydrogen bonding with the ribose part of SAM. Plant small-molecule
OMTs can be divided into three groups. Class I OMTs require divalent ions (e.g., Mg2+) for activity
and include caffeoyl-coenzyme A OMTs (CCoA OMTs). Class II OMTs do not require divalent ions
for catalysis and encompass OMTs that methylate substrates with diverse structures. A third group,
the SABATH (salicylic acid carboxyl methyltransferase, benzoic acid carboxyl methyltransferase,
and theobromine synthase) OMTs, catalyzes the formation of volatile esters and does not share
significant sequence homology with the classes I and II OMTs [13].

To better understand the evolutionary roles of phytochemicals in plant–environment interactions,
we performed metabolite profiling in an early diverging lineage of flowering plants Amborella.
The metabolomes of Amborella leaves, stems, and roots were analyzed using liquid chromatography
high-resolution electrospray ionization mass spectrometry (LC-HR-ESI-MS), which revealed, for the
first time, the accumulation of diverse primary and specialized metabolites in these tissues. In addition,
the fully sequenced Amborella genome allowed us to explore candidate biosynthetic enzymes that
give rise to these structurally diverse phytochemicals, particularly those with glycosyl and methyl
modifications. Families of small molecule UGTs and OMTs were identified in Amborella, and their
phylogenetic association with other plant UGTs and OMTs were examined. These metabolic and
molecular data from Amborella provide a reference point for interrogating the evolution, function,
and environmental interactions of phytochemicals and their biosynthetic genes.

2. Results

2.1. Abundant Phenolic Compounds with Glycosylation and Methylation Modifications in Amborella Leaves

To examine the metabolomes of Amborella, methanolic extracts of leaf, stem, and root tissues
were analyzed using LC-HR-ESI-MS (Figure 1). The Amborella metabolites were tentatively identified
by matching their MS and MS/MS spectra with those of authentic phytochemical standards in the
publicly available mass spectral libraries, followed by manual inspection. After data processing, 63, 39,
and 21 compounds were tentatively identified in leaves, stems, and roots of Amborella, respectively,
with peak areas ranging from 5.4 × 106 to 2.7 × 1010 (Tables S1–S3).
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Figure 1. (a) Total ion chromatograms (TICs) of metabolites extracted from the leaf, stem, and root
tissues of Amborella trichopoda. (b) Representative MS/MS spectral comparisons of the A. trichopoda
metabolites (measurement) with the corresponding phytochemical standards in the publicly available
mass spectral libraries (reference).

In Amborella leaves, the detectable free amino acids include isoleucine, arginine, aspartic acid,
glutamine, and glutamic acid as well as the three aromatic amino acids, phenylalanine, tyrosine,
and tryptophan, and their acetylated derivatives acetylphenylalanine and acetyltryptophan (Table S1).
A group of organic acids including gluconate, citrate, malic acid, citramalate, 2-isopropylmalic acid,
glutaric acid, 2-hydroxyisocaproic acid, and azelaic acid was found. Several cofactors, such as oxidized
glutathione, flavin adenine dinucleotide, and riboflavin, as well as the nucleobase adenine and its
nucleoside derivative adenosine, were also detected. In addition, Amborella leaves contain simple
sugars (sucrose and raffinose), nucleotide sugars (UDP-glucose and UDP-xylose), and phosphate
sugars (mannose 6-phosphate) (Table S1).
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Phenylalanine serves as the biosynthetic precursor of phenylpropanoids. In addition to
phenylalanine (in the free amino acid form), metabolites in the general phenylpropanoid pathway
and their derivatives were found in high abundance in Amborella leaves, including coumaric acid,
methyl cinnamate, 4-hydroxy-3-methoxycinnamate, 3,5-dimethoxycinnamic acid, 3-phenyllactic acid,
feruloyl lactate, and feruloyl hexoside (Figure 2; Table S1). Products of the general phenylpropanoid
pathway led to the biosynthesis of several groups of phenolic compounds detected in Amborella leaves,
including coumarins (6-methylcoumarin, 6,8-dimethyl-4-hydroxycoumarin), isoflavonoids (genistein),
anthocyanins (leucocyanidin, cyanidin 3-glucoside, delphinidin 3-rutinoside), proanthocyanidins
(procyanidin B1), and flavonoids (Table S1).

Figure 2. A simplified scheme of the general phenylpropanoid, flavonoid, anthocyanin, and
proanthocyanidin biosynthetic pathways in Amborella trichopoda. These aglycones lead to the formation
of diverse glycosidic derivatives (Tables S1–S3). Metabolites present in Amborella leaves are shown in
blue, and methylated compounds are shaded in gray. Dotted arrows denote multiple enzymatic steps.

A wide range of flavonoid aglycones and glycosides are present in Amborella leaves (Figure 2;
Table S1). In particular, there are 6 flavonol aglycones and glycosides, robinin (kaempferol robinoside),
kaempferol-3-O-rutinoside, quercetin, isorhamnetin (3′-methoxyquercetin), isorhamnetin 3-O-glucoside,
and isorhamnetin 3-O-rutinoside. In addition, chalcones (phloretin (dihydronaringenin)), glycosides of
flavanones (prunin (naringenin-7-O-glucoside), naringin (naringenin 7-O-neohesperidoside), eriodictyol-7-O-
glucoside, hesperidin (hesperitin-7-rutinoside)), flavones and flavone glucosides (luteolin, diosmetin (luteolin
4′-methyl ether), chrysoeriol (4′,5,7-trihydroxy-3′-methoxyflavone)), and flavan-3-ols (epicatechin) were also
found (Table S1). Along with glycosylation, methylation is another modification commonly observed for
many phenolic compounds in Amborella leaves (Figure 2; Table S1).

2.2. Diverse Metabolites in Amborella Stems and Roots

Amborella stems contain the free amino acids lysine, 5-oxo-proline, and 2-aminoadipic acid, in addition
to arginine, aspartic acid, glutamic acid, glutamine, tyrosine, phenylalanine, and acetyltryptophan that are
also identified in leaves (Table S2). Three organic acids, malic acid, saccharic acid, and 2-hydroxyisocaproic
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acid, are present in stems. Besides sucrose, raffinose, mannose 6-phosphate, and UDP-glucose that are
detectable in both leaves and stems, stems also accumulate trehalose (Table S2).

Like leaves, phenolic compounds are the most abundant specialized metabolites in stems (Table
S2). These include coumaric acid, feruloyl hexoside, 6-methylcoumarin, kaempferol 3-O-glucoside,
kaempferol 3-O-rutinoside, quercetin 7-O-rhamnoside, rutin (quercetin rutinoside), isorhamnetin
(3′-methoxyquercetin), isorhamnetin 3-O-glucoside, isorhamnetin 3-O-rutinoside, naringenin, naringin
(naringenin 7-O-neohesperidoside), prunin (naringenin-7-O-glucoside), and epicatechin. Several
phenolics were found in stems but not leaves, such as coumaroyl putrescin, coumaroyl hexoside,
sinapyl aldehyde, feruloyl tyramine, and catechin. A cyclohexenone glucoside, roseoside, was also
detected in stems (Table S2).

Only a few metabolites were identified in Amborella roots, of which arginine, glutamic acid, citric
acid, glutaric acid, malic acid, azaleic acid, adenine, UDP-glucose, trehalose, 3-phenyllactic acid,
3,5-dimethoxycinnamic acid, naringenin, and feruloyl tyramine are in common with leaves and/or
stems (Tables S1–S3). However, several metabolites were found only in roots, but not leaves and
stems, including citraconic acid, galactarate, 4-hydroxy-proline, 2-deoxy-d-glucose, pantothenic acid,
coumarol tyramine, 2-propanamidoacetic acid, and heptadecanoic acid (Table S3).

2.3. Large Families of UDP-Dependent Glycosyltransferases (UGTs) and O-Methyltransferases (OMTs) in the
Amborella Genome

To explore the UGTs and OMTs that generate the diverse glycosylated and/or methylated
specialized metabolites in Amborella tissues, the fully sequenced Amborella genome [14] and the InterPro
database for protein sequence analysis and classification were searched using functional domains
common to plant small molecule UGTs or OMTs. There are 87 putative UGTs in Amborella that contain
the classic PSPG motif conserved in plant UGTs and are over 340 aa in length (the minimum size of
a functionally characterized plant UGT) (Figure S1). To understand the evolutionary relationship
among the UGTs, a neighbor-joining tree was built with the Amborella UGTs and selected UGTs
representing different plant UGT phylogenetic groups (Figure 3). Of the 17 UGT phylogenetic groups
delineated in plants to date (A–Q), Amborella UGTs occupy 14 groups (A, C–M, O, and Q), but they
are absent in groups B, N, and P (Figure 3). While groups C, D, H, I, J, M, and O contain 2 to 5
Amborella UGTs per group, only one Amborella UGT is present each in groups F, K, and Q. On the other
hand, groups G, A, and E are relatively abundant with Amborella UGTs, containing 7, 9, and 13 UGTs,
respectively. Mostly notably, 25% of the Amborella UGTs (22 out of 87) belong to group L (Figure 3).
There are also 9 Amborella UGTs in the outgroup clade of plant UGTs that glycosylate sterols and
lipids [15]. Interestingly, the Amborella UGT W1PRF4 is not associated with any of the currently defined
plant UGT clades (Figure 3).
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Figure 3. A neighbor-joining tree of Amborella trichopoda UGTs and selected UGTs representing different
plant UGT phylogenetic groups. The Amborella UGTs are highlighted in bold. Bootstrap values greater
than 60 are shown next to the branches. OG, outgroup.

Twenty-five Amborella proteins (51 to 395 aa, average size 216 ± 111 aa) were predicted to contain
the O-methyltransferase, class I-like SAM-dependent O-methyltransferase, O-methyltransferase
COMT-type, or plant methyltransferase dimerization domain (Figure 4). The protein sequences of
Amborella OMTs and selected functionally characterized plant small-molecule OMTs were aligned
(Figure S2). Because some of the pairwise distances could not be estimated from the multiple sequence
alignment, a character-based method, the maximum likelihood method, was used for building the
OMT phylogeny instead of neighbor-joining, which requires a distance matrix (Figure 4). Eighteen
Amborella OMTs (including a tight cluster of 13 OMTs) were associated with plant OMTs functioning
towards hydroxycinnamic acids, flavonoids, or alkaloids (Figure 4). Interestingly, within the same
clade, W1NLC7 (358 aa) grouped closely (bootstrap value 72) with two monocot OMTs, ZmCOMT
(maize) and TaOMT2 (wheat), which utilize caffeic acid as substrate. Seven Amborella OMTs clustered
with plant CCoA OMTs, including U5CZ55, U5D229, U5CZN4, U5D0E8, and U5D520 that fall in the
same group as SlCCoAOMT and McCCoAOMT, U5CX90 that is associated with other plant CCoA
OMTs, and W1PM29 that is more distant from the other Amborella CCoA OMTs (Figure 4). It should
be noted that the SABATH OMTs from Arabidopsis thaliana, Antirrhinum majus, and Clarkia breweri
were used as the outgroup for the phylogenetic analysis. Thirteen Amborella proteins contain the
SAM-dependent carboxyl methyltransferase domain (present in SABATH OMTs) but were not included
in the phylogenetic analysis.
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Figure 4. A maximum likelihood tree of Amborella trichopoda O-methyltransferases (OMTs) and selected
functionally characterized plant small-molecule OMTs. The size of the predicted Amborella OMT is
shown next to the identifier (highlighted in bold). Bootstrap values greater than 60 are shown next to
the branches.
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3. Discussion

Overall, this nontargeted, metabolite-profiling study revealed the presence of diverse groups of
phytochemicals in Amborella tissues. Putative metabolite identification was accomplished by querying
the Amborella metabolites against authentic standards in multiple mass spectral libraries followed
by manual inspection of the matched spectra. The accumulation of phenolic specialized metabolites
in Amborella tissues suggests a major role of these compounds in Amborella interactions with the
environment. On the other hand, the low abundance of terpenoids and alkaloids in these tissues could
be due to either the lack of biosynthetic genes and enzymes or inducible biosynthesis that only occurs
under stress conditions.

An interesting observation was that feruloyl tyramine and coumaroyl tyramine were identified
in stems and/or roots, but not leaves (Tables S1–S3). Hydroxycinnamoyl tyramines are reportedly
phytoalexins with increased production in response to wounding [16] and inoculation of pathogens [17]
in other plant species. This poses the question of whether feruloyl tyramine and coumaroyl tyramine
constitute a form of chemical defense against abiotic and biotic stresses in Amborella stems and roots.
If this is the case, it remains to be answered whether these compounds in Amborella have coevolved
with pathogens in the environment.

Notably, various glycosylated and methylated phenolics are produced by Amborella tissues, particularly
leaves (Tables S1–S3). The diverse glycosylated flavonoids, anthocyanins, and proanthocyanidins present in
Amborella leaves may protect the plants from UV radiation, as have been demonstrated in other plants [18].
Although the role of methylated flavonoids in foliar tissues has not been well characterized, methylated
isoflavonoids were shown to act as phytoalexins in different plants [19], suggesting that methylated flavonoids
in Amborella may also be involved in defense against biotic stress. In addition, the phenylpropanoid pathway
derivative methylcinnamate acts as a signaling molecule in plant–insect interactions [20]. Methylcinnamate
and its associated compounds, 3,5-dimethoxycinnamic acid and 4-hydroxy-3-methoxycinnamate, were
identified in Amborella leaves, suggesting that they could be mediators of Amborella and insect relations.

Intrigued by the occurrence of multiple glycosylated and methylated specialized metabolites,
the fully sequenced Amborella genome was explored to identify candidate genes encoding modification
enzymes of these compounds [14] (Figures 3 and 4). Phylogenetic analysis showed that a large number
of Amborella UGTs (22 out of 87) belonged to group L (Figure 3). Retention of duplicated genes after
whole-genome duplication (WGD) may have led to the large group L UGTs in Amborella. On the other
hand, recent gene duplications after the divergence of Amborella from other flowering plants may
have also contributed to the expansion of group L UGTs, as suggested by W1NFN9 and W1NFL7
that share 97.1% identity and 97.5% similarity (Figure 3). Group L UGTs from different plants have
shown to form glycosides and glucose esters of a wide range of compounds, such as flavonoids,
isoflavonoids, benzoic acid derivatives, cinnamic acid derivatives, lignans, hydroxy coumarins,
phenylethanoids, hydroquinones, diterpenes, triterpenes, glucosinolates, epoxy sesquiterpenoids,
auxins, and xenobiotics [21–27]. Functional characterization of the group L UGTs in Amborella will
help understand whether they are responsible for generating the diverse glycosylated specialized
metabolites reported here. Amborella UGTs are absent in groups B, N, and P (Figure 3). Although
the activity of group N UGTs has not been elucidated, group B UGTs are active towards flavonoids,
benzoic acid derivatives, and xenobiotics [23,25], whereas group P UGTs glycosylate monoterpenes
and triterpenes [26,28]. The lack of groups B and P UGTs in Amborella suggests that glycosylation of
flavonoids and terpenoids relies on UGTs in other phylogenetic groups (e.g., group L).

Seven Amborella OMTs are clustered with plant CCoA OMTs (bootstrap value 89) and may
be involved in monolignol biosynthesis (Figure 4). Interestingly, of the seven Amborella CCoA
OMTs, five group with two CCoA OMTs from the Caryophyllales, SlCCoAOMT and McCCoAOMT,
which exhibited activities towards caffeoyl esters and a broad range of flavonoid substrates [29].
U5CX90 is located in the branch of CCoA OMTs from various plant species for lignin biosynthesis. On
the other hand, W1PM29 is more distantly related to the other six Amborella CCoA OMTs within the
same clade (Figure 4). Thirteen Amborella OMTs are clustered together and group with plant OMTs
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that use hydroxycinnamic acids, flavonoids or alkaloids as substrates. Notably, another OMT of this
clade, W1NLC7, is strongly associated (bootstrap value 72) with two monocot COMTs, ZmCOMT and
TaOMT2, which are able to methylate caffeic acid (Figure 4). The recombinant TaOMT2 protein also
carried out sequential methylations of the flavone tricetin [30]. These phylogenetic associations of
Amborella OMTs with plant OMTs of various activities instigate an exciting next step of characterization
of their biochemical properties.

Overall, Amborella tissues are rich in phenolic specialized metabolites, and its genome is abundant
in enzymes that modify the core structure of compounds. In the future, the role of these specialized
metabolites may be investigated within the context of Amborella interacting with the environment.
Functional characterization of the candidate UGTs and OMTs in Amborella will allow for comparative
analysis with UGTs and OMTs from other plant lineages for convergence or divergence in enzyme
evolution. Glycosylation and methylation have shown to improve the bioavailability and bioactivity
of the core molecules (e.g., flavonoids) [31,32]. Elucidating the catalytic features of Amborella enzymes
capable of producing specialized metabolites with unique structures (e.g., regiospecific) will enable
valuable pharmaceutical biotechnology applications.

4. Materials and Methods

4.1. Plant Materials

An Amborella plant was obtained from UC Santa Cruz in 2014 by the UC Davis Botanical
Conservatory; this plant was propagated vegetatively from an Amborella plant that was originally
collected from New Caledonia by Dr. Ray Collett (Amborella is endemic to New Caledonia). A voucher
specimen was deposited at the UC Davis herbarium (No. b.2014.123). Leaf and stem tissues were
collected from the Amborella plant growing at the UC Davis Botanical Conservatory in April 2017.
Cuttings were previously made from this plant in August 2016 for vegetative propagation. Root tissues
were obtained from one of the rooted cuttings in April 2017. The plant tissues were harvested using
a razor blade and immediately frozen in liquid nitrogen. The leaf, stem, and root tissues were taken
and analyzed in triplicate.

4.2. Metabolite Analysis

Amborella leaves, stems, and roots were ground into fine powder in liquid nitrogen using
a mortar and pestle and then freeze-dried. Fifty milligrams of the lyophilized tissue was extracted
using 1 mL of 70% methanol with sonication, followed by centrifugation at 13,000 rpm for 10 min.
The supernatant was filtered through a syringe filter (MilliporeSigma, Burlington, MA, USA) and
subjected to LC-HR-ESI-MS analysis on an ultra-performance liquid chromatography (UPLC) (Waters,
Milford, MA, USA) coupled to a Q Exactive mass spectrometer (Thermo Scientific, Waltham, MA, USA)
as previously described [33]. Briefly, metabolite separation was conducted using a BEH C18 column
(Acquity UPLC®, 100 mm × 2.1 mm, particle size 1.7 μm; Waters, Milford, MA, USA) at a column
temperature of 30 ◦C and with gradient elution between solvents (A) 0.1% formic acid in water and
(B) acetonitrile. The injection volume was 5 μL, and the total run time was 30 min. The gradient was as
follows: 0–2 min, 3% B; 2–19 min, 3%–35% B; 19–22 min, 35%–90% B; 22–24 min, 90% B; 24–24.1 min,
90%–3% B; and 24.1–30 min, 3% B. The flow rate was maintained at 0.25 mL min−1. The UPLC
chromatograms were monitored at 254, 280, and 320 nm.

Mass spectra were obtained in the positive and negative ion modes over the mass range of m/z
120–1500 at an ion spray voltage of 4 and 3 kV, respectively. For both types of analysis, the capillary
temperature was kept at 320 ◦C and source temperature at 200 ◦C. Sheath gas and auxiliary gas were
nitrogen at a flow rate of 35 arbitrary units (arb) and 8 arb, respectively. The stepped normalized
collision energy (NCE) for MS/MS analysis was at 15% and 40%.
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4.3. Metabolite Identification

The raw data obtained from the LC-HR-ESI-MS analysis were analyzed using MS-DIAL
version 3.20 [34]. Multiple reference mass spectral libraries were used for querying the unknown
metabolites, including MassBank [35], RIKEN tandem mass spectral database for phytochemicals
(ReSpect) (http://spectra.psc.riken.jp/), the Global Natural Product Social Molecular Networking
system (GNPS) (https://gnps.ucsd.edu/ProteoSAFe/libraries.jsp), the Critical Assessment of Small
Molecule Identification (CASMI) 2016 library [36], the Fiehn lab hydrophilic interaction liquid
chromatography (HILIC) MS/MS library (available at http://prime.psc.riken.jp/Metabolomics_Software/
MS-DIAL/index.html), the Bruker MetaboBASE plant library (https://www.bruker.com/products/mass-
spectrometry-and-separations/ms-oftware/metabolomics-spectral-libraries/overview.html), RIKEN
PlaSMA (http://plasma.riken.jp/), and Karolinska Institute and Gunma (GIAR) zic-HILIC deconvoluted
MS2 spectra in data independent acquisition [37]. Tentative compound identification was based on the
weighted similarity score of accurate mass, isotope ratio, and MS/MS spectra with a cut-off value set
at 80. The accurate mass tolerance for MS was set at 0.01 Da and MS/MS at 0.05 Da. The tentatively
identified metabolites were further examined by careful manual inspection of the matching MS/MS
spectra between the Amborella metabolites and the authentic standards.

4.4. Phylogenetic Analysis

The Amborella UGT sequences were obtained from the Ensembl Plants database (https://plants.
ensembl.org/info/website/ftp/index.html). There are 87 Amborella proteins that contain the conserved
PSPG motif and are longer than 340 amino acids, which is the shortest length reported for a functionally
characterized plant UGT. The accession numbers are: U5CMK2 (467), U5CNG3 (472), U5CNJ5 (477),
U5CRD3 (382), U5CUG8 (447), U5CVP6 (486), U5CWM7 (431), U5CX27 (363), U5CXJ9 (482), U5CXN6
(489), U5CYW0 (453), U5D008 (374), U5D0B7 (562), U5D0T8 (551), U5D1 × 9 (469), U5D276 (470),
U5D2S8 (473), U5D3G1 (450), U5D3V5 (434), U5D3V6 (463), U5D531 (408), U5D5 × 3 (411), U5D5 × 9
(438), U5D5Z2 (488), U5D602 (452), U5D7I9 (490), U5D817 (481), U5DB27 (427), U5DB32 (469), U5DBW3
(470), U5DBY1 (482), U5DBY4 (478), U5DCN3 (473), U5DCP2 (463), U5DDJ3 (467), U5DDK2 (467),
U5DFQ3 (467), U5DFQ6 (467), U5DI88 (510), U5DI92 (419), U5DI97 (469), W1NFL7 (481), W1NFN9
(481), W1NHX5 (466), W1NIK4 (481), W1NU70 (500), W1NUG7 (539), W1NUV1 (607), W1NV64 (484),
W1NVU7 (388), W1NWE7 (342), W1NXD5 (462), W1P188 (462), W1P1M0 (474), W1P302 (465), W1P7W1
(486), W1PA48 (541), W1PAP0 (479), W1PAZ2 (518), W1PBB6 (485), W1PC48 (514), W1PD80 (476),
W1PE57 (469), W1PF90 (490), W1PFP0 (486), W1PH20 (465), W1PHN8 (448), W1PJ19 (438), W1PKS4
(481), W1PLB6 (487), W1PLP3 (363), W1PMA9 (471), W1PMY7 (390), W1PP20 (470), W1PP63 (543),
W1PPW8 (500), W1PQK6 (475), W1PQX3 (486), W1PRF4 (436), W1PS80 (500), W1PT00 (452), W1PTN8
(451), W1PTT2 (531), W1PV81 (398), W1PVY0 (447), W1PX56 (479), and W1PZW0 (469). The size of the
protein is indicated in parenthesis next to the gene identifier.

The Amborella OMT sequences were retrieved from the InterPro database for protein sequence
analysis and classification (http://www.ebi.ac.uk/interpro/) [38]. Seventeen Amborella proteins were
found for both domain IPR016461 (O-methyltransferase COMT-type) and domain IPR001077
(O-methyltransferase) searches, including U5CKV5 (151), U5CUU9 (135), U5CZT3 (87), U5D1A9
(87), U5DBV9 (353), W1NGT5 (248), W1NLC7 (358), W1NP75 (102), W1P041 (352), W1P0K5 (105),
W1P0L5 (395), W1P628 (182), W1P633 (219), W1P6Z4 (101), W1P8Q1 (351), W1P8Q7 (361), and W1PG58
(167). An additional protein, W1P9N8 (113), possesses the plant methyltransferase dimerization
domain (IPR012967). Furthermore, the class I-like SAM-dependent O-methyltransferase (domain
IPR002935) family contains seven Amborella proteins, including U5CX90 (246), U5CZ55 (226), U5CZN4
(192), U5D0E8 (51), U5D229 (373), U5D520 (141), and W1PM29 (314). A search of SAM-dependent
carboxyl methyltransferase (domain IPR005299; putative SABATH OMTs) identified 13 proteins,
including U5D0V3 (357), U5DA47 (359), U5DCV1 (358), W1NFR3 (363), W1NGL4 (349), W1NHF8
(358), W1NQ15 (406), W1P226 (347), W1PFG6 (116), W1PG85 (109), W1PGE4 (367), W1PNB8 (387),
and W1PZL5 (318). The size of the protein is indicated in parenthesis next to the gene identifier.
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For phylogenetic analysis of UGTs, the Amborella UGTs and selected UGTs representing different plant
UGT phylogenetic groups were aligned using multiple sequence comparison by log-expectation (MUSCLE) [39].
A neighbor-joining tree was constructed in Molecular Evolutionary Genetics Analysis (MEGA7) with 1000
bootstrap replicates [40]. The AGI (Arabidopsis sequences) and GenBank (other sequences) accession numbers of
the selected plant UGTs are: AtUGT71B1 (AT3G21750), AtUGT72B1 (AT4G01070), AtUGT73B1 (AT4G34138),
AtUGT74B1 (AT1G24100), AtUGT75B1 (AT1G05560), AtUGT76B1 (AT3G11340), AtUGT78D1 (AT1G30530),
AtUGT79B1 (AT5G54060), AtUGT80A2 (AT3G07020), AtUGT81A1 (AT4G31780), AtUGT82A1 (AT3G22250),
AtUGT83A1 (AT3G02100), AtUGT84A1 (AT4G15480), AtUGT85A1 (AT1G22400), AtUGT86A1 (AT2G36970),
AtUGT87A1 (AT2G30150), AtUGT88A1 (AT3G16520), AtUGT89A1 (AT1G51210), AtUGT90A1 (AT2G16890),
AtUGT91A1 (AT2G22590), AtUGT92A1 (AT5G12890), OsUGT94A1 (BAC15998), OsUGT96A1 (BAD09654),
OsUGT97A1 (BAD36519), OsUGT98B1 (BAB17059), OsUGT99A1 (ABF96059), OsUGT701A2 (CAE05712),
OsUGT709A3 (BAC80059), PoUGT95A1 (ACB56927), ZmUGT77A1 (CAA31855), and ZmUGT93B1 (AAK53551).
The SgUGT720A1 sequence was obtained from the supplementary data file of [26].

For phylogenetic analysis of OMTs, the Amborella OMTs and selected functionally characterized
plant small-molecule OMTs were aligned using MUSCLE. A maximum likelihood tree was
constructed in MEGA7 with 100 bootstrap replicates. The GenBank accession numbers of the
selected plant OMTs are: AmmBMT (AAR24096), AmmCOMT (AAR24095), AnmBAMT (AF198492),
At3′OMT (AAB96879), AtIAMT (NP_200336), AtJMT (AAG23343), Ca3′5′OMT (AAA80579), CaOMT2
(AAA86982), Car4′OMT (AAR02419), CarOMT2 (AAM97497), CbIEMT (AAC01533), CbSAMT
(AF133053), Cj4′OMT (BAB08005), Cj6OMT (BAB08004), Cj9OMT (BAA06192), CjCoOMT (BAC22084),
GeD7OMT (BAC58012), GeHI4′OMT (BAC58011), Hv7OMT (CAA54616), LjHI4′OMT (BAC58013),
McCCoAOMT (AAN61072), Mp7OMTa (AAR09598), Mp7OMTb (AAR09599), Mp8OMT (AAR09600),
Mp3′OMT (AAR09601), Mp4′OMT (AAR09602), Ms2′OMT (AAB48059), MsCCoAOMT (AAC28973),
MsCOMT (AAB46623), MsI7OMT (AAC49928), NtCCoAOMT (AAC49913), ObCVOMT (AAL30423),
ObEOMT (AAL30424), PcCCoAOMT (AAA33851), PitAEOMT (AAC49708), PitCCoAOMT (AAD02050),
PotCCoAOMT (CAA12198), PsHMM (AAC49856), RcPOMT (BAD18975), RhOOMT1 (AAM23004),
RhOOMT2 (AAM23005), SlCCoAOMT (AAB61680), TaOMT2 (ABB03907), VvCCoAOMT (CAA90969),
ZeCCoAOMT (AAA59389), ZeCOMT (AAA86718), and ZmCOMT (AAB03364). (Amm, Ammi majus;
Anm, Antirrhinum majus; At, Arabidopsis thaliana; Ca, Chrysosplenium americanum; Car, Catharanthus
roseus; Cb, Clarkia breweri; Cj, Coptis japonica; Ge, Glycyrrhiza echinata; Hv, Hordeum vulgare; Lj, Lotus
japonicas; Mc, Mesembryanthemum crystallinum; Mp, Mentha x piperita; Ms, Medicago sativa; Nt, Nicotiana
tobacum; Ob, Ocimum basilicum; Os, Oryza sativa; Pc, Petroselium crispum; Pit, Pinus taeda; Po, Pilosella
officinarum; Pot, Populus trichocarpa; Rc, Rosa chinensis; Rh, Rosa hybrida; Sg, Siraitia grosvenorii; Sl, Stellaria
longipes; Ta, Triticum aestivum; Vv, Vitis vinifera; Ze, Zinnia elegans; Zm, Zea mays.)

Supplementary Materials: The following are available online. Table S1: High-resolution electrospray ionization
mass spectrometry (HR-ESI-MS) data of metabolites tentatively identified in leaves of Amborella trichopoda.
The MS/MS fragments that match those of authentic standards are highlighted in bold. Table S2: High-resolution
electrospray ionization mass spectrometry (HR-ESI-MS) data of metabolites tentatively identified in stems of
Amborella trichopoda. The MS/MS fragments that match those of authentic standards are highlighted in bold.
Table S3: High-resolution electrospray ionization mass spectrometry (HR-ESI-MS) data of metabolites tentatively
identified in roots of Amborella trichopoda. The MS/MS fragments that match those of authentic standards are
highlighted in bold. Figure S1: Alignment of Amborella trichopoda UDP-dependent glycosyltransferases (UGTs)
and selected UGTs representing different plant UGT phylogenetic groups. Figure S2: Alignment of Amborella
trichopoda O-methyltransferases (OMTs) and selected functionally characterized plant small molecule OMTs.
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Abstract: “Neapolitan limmo” is an ancient and rare sweet Mediterranean lime, now almost extinct
but used until a few decades ago for the production of a fragrant liqueur called the “four citrus fruits”.
The objective of this work was to compare, through the use of chemical (flavonoids, volatile organic
compounds, and chiral compounds) and molecular (DNA fingerprint based on RAPD-PCR) markers,
the residual population of Neapolitan limmo with other populations of sweet limes, identified
in Calabria and known as “lemoncetta Locrese”. We report for the first time specific botanical
characteristics of the two fruits and unequivocally show that the ancient sweet Mediterranean limes
Neapolitan limmo and lemoncetta Locrese are synonyms of the same Citrus species. Owing to the
biodiversity conserved in their places of origin, it will now be possible to recover, enhance and
implement the use of this ancient sweet lime for agro-industrial purposes.

Keywords: agrobiodiversity; lemoncetta Locrese; Mediterranean sweet lime; Neapolitan limmo;
Neapolitan “four citrus fruits” liqueur; taxonomy

1. Introduction

“Limmo” or “limo” or also “limma”, not to be confused with the more famous lime (C. aurantifolia),
is an ancient Neapolitan citrus of the genus Citrus. The first traces of the presence of limmo in the
Neapolitan province date back to the end of the seventeenth century [1]. It was described as the fruit
of Lomia or Lumia, a species of sweet and sweet-smelling Citrus fruits similar to lemon but smaller [2].
Limmo has a strongly rounded shape of about 5–6 cm diameter (Figure 1a). According to TG/203/1
UPOV guidelines [3], it is morphologically characterized by a base with a depressed, slightly rounded
distal part and a nipple of conical and umbonate shape, sunken at the base of ca. 1–2 cm (Figure 1b).
It is similar to the “Sicilian lumia”, recently described by Raimondo et al. [4].
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Figure 1. Neapolitan limmo or lemoncetta Locrese. (a,b) Ripe fruits are sulfur-yellow in color and have
a diameter of 4–5 cm. (c) Fruit section with 8–10 loggias. (d) Ripe fruits with greenish color. (e) Young
leaves and flowers. (f) Leaves and small fruits. (g) Neapolitan limmo tree.

Limmo has a thin yellow skin (Figure 1c) in the ripe fruit, consisting of 8–10 loggias containing
few seeds, with segments of color between yellow and green, of delicate flavor, not sour, aromatic and
sometimes also with greenish notes in the peel of the ripe fruit (Figure 1d). The limmo flowers, compared
to lemon, are on average smaller, of medium size, fragrant, with white petals and buds (Figure 1e,f).
Small is also the limmo tree with leaves similar to those of lemon (Figure 1f,g). The cultivation of this
sweet lime is now completely amateurish. We could count only a few plants in gardens of Naples and
of the Neapolitan province.

Limmo belongs to the group of the Mediterranean sweet limes and lemons [5]. It appears
nevertheless distinct from them for the color of the flower petals and for the low acidity of the fruit
juice [4,6,7]. The acidity is instead high in lemons (C. limon) and medium high in most of the common
limes (C. limetta Risso, subsect. Limonoides) [8], like the acidic “limonette de Marrakech” [9], and the
Mediterranean sweet lime, C. lumia Risso. The latter is an acid-less variety of C. limetta Risso, (subsect.
Decumanoides-sect. Citrophorum according to Tanaka) [8] which has a long history of cultivation in Italy
as early as the seventeenth and eighteenth centuries [10,11]. The acid-less phenotype of C. limetta is
due to the inability of producing anthocyanin pigments in leaves and flowers and proanthocyanidins
in seeds [6,7] with low citric acid contents [12–14] and juice pH values also above 6 [5–7,15].

Neapolitan limmo stands out among other citrus fruits for its fragrant aroma. The flavor is not very
sweet, rather watered down, almost totally devoid of acidity, not savory and, therefore, unappetizing;
the latter characteristics were in ancient times systematically exploited in Naples and its surroundings
as a defense from thieves. At the end of the nineteenth century, traditional and patrician gardens were
surrounded by limmo trees to protect the property from the street urchins, who were Neapolitan boys
accustomed by the adversity and poverty of that time to survive in the street thanks to small daily
thefts like stealing seasonal fruits from city gardens. Limmo was also used in Neapolitan families
to prepare the ancient liqueur “with the four citrus fruits”, today almost disappeared. The liqueur
was obtained by cold maceration in ethylic alcohol of the slightly unripe peels of oranges, mandarins,
lemons, and Neapolitan limmo. This ancient liqueur was much more sought after than the more
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popular and widespread liqueur “limoncello”, another Neapolitan liqueur obtained using IGP lemons
(Protected Geographical Indication) from the Amalfi coast and Sorrento [16,17].

The use of limmo in natural medicine, together with that of other citrus fruits, was reported in the
1825 edition of Phamacopoeia by Antonio Ferrarini (pharmacist, Member of the Health Commission
of Bologna City and surroundings, and Lecturer at the Faculty of Pharmacy) [18]. Along with other
citrus fruits, limmo was used for the preparation of “aromatic cedar water” or “citron aromatic water”.
In traditional medicine, the limmo juice was once used as a remedy for cough mixed with prickly pear
juice [19].

No studies on limmo are present in the literature. Early taxonomists hypothesized that lemons
and limes are derivatives or hybrids of citrons. However, a definitive classification and origin of
the species was not proposed. It is a shared opinion that cultivated limes, sweet limes, and lemons
originate from interspecific hybridization of cedar (C. medica L.) in combination with sour orange
(C. aurantium L.) while the C. maxima × C. reticulata hybrid gives rise to the C. limettioide subgroup
Palestinian sweet lime and C. meyeri Meyer lemon [5,20].

Since in Naples limmo was also described as a “sweet bergamot”, we searched for this sweet
lime in Calabria as well, with the intention of verifying the presence of limmo. Calabria is a region of
Southern Italy with extensive citrus fruit cultivations, especially in the Ionic area of the province of
Reggio Calabria, the area of origin and production of bergamot (Citrus Bergamia Risso) [21,22].

The results of this survey showed the presence of a discreet population of sweet limes in
the region East to Reggio Calabria, the Locri area. The local fruit is morphologically similar to
Neapolitan limmo and locally known as “lemoncetta Locrese” or “pirettu Locrese”. This fruit is of no
agro-industrial use and thus of little economic importance. As for Neapolitan limmo, it was never
characterized compositionally.

We thus decided to compare the populations of Neapolitan limmo with the Calabrian lemoncetta
Locrese with chemical and genetic approaches. We measured chemical markers of citrus fruits, such as
glycoside flavanones and determined the profile of volatile organic compounds (VOCs) in juice and
peel and the enantiomeric distribution of volatile organic chiral compounds. We then analyzed the
genetic diversity of the two populations by Random Amplified Polymorphic DNA (RAPD) analysis.

The results of this study aimed at characterizing and comparing the two apparently distinct fruits
led us to conclude that they are compositionally and genetically indistinguishable within variations due
to climatic and soil differences. These results will help to restore the use of the ancient Mediterranean
limmo to produce the Neapolitan “four citrus fruits” liqueur and as a promising and precious resource
for the essential oil industry.

2. Results and Discussion

2.1. Flavonoids, Organic Acids and Proximate Constituents

Flavanones and to a lesser extent flavonols are the predominant flavonoids in the genus Citrus [23].
The quali-quantitative distribution of these phenols is largely influenced by the specie and/or the
variety [24–26]. Flavonoids are thus commonly used as chemotaxonomic markers and evaluate the
quality and genuineness of citrus juices [24,27–30]. Since flavanones constitute virtually all of the
total flavonoids present (e.g., 98% in grapefruit, 90% in lemons, and 96% in limes) [29], we focused
on the major aglycone flavanones with their rutinose or neohesperidose glycosides as markers to
differentiate Neapolitan limmo and lemoncetta Locrese from other citrus juices and between the two
populations. The same approach was utilized by Mouly et al. [24] to effectively differentiate lemon and
lime, varieties of grapefruits (white, pink, red, and green), and sweet oranges (Valencia, navel, blood,
Thomson, and Malta). The flavonoid profile is also a method widely utilized to detect the possible
mixture of different juices as for instance the addition of bergamot to lemon juice [30]. The range of
variability of flavonoids and organic acids for citrus juices are reported in the code of practice of the
International Federation of Fruit Juice Producers (IFFJP).
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We thus compared by HPLC the population of flavonoids in Neapolitan limmo with those
of lemoncetta Locrese (Figure 2 and Table 1). An identical flavonoid profile unites both analyzed
populations (Figure 2). Neapolitan limmo had flavanone profiles more like lemoncetta Locrese.
The insignificant difference (p < 0.05) observed in flavonoid contents are within the normal limits of
environmental variability of these two juices.

Both Neapolitan limmo and lemoncetta Locrese are qualitatively characterized by a common
presence of five different flavonoids: the three rutinosidic flavanones, hesperidin, eriocitrin,
and narirutin and the two flavones O-glycosides, rutin and diosmin. The identification of these
flavonoids is confirmed not only by the retention times but also by spectra analysis compared to
their standards (data not shown). The samples do not contain flavanone O-neohesperidose and the
non-bitter flavanone neoponcirin.

Figure 2. Liquid chromatography (LC) flavonoid profile of Neapolitan limmo and lemoncetta locrese.
(a) Standard containing a mixture (50 mg/L) of eriocitrin (1), neo-eriocitrin (2), rutin (3), narirutin
(4), naringin (5), hesperidin (6), neohesperidin (7), diosmin (8), poncirin (9), didymin (10). (b) LC
chromatograms of Neapolitan limmo (c) LC chromatograms of lemoncetta Locrese. Flavanones were
monitored at 285 nm (black line), flavones at 325 nm (gray line).

Of particular interest between the present flavonoids is eriocitrin, a flavonoid that is exclusively
characteristic of lemon juice [27,29], and is almost absent in orange and grapefruit juice. Eriocitrin in
limmo and lemoncetta strengthens the genetic closeness to lemon of these Mediterranean limes, both
hybrids of citron (C. medica L.) being a sour orange × Citron cross [5].
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The flavonoid composition of limmo and lemoncetta was also compared with that of two other
limes, both previously characterized by Nogata et al. [23]. The first is classified under the Limonoides
subset according to the Tanaka’s system [8], with the common name Sweet lemon and the scientific
name C. limetta or C. limetta Risso, with slightly acidulous pulp [9,12,13]. The second is classified in the
subsection of Decumanoides (sect. Citrophorum) [8], with common name lumie and the scientific name
C. lumia or C. lumia Risso, with sweet and non-acidic pulp [4,13]. This citrus is most diffused in Italy
and in some southern regions of France [31]. A prevalent similarity emerges from the comparison
between the flavonoid profiles of C. limetta and C. lumia and those of Neapolitan limmo or lemoncetta
Locrese (Table 1): Neapolitan limmo, lemoncetta Locrese and C. lumia have a significant content of
the flavanone O-rutinosides esperidine and eriocitrin. They also have a reduced content of the other
flavanone rutinosides narirutin (Table 1) and of the flavones rutin and diosmin. Significative is the
common absence of the flavanones neoponcirin, naringin, neohesperidin, neoeriocitrin e poncirin in
limmo, lemoncetta and C. lumia but not in C. limetta.

Unfortunately, no other paper on the traditional Italian sweet lime varieties besides Nogata et al. [23]
report data on flavonoids [12,13]. The data are anyway consistent with those recently found by
Smeriglio et al. [32] on C. Lumia which reported a similar significant presence of hesperidin and eriocitrin.

Table 1. Flavonoid content (mg/Kg) in Neapolitan limmo and lemoncetta Locrese estimated by HPLC.
(n.d. ≤ 0.5 mg/Kg).

Peak Compounds
Neapolitan Limmo Lemoncetta Locrese

p-Value
Mean ± sd Min–Max Mean ± sd Min–Max

1 Eriocitrin (ERC) 166 ± 15 96–229 261 ± 64 176–327 0.003
2 Neo-Eriocitrin (NER) n.d. n.d.
3 Rutin (RUT) 4 ± 1 3–5 9 ± 4 5–12 0.05
4 Narirutin (NRT) 1 trace-2 1 trace-2
5 Naringin (NRG) n.d. n.d.
6 Hesperidin (HSP) 130 ± 17 45–189 270 ± 80 178–322 0.001
7 Neohesperidin (NHP) n.d. n.d.
8 Diosmin (DSM) 12 ± 3 10–17 24 ± 11 15–30 0.04
9 Poncirin (PON) n.d. n.d.
10 Didimin (DDM) n.d. n.d.

A further indication that the Neapolitan limmo can be with good reasons classified in the
Citrus lumie group is also offered by two recent papers by two distinct research groups [6,7].
These authors demonstrated by independent methodological approaches that in acid-less varieties of
citrus, exceptionally low fruit acidity is associated with absence of anthocyanin pigments in leaves and
flowers and of proanthocyanidins in seeds and flowers without pigmentation or white, like those of
Neapolitan limmo (Figure 1e).

Next, we extended our investigation to the quali-quantitative distribution of organic acids,
the overall acidity, and the pH of the juice. These parameters can give useful indications on the nature
of the lime type discriminating between acid ecotypes. Both limmo and lemoncetta have qualitatively
a common acidic chromatographic profile characterized by the presence of five organic acids: malic,
citric, quinic, tartaric, and fumaric acids (Figure 3). Similar are also the quantitative data (Table 2).

Malic acid is the dominant organic acid of these sweet Mediterranean limes with average values
of 1.57 ± 0.03 g/L in Neapolitan limmo and slightly higher, 1.88 ± 0.02 g/L, in lemoncetta. It is probably
this significant presence in the acidic profile that confers to the juices of these fruits (acid-less sweet
tasting) that smooth tartness acidity given by malic acid. This taste is clearly different from the sensorial
sour quality given by citric acid in juices when this is dominant [33].
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Figure 3. Organic acid profile of Neapolitan limmo and lemoncetta locrese. (a) Standard containing
a mixture of tartaric acid (1) 0.5 mg/mL; quinic acid (2) 0.5 g/L; malic acid (3) 0.5 g/L; citric acid (4) 0.5 g/L;
fumaric acid (5) 2.5 mg/L. (b) LC chromatograms of Neapolitan limmo (c) LC chromatograms of
lemoncetta Locrese.

Both Neapolitan limmo and lemoncetta showed reduced contents of citric acid with average
values of about 0.94 g/L in the group of Neapolitan limmo and even lower in lemoncetta Locrese
(0.48 g/L), with an average pH > 5.7 and values of total acidity < 1.4 g/L (Table 2). This is consistent with
the phenotypes of the sweet forms of C. limetta Risso—Mediterranean sweet lime—sweet Roman [12],
Roman [13,34], Lima Dulce, or Dulce lime [14].

Quinic acid is the most expressed acidic compound after malic acid and citric acids. The average
levels of malic acid are between 0.10 and 0.43 g/L with higher average values for lemoncetta Locrese
compared to Neapolitan limmo (Table 2). Also, for this acid, the quantitatively expressed levels
appear on average higher in the group of lemoncetta Locrese than in those of Neapolitan limmo.
The average values are however completely comparable with each other. Finally, fumaric acid is much
less expressed and generally does not exceed 0.01 g/L.

Table 2. Proximate constituents. pH, soluble solids (◦Brix), titratable acidity (as citric monohydrate
acid g/L), and organic acids (g/L) in Neapolitan limmo and lemoncetta Locrese.

Proximate Constituents
Neapolitan Limmo Lemoncetta Locrese

p-Value
Mean ± sd Min–Max Mean ± sd Min–Max

Total Soluble Solids 7.9 ± 0.5 7.6–8.5 8.4 ± 0.5 8.0–8.9 0.001
pH 5.8 ± 0.2 5.7–5.9 5.9 ± 0.2 5.8–6.0 0.991

Titratable Acidity 1.22 ± 0.2 0.98–1.32 0.98 ± 0.2 0.84–1.20 0.079
Tartaric Acid 0.15 ± 0.02 0.13–0.17 0.22 ± 0.04 0.17–0.26 0.071
Quinic Acid 0.15 ± 0.05 0.10–0.22 0.32 ± 0.10 0.19–0.43 0.045
Malic Acid 1.57 ± 0.10 1.45–1.70 1.88 ± 0.31 1.42–2.14 0.467
Citric Acid 0.94 ± 0.01 0.85–1.02 0.48 ± 0.25 0.13–0.70 0.003

Fumaric Acid 0.01 ± 0.01 0–0.01 0.01 ± 0.01 0–0.01 0.767

84



Molecules 2020, 25, 113

This analysis makes us conclude that limmo and lemoncetta are chemically similar although
there is an appreciable quantitative difference in some substances likely due to climatic and soil
composition and other environmental differences. The values of flavonoids and other metabolites are,
for instance, different likely because of the different degree of activivity of phenylalanine ammonium
lyase, the enzyme central to the production of the biosyntesis precursor of flavonoids cinnamic acid [35].

2.2. Chirospecific Analysis

Biological activity is often correlated with chiral properties. In citrus fruits, chiral compounds are
widely used as indicators of adulteration or fraud of essential oils by addition of synthetic or natural
compounds of different botanical origin. The GC profiles of volatile aromatic compounds of essential
oils from Neapolitan limmo and lemoncetta Locrese (Figure 4a) were initially compared and analyzed
by heart-cutting multidimensional GC [36] to estimate the enantiomeric distribution (ee%) of chiral
β-pinene, sabinene, limonene, linalool and linalyl acetate (Figure 4b).

As for flavonoids and organic acids, an identical metabolic profile of volatile compounds was
common to both citrus populations (Figure 4a). Forty-three volatile aromatic compounds were
identified. In both populations, the more expressed were limonene (61.8 ≥ ± 14.4%) ≥ linalyl acetate
(9.2 ± 0.5%) ≥ linalool (6.6 ± 0.4%) ≥ β-pinene (4.4 ± 2.9%) ≥ myrcene (1.3 ± 0.6%) ≥ sabinene
(0.8 ± 0.4%) ≥ α-terpineol (0.7 ± 0.6%) ≥ α-pinene (0.5 ± 0.4%) ≥ geranial (0.4 ± 0.3%) ≥ neral
(0.3 ± 0.1%) ≥ β-bisabolene (0.2 ± 0.1%) ≥ nerol (0.2 ± 0.1%) ≥ terpinene and citronellol ranged from
0.05 to 0.1%. Camphene, octanal, α-phellandrene, terpinolene, and terpinen-4-ol were less than 0.05%.

The data obtained by four heart-cut multidimensional GC are even more interesting;
the enantiomers of β-pinene, sabinene, limonene, linalool, and linalyl acetate were all well-separated
on a DiActButylsilyl γ-CDX chiral column (Figure 4b). The dominant enantiomeric form for limonene
was (R)-(+). Both populations showed (R)-(+) for β-pinene and sabinene (S)-(−), and (R)-(−) for linalyl
acetate and linalool (Table 3).

Figure 4. Analysis of the chirality of Neapolitan limmo and lemoncetta Locrese (a) GC chromatogram of
Neapolitan limmo essential oil with the four heart-cuts. (b) Enantio-MDGC chromatogram of selected
chiral compounds in Neapolitan limmo.
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Table 3. Enantiomeric distribution of chiral compounds in Neapolitan limmo and lemoncetta Locrese
essential oil.

Compound

Enantiomeric Ratio Enantiomeric Excess, ee (%)

Neapolitan
Limmo

Lemoncetta
Locrese

Neapolitan
limmo

Lemoncetta
Locrese

β-pinene R-(+) 0.5 0.5 99.2 99.1
β-pinene S-(−) 99.5 99.5
Sabinene R-(+) 15.4 15.8 69.3 68.4
Sabinene S-(−) 84.6 84.2
Limonene S-(−) 0.6 0.5 99.2 99.0
Limonene R-(+) 99.4 99.5
Linalool R-(−) 8.3 83.6 66.9 67.2
Linalool S-(+) 16.7 16.4

Linalyl acetate R(−) 98.8 98.7 97.6 97.6
Linalyl acetate S-(+) 1.2 1.3

2.3. Volatile Organic Compounds Analysis

Comparison of the total ion chromatograms of the aroma components collected in the juices
of Neapolitan limmo and lemoncetta Locrese showed the presence of 8 terpenes, 5 monoterpenoid
alcohols, and 3 sesquiterpene hydrocarbons in the juices. Both fruits presented the same volatile
compounds (Figures 5 and 6).

Figure 5. Total ion chromatograms of the juices collected by SPME/GC/MS. (a) Neapolitan limmo.
(b) lemoncetta Locrese. IS: Internal Standard. The peak numbers correspond to the numbers in the first
column of Table 4.
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Figure 6. Total ion chromatograms of the peels collected by SPME/GC/MS. (a) Neapolitan limmo.
(b) lemoncetta Locrese. Peak numbers correspond to the numbers in the first column of Table 5.

In the variety lemoncetta Locrese 12 volatile compounds were in concentrations significantly
higher than in limmo (Table 4).

Table 4. Volatile compounds identified in the juices of the Neapolitan limmo and lemoncetta Locrese.
Data were expressed as: Area volatile compound/Area Internal Standard (A/As.i.) and Area percent
(%). Values correspond to average ± standard deviation. Values are significant at p < 0.05.

Peak Volatile Compounds
Neapolitan Limmo Lemoncetta Locrese

p-Value
A/A s.i. % A/A s.i. %

Terpenes

1 α-phellandrene 0.005 ± 0.00 0.24 ± 0.00 0.007 ± 0.00 0.33 ± 0.00 0.009
2 α-pinene 0.004 ± 0.00 0.18 ± 0.00 0.004 ± 0.00 0.18 ± 0.00 0.06
3 β-phellandrene 0.006 ± 0.00 0.29 ± 0.00 0.009 ± 0.00 0.45 ± 0.00 0.009
4 β-pinene 0.03 ± 0.00 1.38 ± 0.00 0.039 ± 0.01 1.87 ± 0.01 0.009
5 β-myrcene 0.035 ± 0.00 1.62 ± 0.00 0.031 ± 0.01 1.49 ± 0.02 0.009
6 D-limonene 2.051 ± 0.01 93.82 ± 0.01 1.943 ± 0.02 93.39 ± 0.03 0.009
7 β-ocimene 0.002 ± 0.00 0.08 ± 0.00 0.002 ± 0.00 0.10 ± 0.00 0.009
8 Careen 0.001 ± 0.00 0.03 ± 0.00 0.001 ± 0.00 0.04 ± 0.00 0.009

Monoterpenoid Alcohols

9 Linalool 0.008 ± 0.00 0.35 ± 0.00 0.015 ± 0.00 0.70 ± 0.00 0.009
10 Eucalyptol 0.001 ± 0.00 0.06 ± 0.00 0.002 ± 0.00 0.07 ± 0.00 0.009
11 Isoborneol 0.003 ± 0.00 0.15 ± 0.00 0.004 ± 0.00 0.18 ± 0.00 0.009
12 Borneol 0.001 ± 0.00 0.05 ± 0.00 0.001 ± 0.00 0.06 ± 0.00 0.009
13 Bergamol 0.034 ± 0.01 1.54 ± 0.01 0.015 ± 0.01 0.70 ± 0.01 0.009

Sesquiterpene Hydrocarbons

14 Caryophyllene 0.001 ± 0.00 0.06 ± 0.00 0.002 ± 0.00 0.08 ± 0.00 0.009
15 trans-α-bergamotene 0.002 ± 0.00 0.09 ± 0.00 0.004 ± 0.00 0.19 ± 0.00 0.009
16 β-bisabolene 0.002 ± 0.00 0.11 ± 0.00 0.004 ± 0.00 0.18 ± 0.00 0.009
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D-limonene was the main flavor compound found in both varieties, but its concentration was
significantly higher in Neapolitan limmo compared to lemoncetta Locrese (p < 0.05). Other major
components (except limonene) areβ-pinene,β-myrcene, and bergamol (linalyl acetate) for both varieties.
The last two compounds are significantly higher in Neapolitan limmo (p < 0.05). Moreover, other
volatile aromas found at small percentage such as α-phellandrene, α-pinene, β-phellandrene, linalool,
trans-α-bergamotene, and β-bisabolene were considered to be important compounds influencing the
entire aroma [37]. Their concentrations were significantly higher in lemoncetta (p < 0.05). Only the
volatile compound α-pinene was not significantly different in the two varieties (p > 0.05).

Twenty-three volatile compounds were identified in the peels: 10 terpenes, 8 monoterpenoid
alcohols, and 5 sesquiterpene hydrocarbons (Table 5). Both varieties exhibited the same volatile
compounds with different intensity (Figure 6). The peel of lemoncetta Locrese presented significantly
higher areas than Neapolitan limmo. The main component of the peels is Limonene followed by
bergamol, linalool, β-pinene, and β-myrcene with different intensities. Limonene value was not
reported because is no longer linear and the areas were off the charts. Other relevant compounds
are α-pinene, β-phellandrene, β-pinene, β-myrcene, linalool, and bergamol which are significantly
higher in lemoncetta compared to Neapolitan limmo (p < 0.05). Only two volatile compounds (nerol
acetate and geraniol acetate) are significantly higher in Neapolitan limmo than in lemoncetta Locrese
(p < 0.05).

Table 5. Volatile compounds identified in the peels of Neapolitan limmo and lemoncetta Locrese.
Data were expressed as average area of volatile compounds ± standard deviation. Values are significant
at p < 0.05.

Peak Volatile Compounds
Neapolitan Limmo

(Area)
lemoncetta Locrese

(Area)
p-Value

Terpens

1 α-phellandrene 5.17 × 106 ± 5.00 × 103 1.42 × 107 ± 5.00 × 104 0.009
2 α-Pinene 3.87 × 107 ± 1.00 × 105 2.82 × 108 ± 2.00 × 106 0.009
3 β-Phellandrene 1.08 × 108 ± 1.00 × 106 7.24 × 108 ± 1.50 × 106 0.009
4 β-Pinene 5.54 × 108 ± 2.50 × 106 4.34 × 109 ± 2.00 × 107 0.009
5 β-Myrcene 4.39 × 108 ± 3.50 × 106 1.66 × 109 ± 5.00 × 106 0.009
6 D-limonene Off the chart Off the chart
7 β-ocimene 4.23 × 107 ± 1.50 × 105 1.27 × 108 ± 5.00 × 105 0.009
8 carene 4.99 × 106 ± 3.50 × 104 8.59 × 106 ± 4.00 × 104 0.009
9 cis-β-terpineol 1.38 × 107 ± 2.50 × 105 2.36 × 107 ± 3.00 × 105 0.009

10 terpinolene 9.53 × 106 ± 1.50 × 105 1.54 × 107 ± 2.00 × 105 0.009

Monoterpenoid Alcohols

11 linalool 6.09 × 108 ± 3.00 × 106 2.47 × 109 ± 2.00 × 107 0.009
12 α-terpineol 1.16 × 107 ± 5.00 × 104 2.05 × 107 ± 1.00 × 105 0.009
13 acetic acid octyl ester 1.31 × 107 ± 5.00 × 104 4.79 × 107 ± 4.00 × 105 0.009
14 trans geraniol 2.28 × 107 ± 3.00 × 105 2.78 × 107 ± 4.00 × 105 0.009
15 bergamol 7.27 × 109 ± 3.00 × 107 1.51 × 1010 ± 1.50 × 108 0.009
16 α-terpineol acetate 3.29 × 107 ± 3.00 × 105 3.44 × 107 ± 1.50 × 105 0.009
17 nerol acetate 5.77 × 107 ± 3.00 × 105 5.62 × 107 ± 1.50 × 105 0.009
18 geraniol acetate 7.26 × 107 ± 3.00 × 105 6.22 × 107 ± 5.00 × 104 0.009

Sesquiterpene Hydrocarbons

19 α-bergamotene 7.94 × 106 ± 6.50 × 104 1.12 × 107 ± 1.00 × 105 0.009
20 caryophyllene 3.23 × 107 ± 1.50 × 105 5.56 × 107 ± 2.50 × 105 0.009
21 trans-α-bergamotene 7.44 × 107 ± 2.00 × 105 1.28 × 108 ± 1.00 × 106 0.009
22 cis-α-bisabolene 4.58 × 106 ± 3.50 × 104 6.13 × 106 ± 1.00 × 104 0.009
23 β-bisabolene 5.74 × 107 ± 1.50 × 105 7.71 × 107 ± 1.50 × 105 0.009
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The compounds found in these varieties were also reported in other Citrus varieties. Particularly,
in the peels were found 10 additional volatile compounds: cis-β-terpineol, terpinolene, α-terpineol,
acetic acid octyl ester, trans-geraniol, α-terpineol acetate, nerol acetate, geraniol acetate, α-bergamotene,
and cis-α-bisabolene. The absence of these compounds in the juices is probably due to the juice
squeezing. The extraction pressure conditions will determine different aroma components in juices
and in peels.

Our results revealed that there are not qualitative differences between the two varieties.
The aromatic profiles are identical and there are not specific volatile compounds that could be
used to differentiate the varieties. The main differences are connected only to the intensity of the
aromatic profile. The use of SPME-GC-MS thus resulted to be a valuable tool to analyze the volatile
profile of the two sweet lime juices and peels and obtain a quality characterization of fruits from
different varieties.

2.4. Genetic Comparison by DNA-Based Molecular Markers

The genetic similarity of the two Mediterranean sweet lime populations was finally analyzed
using RAPD molecular markers [38]. This technique was preferred to DNA barcoding and phylogenic
analysis because DNA barcoding works best if the sequences have sufficiently diverged. We feared
that the assay could prove inconclusive in our case given the indications from chemical data that
the evolutionary distance between Limmo and lemoncetta is close [39]. RAPD has instead proven
useful in the identification of Citrus cultivars and the assessment of genetic relatedness for neglected
or little-known citrus accessions [40,41]. Lemon (C. limon) cultivars of Campania (Italy) were for
instance distinguished by their RAPD profiles using five arbitrary primers, confirming that RAPD
markers can successfully identify lemon genotypes [42]. Iannelli et al. [43] characterized lemons by
combining genome size and RAPD markers. In their work, the primer U19 utilized for distinguishing
lemon genotypes.

The RAPD-PCR method allowed the genetic analysis of Neapolitan limmo and lemoncetta Locrese
by simply comparing the presence/absence of bands in DNA amplification patterns, visible after
electrophoresis on agarose gel, as the bands represent the numerous loci detected randomly and
dispersed in their respective genomes. We used primers already successfully considered for the variety
discrimination of other species [44,45] but we obtained more markers as compared to previous work.
The primers used showed high reproducibility of amplification products. They also showed the
absence of polymorphisms in DNA in the comparison between limmo and lemoncetta and therefore
the impossibility to discriminate between the two populations (Figure 7a,b).

The RAPD profiles obtained with each primer were extremely different from each other, allowing
us to explore different regions of the genome. Alleles corresponding to reproducible amplicons,
given the dominant genetic nature of RAPD markers, identified a total of 80 markers or loci (Table 6).
The number detected was dependent on the primer used but not on the variety, with an average
of 6.7 loci per primer, going from the minimum of four bands for primers G07 and U4 and at most
12 bands for the AX08 primer. Also, the genetic analysis suggested that the Neapolitan limmo and the
lemoncetta Locrese are likely synonyms of the same variety since the loci were not polymorphic and
did not allow to discriminate between the two local varieties.
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Figure 7. Genetic diversity of Neapolitan limmo and lemoncetta Locrese by RAPD molecular analysis.
Comparison of the RAPD results on agarose gels of lemoncetta Locrese (odd lanes) and Neapolitan
limmo genomes (even lanes), respectively, with the indicated arbitrary primers. (a) Lanes 1, 2: primer
A05; lanes 3, 4: primer AK10; lanes 5, 6: primer AN10; lanes 7, 8: primer AX01; lanes 9, 10: primer
AX08; lanes 11, 12: primer G07. (b) Lanes 1, 2: primer G12; lanes 3, 4: primer G19; lanes 5, 6: primer
E10; lanes 7, 8: primer E11; lanes 9, 10: primer U4; lanes 11, 12: primer U19. Lanes M: GeneRuler 1 kb
Plus DNA Ladder (Thermo Fisher Scientific) as molecular weight marker, containing three darkest
bands consisting of 5000, 1500, and 500 bp.

3. Materials and Methods

3.1. Plant Materials

Fruits and Leaves samples of Neapolitan limmo and lemoncetta Locrese were harvested in
January 2018 and 2019 from populations located in areas of Afragola (40◦55′37′′ N; 14◦18′42′′ E),
Pozzuoli (40◦49′39′′ N; 14◦9′11′′ E) and Pianura (41◦02′24′′ N; 14◦11′09′′ E) (Campania, Italy) or
Locri (38◦14′19′′ N; 16◦15′34′′ E) and Siderno (38◦16′ N; 16◦18′ E), Reggio Calabria (Calabria, Italy),
respectively, and placed in a 4 ◦C refrigerated box to be processed.

Chemicals: All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) or
Extrasynthes (Genay, France). An internal standard solution of camphor used for the analysis
of volatile compounds in the juices was obtained from Sigma-Aldrich. The purity of all of the standards
was beyond 95%. All other solvents and reagents were of analytical grade.

3.2. Preparation of the Samples for Chemical Analyses

Chemical analyses were performed on juices obtained in the laboratory from fresh fruits of
Neapolitan limmo and lemoncetta Locrese. A total of 6 different Neapolitan limmo juice samples
were used (2 in 2018 and 4 in 2019) and 8 lemoncetta Locrese samples (3 in 2018 and 5 in 2019).
The juices were prepared using a manual squeezer, filtered through a stainless-steel filter with 1.18 mm
mesh diameter, centrifuged at 18,000× g for 60 min at 4 ◦C, placed in plastic bags in 100 mL aliquots,
and stored at −20◦ C until usage. The essential oils were extracted from fruits of limmo or lemoncetta
(2 kg) through manual abrasion of the frozen flavedo at −20 ◦C by a small stainless steel grater with
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subsequent recovery and mixing 1:5 (w/w) with a saline solution (1 M NaCl) at 0 ◦C and subsequent
centrifugation at 18,000× g for 60 min at 4◦ C. The oil recovered after centrifugation (supernatant, about
200 μL) was dried over anhydrous sodium sulfate and re-centrifuged at 12,000× g for 15 min at 4 ◦C
and stored in the dark in a 1 mL vial under nitrogen at 5◦ C. A total of 8 samples of essential oils were
prepared (all in 2019), 4 of Neapolitan limmo and 4 of lemoncetta Locrese.

3.3. Proximate Constituents

The soluble solids, expressed in Brix degrees, were determined by measurement of refractive
index at 20 ◦C. The pH was determined by a Crison Model microTT 2050 pHmeter. Titrable acidity
(total acids), expressed as citric acid monohydrate, was determined by titrating a 10 g sample with
0.1 N NaOH up to pH 8.1 according to the method reported by the International Federation of Fruit
Juice Producers [46].

3.4. Organic Acid Analysis

Limmo or lemoncetta juice (20 g) were clarified by centrifugation at 12,000× g for 15 min.
The clarified extract was filtered through a 0.45 μm Millipore filter (Darmstadt, Germany); 10 mL
was chromatographed through a cation-exchange column [AG-1-X8 (HCOO−) poly-prep Bio-Rad
(Hercules, CA, USA)] and washed with water to a total volume of 100 mL. The organic acids were
eluted with 6 M formic acid (ca. 130 mL), collected, and evaporated. The dry samples were recovered
with water (10 mL) and filtered through a 0.45 μm Millipore filter before HPLC analysis. A volume
of 10 μL was employed for the HPLC ThermoFinnigan Surveyor (Thermo Finnigan, Waltham, MA,
USA) analysis on a Restek Allure organic acids cartridge 5 μm, 300 mm × 4.6 mm ID thermostated at
25 ◦C. The isocratic elution was carried out with a eluent consisting of 100 mM phosphate buffer at
pH 2.5 with a flow rate of 0.5 mL/min with detection at 226 nm by a diode array detector [47] interfaced
to a Dell computer Optlex gx260 with Xcalibur software for the signal acquisition and elaboration.
Identification of quinic, malic, citric, fumaric, and tartaric acids was based on the retention time by
co-injection of reference standards.

3.5. Flavonoid Analysis

The determination of the flavonoids (Flavanone O-glycosides and Flavone O-glycosides) in
the juices was carried out by liquid chromatography according to the method of Grandi et al. [27].
Ten phenolic compounds were quantified. They included four flavanone O-glycosides with a rutinose
(rhamnosyl-α-1,6-glucose) moiety: hesperidin, narirutin, eriocitrin and didymin (or neoponcirin).
Four more were flavanone O-glycosides with neohesperidose moiety (rhamnosyl-α-1,2-glucose):
naringin, neohesperidin, neoeriocitrin and poncirin.

Standard solutions of the flavonoids were prepared by weighing exactly 0.1 g of each compound
and dissolving it in 100 mL of N,N-dimethylformamide. Those solutions were used to build up the
calibration lines by diluting them to cover the concentration range of 1–100 mg/L.

The juices (10 mL) were shaken with 20 mL of a 1:1 (v/v) mixture of 0.25 M N,N-dimethylformamide/
ammonium oxalate and 20 mL of analytical-grade water and then filtered on 0.45 μm PTFE Pall filters.
A volume of 5 μL was employed for the HPLC analysis on a Phenomenex Luna column C18 (l50× 3 mm)
5 μm thermostated at 25 ◦C. The elution was conducted as indicated by Grandi et al. [27]. The eluent
A was made by an aqueous solution of 5 mM KH2PO4 adjusted at pH 3.05 with phosphoric acid.
The eluent B was obtained by mixing acetonitrile/water/0.25 M KH2PO4, in the ratio 70:26:4 (v/v/v),
and adding 100 μL of H3PO4 (87%) per liter of solution.

Finally, we quantified two flavone O-glycosides with a rutinose sugar moiety: rutin and diosmin.
Specific wavelengths were used to identify the individual classes according to Gattuso et al. [48]:
flavanones have an absorption maximum at 280–290 nm (set at 285), the flavones rutin and diosmin
absorb at 304–350 nm (set at 325).
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3.6. Chirospecific Analysis of Sabinene, β-Pinene, Limonene, Linalool and Linalyl Acetate in Essential Oils

The analyses were carried out by gas chromatography (GC-FID). The content in sabinene, β-pinene,
limonene, linalool, and linalyl acetate of the essential oils of Neapolitan limmo and lemoncetta Locrese
was determined by injecting in split modality 1:100 volume of 0.2 μL essential oil diluted 1:10
(v/v) in acetone. Analyses were conducted with a RTX®-5 (Resteck, Bellefonte, PA, USA) column
(30 m × 0.25 mm, film 0.25 μm) at 70 ◦C for 1 min, 3 ◦C/min at 200 ◦C, holding for 0.3 min, 15 ◦C/min at
250 ◦C, and holding for 5 min. The metabolites content was expressed as the percentage of GC peak
areas. Chirospecific analysis of the metabolites was performed with enantioselective multidimensional
GC (enantio-MDGC). This technique consists in transferring part of the sample from a primary to
a secondary column of different polarity or different chiral type. Our laboratory assembled a MDGC
system by joining two Thermo Finnigan Trace 2000 G GC devices through a transfer line thermostated
at 160 ◦C [36]. The first GC was equipped with a non-chiral column, the second had a column with
a chiral stationary phase. A six-way rotating valve, positioned in the first GC and switchable via
software, diverted the flow coming out the first column either to the first detector (FID 1) or to the
second column where the substance enantiomers were separated and monitored with the second
detector (FID 2) generating the chiral chromatogram. The non-chiral column employed in the first GC
was a RTX®-5 column (5% diphenyl/95% dimethyl polysiloxane (30m × 0.25 mm i.d., film thickness
0.25 μm) (Resteck, Bellefonte, PA, USA). The carrier gas was helium at constant flow 1.5 mL/min.
Make-up gas was nitrogen at 30 mL/min flow rate. The initial oven temperature was set at 70 ◦C for
10 min, then it was programmed from 70 to 85◦ C at 3 ◦C/min, from 85 to 175 ◦C at 5 ◦C/min, from 175
to 285 ◦C at 6 ◦C/min and finally at 285 ◦C for 5 min. The injector temperature was set at 250 ◦C and
the detector temperature (FID) at 280 ◦C.

The chiral column used in the second chromatograph was a Diethyl tertbutyl silyl-BETA-
Cyclodextrin column (Mega Legnano, Milan, Italy) (25m × 0.20mm i.d., 0.18 μm film thickness).
The initial oven temperature was set at 35 ◦C for 25 min, then it was programmed from 35 to 160 ◦C at
4 ◦C/min and held at 140 ◦C for 2 min. The injector temperature 150 ◦C and detector (FID) was set at
220 ◦C. Carrier gas was helium at a programmed pressure. The initial pressure was 290 kpa for 30 min.
then varied from 290 to 1500 kpa at 500 kpa/min. For each isomer, the enantiomeric excess (ee%) was
calculated as ee% = ((Amax – Amin)/(Amax + Amin)) × 100 where Amax and Amin are the areas of the
more and less abundant isomers respectively.

3.7. Volatile Organic Compounds (VOCs)

Determination of VOCs in the juices and peels was carried out by solid-phase micro extraction
(SPME) and analyzed with a gas chromatography-mass spectrometry (GC-MS). An automatic injection
autosampler CombiPal (CTC-CombiPal Analytics, Zwingen, Switzerland) was used for SPME sampling.
The experiments were performed using a 50/30 μm divinylbenzene/carboxen/polydimethylsiloxane
fiber (Supelco, Bellefonte, PA, USA). The fiber was conditioned according to the manufacturer’s
recommendation to remove contaminants. Before analysis, a fiber blank was run to confirm no
contamination peak.

VOCs of juices and peels: An aliquot (8 g) of each juice diluted 20 times was weighed into a 20 mL
vial and spiked with 80 μL of internal standard (camphor 3000 mg/L). Each sample was equilibrated
at 40 ◦C for 10 min under stirring (500 rpm). After equilibration, the juice or peel were extracted by
exposing the SPME fiber at 40 ◦C for 10 min (juice) and 2 min (peel). The analytes were desorbed at
250 ◦C for 15 min in the GC injection port. Measurements were always repeated at least in triplicates.

3.8. Gas Chromatography-Mass Spectrometry Analysis

The analyses were performed using a Varian 450 GC (Walnut Creek, CA, USA) coupled with
Varian 300-MS mass spectrometer (Walnut Creek, CA, USA). The volatile compounds were separated
using a Zebron ZB-semivolatiles capillary column (30 × 0.25 mm i.d., 0.25 μm film thickness). The oven
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temperature program was set as follows: initial temperature was held at 40 ◦C for 2 min, increased to
175 ◦C at 7.5 ◦C/min, and to 275 ◦C at 20 ◦C/min (held for 6 min). The temperatures of the transfer line
and the ion source were set at 300 ◦C and 230 ◦C, respectively. Helium (99.999% purity) was used as
a carrier gas at 0.9 mL/min. A split injection with a ratio of 1:100 was used. The analyses were carried
out under full-scan acquisition mode. The mass range used was 30 to 450 m/z. The identification of
volatile compounds was based on the comparison between the mass spectrum for each compound with
those of two spectral libraries: NIST (National Institute of Standards and Technology, Gaithersburg,
MD, USA) and WILEY (Wiley, New York, NY, USA). The data obtained were collected using the Bruker
software Chemical Analysis MS Workstation version 7.0 (Karlsruhe, Germany).

3.9. Random Amplified Polymorphic DNA (RAPD-PCR) Analysis

Total genomic DNA of Neapolitan limmo and lemoncetta Locrese was isolated from 10 mg of
lyophilized leaves. Plant tissue disruption was achieved at dry ice temperature through stainless
beads in 2 mL tubes using a TissueLyser apparatus (Qiagen S.r.l., Milano, Italy) programmed at 30 Hz
for 1 min. DNA was extracted according to the GeneJET Plant Genomic DNA Purification Mini Kit
(Thermo Fisher Scientific, Carlsbad, CA, USA). The samples were dissolved in pre-heated (60 ◦C) lysis
buffer. The suspensions were incubated at 60 ◦C for 10 min and subjected to the extraction procedure.
RNase A treatment (5 μg/mL) was necessary to eliminate the co-extracted RNA. Finally, the DNA was
eluted and diluted a final concentration of 20 ng/μL determined from the UV absorbance at 260 nm.
As the purity and quality of the DNA template are crucial factors for a successful PCR, genomic DNA
was checked by the 260/280 nm absorbance ratio and agarose gel electrophoresis.

The RAPD-PCR procedure was well established in our group in a previous project on Citrus,
where sensitivity and reproducibility of the method were examined on genomic DNA from 1 to
100 ng [38,45,49]. In the present study we used 10 ng DNA template samples. The arbitrary primers
tested in the PCR reaction had 60% G + C content and were 10 nucleotides long. After an initial
screening of 20 arbitrary oligodeoxyribonucleotide decamer primers, 12 primers were selected for
reproducibility of the band patterns: A05, AK10, AN10, AX01, AX08, G07, G12, G19, E10, E11, U4,
and U19 (Table 6).

Each PCR was carried out in a 50 μL volume, containing 1X DreamTaq buffer with 2 mM MgCl2,
brought to 3 mM MgCl2, 100 μM of each dNTP, 20 pmols of the arbitrary and unique primer, 2.0 Units
of DreamTaq DNA polymerase (Thermo Fisher Scientific) and 10 ng of citrus genomic DNA. The PCR
mixture was assembled on ice and transferred to a pre-cooled (6 ◦C) Veriti thermal cycler with a heated
lid (Thermo Fisher Scientific).

Table 6. Arbitrary 10-mer primers used for RAPD analysis of Neapolitan limmo and lemoncetta Locrese.

N. Primer Name 5′-Sequence-3′ GC (%) Total Bands (nr. 80) Total Bands (%)

1 A05 AGGGGTCTTG 60 8 10
2 AK10 CAAGCGTCAC 60 6 7.5
3 AN10 CTGTGTGCTC 60 6 7.5
4 AX01 GTGTGCCGTT 60 8 10
5 AX08 AGTATGGCGG 60 12 15
6 G07 GAACCTGCGG 70 4 5
7 G12 CAGCTCACGA 60 9 11.25
8 G19 GTCAGGGCAA 60 8 10
9 E10 CACCAGGTGA 60 5 6.25

10 E11 GAGTCTCAGG 60 5 6.25
11 U4 GACAGACAGG 60 4 5
12 U19 TGGGAACGGT 60 5 6.25

The DNA template was amplified by the following cycling profile: initial DNA template melting
for 3 min at 95 ◦C, 45 cycles of denaturation for 1 min at 95 ◦C, primer annealing for 1 min at 40 ◦C,
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and synthesis for 1 min at 72 ◦C. The program ended with a final step conducted for 10 min at 72 ◦C.
The reaction products were stored at−20 ◦C. Each reaction was repeated three times along with negative
controls without genomic DNA. The RAPD-PCR products (25 μL) were separated by electrophoresis
on 2% (w/v) agarose gel containing 0.5 μg/mL SyBr Safe and 1X TAE buffer (89 mM Tris-acetate at
pH 8.4, 2 mM EDTA) at 5 V cm-1 for 1.5 h. The GeneRuler 1 kb Plus DNA ladder was used as standard
marker of known molecular weights (Thermo Fisher Scientific). Amplicons were visualized under
UV transilluminator and digitalized by the Electrophoresis Documentation and Analysis 120 System
(Kodak ds-digital science, Rochester, NY, USA).

3.10. Statistical Analysis

All samples were analyzed in triplicates and the results were expressed as mean ± standard
deviation (SD) after a normality distribution Kolmogorov-Smirnov test. Statistical analyses were
performed using SPSS software ver. 21.0 (IBM, Armonk, NY, USA).

Statistical comparisons were carried out by analysis of variance (ANOVA) and post hoc
Tukey-Kramer tests. A p value less than 0.05 was considered statistically significant. All tests
were two tailed.

Significant differences in relative intensities of each volatile compound detected by GC-MS were
analyzed by Mann-Whitney U-test between Neapoletan limmo and lemoncetta Locrese (α = 5%).

4. Conclusions

In conclusion, chemical and genetic data obtained by DNA fingerprint using RAPD markers have
collectively allowed us to confirm beyond doubts that the ancient and rare sweet Mediterranean lime,
known in Campania as Neapolitan limmo and in Calabria as lemoncetta Locrese are synonyms of the
same citrus species.

Collectively, the obtained compositional data also indicate that, from the chemo-taxonomic point
of view, both fruits belong to Citrus lumia Risso species despite the di stinct phenotypes. Our results
might allow in the future the repopulation of limmo cultures and the reintroduction of this fruit in the
essential oil and gastronomic market.
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Abstract: Trichoderma atroviride is a strong necrotrophic mycoparasite antagonizing and feeding on a
broad range of fungal phytopathogens. It further beneficially acts on plants by enhancing growth in
root and shoot and inducing systemic resistance. Volatile organic compounds (VOCs) are playing a
major role in all those processes. Light is an important modulator of secondary metabolite biosynthesis,
but its influence has often been neglected in research on fungal volatiles. To date, T. atroviride IMI
206040 and T. atroviride P1 are among the most frequently studied T. atroviride strains and hence are
used as model organisms to study mycoparasitism and photoconidiation. However, there are no
studies available, which systematically and comparatively analyzed putative differences between
these strains regarding their light-dependent behavior and VOC biosynthesis. We therefore explored
the influence of light on conidiation and the mycoparasitic interaction as well as the light-dependent
production of VOCs in both strains. Our data show that in contrast to T. atroviride IMI 206040
conidiation in strain P1 is independent of light. Furthermore, significant strain- and light-dependent
differences in the production of several VOCs between the two strains became evident, indicating
that T. atroviride P1 could be a better candidate for plant protection than IMI 206040.

Keywords: Trichoderma atroviride; mycoparasitism; secondary metabolites; volatile organic
compounds (VOCs); photoconidiation; fungi; 2-octanone; injury response; light response; Fusarium
oxysporum

1. Introduction

Filamentous fungi are prolific producers of volatile organic compounds (VOCs), small carbon-based
substances that readily enter the gas phase and that are derived from both, primary and secondary
metabolism. Fungal VOCs are produced as mixtures of chemically diverse compounds, with
the produced VOC profile being species- and even strain-specific and greatly depending on the
developmental stage of the fungus as well as environmental factors [1–3]. They are involved in various
biological processes including communication with other organisms such as plants and microbes
as well as self-signaling. VOC emission by fungi serves in interaction with animals as reported for
1-octen-3-ol produced by the mushroom Clitopilus prunulus for deterring banana slugs and by the
wood-rotting fungus Trametes gibbosa for attracting fungus-eating beetles [4,5]. Fungal VOCs further
can impact plants by activating defense responses and affecting plant growth, as well as directly
inhibiting the proliferation of phytopathogens [6].

Members of the fungal genus Trichoderma are efficient mycoparasites that antagonize a wide range
of phytopathogenic fungi by direct parasitism employing secreted antifungal hydrolytic enzymes and
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metabolites [7]. At least 480 different VOCs have been identified from Trichoderma species yet, with
6-pentyl-2H-pyran-2-one (6PP) being one of the first volatiles isolated from this fungal genus [8,9].
Trichoderma-emitted VOCs have been connected to the antagonistic activity of these fungi, as they were
shown to reduce the mycelial growth of fungal plant pathogens [8,10] as well as wood decay fungi [11].
However, only recently VOC production in co-cultivation was addressed, showing that interaction of
Trichoderma spp. such as T. harzianum, T. hamatum and T. velutinum with the ectomycorrhizal fungus
Laccaria bicolor dramatically altered the VOC emission patterns [12]. In addition to VOCs with bioactivity
against fungi, Trichoderma spp. release volatiles that affect plant development and immunity. Arabidopsis
plants exposed to the pool of VOCs emitted by T. viride showed increased lateral root formation and
growth, and comparable results were obtained with T. virens and T. pseudokoningii volatiles [13–15].
Similarly, T. atroviride-derived 6PP stimulated tomato plant growth and systemic defense; however, the
effects were concentration-dependent [8]. In addition to 6-PP, 24 members of the compound classes of
alkanes, alcohols, ketones, lactones, furanes, monoterpenes, and sesquiterpenes—including typical
fungal C8-compounds—as well as several volatiles not known to be produced by Trichoderma before,
were identified in the headspace of cultures of T. atroviride strain P1 (ATCC 74058) [16]. C8-compounds
such as 1-octen-3-ol, 3-octanol and 3-octanone are end-products of fatty acid metabolism [17] and
act as signaling molecules regulating fungal development and inter-colony communication. In T.
atroviride, these volatiles are increasingly produced by conidiating cultures and were described to act
as elicitors of conidiation [18]. In addition, 1-octen-3-ol production by T. atroviride was up-regulated
upon treatment of the fungus with the Fusarium-derived mycotoxin fusaric acid, while levels of other
VOCs such as 6PP, alpha-phellandrene, and beta-phellandrene decreased [16].

Light, especially in the UV/blue spectrum, is an important environmental cue that triggers asexual
reproduction in many fungal species [19]. In Trichoderma, most studies on photoconidiation have been
performed with T. atroviride strain IMI 206040 as a model [20–26]. In complete darkness, T. atroviride
IMI 206040 has been reported to grow infinitely as mycelium, while exposure to light induces the
formation of green conidia [27,28].

In the present study, two different strains (T. atroviride P1, ATCC 74058 and T. atroviride IMI 206040)
of the strong mycoparasite T. atroviride were analyzed for their differences in VOC biosynthesis by
an in-house made high-resolution ion mobility spectrometer (IMS) with gas chromatographic (GC)
pre-separation. Despite the fact that T. atroviride is a model to study photoconidiation, no studies
have systematically and comparatively analyzed putative strain-, or light-dependent differences in the
composition of VOC mixtures released by these fungi. We hence explored and compared their VOC
profiles along a cultivation period of 120 h in complete darkness and upon exposure to light, as well as
during the mycoparasitic interaction with the host fungi Rhizoctonia solani and Fusarium oxysporum.
Remarkable differences not only in VOC production, but also in light-dependent conidiation and in
the mycoparasitism on F. oxysporum became evident.

2. Results

2.1. The Vegetative Growth Rate of T. atroviride Is Strain- and Light- Dependent

Upon cultivation on PDA plates, the radial growth rate differed between T. atroviride strains P1
and IMI 206040. T. atroviride IMI 206040 exhibited a higher radial growth rate than T. atroviride P1,
irrespective of the applied light regime. However, both strains showed enhanced radial growth upon
cultivation in complete darkness compared to light-dark conditions (Figure 1).
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Figure 1. Strain-specific differences in radial growth of Trichoderma atroviride. The radial growth rate
(cm/d) of T. atroviride P1 (P1) and IMI 206040 (IMI) after three days of cultivation on PDA at 25 ◦C under
light-dark (LD) conditions or complete darkness (DD). Results shown are means ± SD (n = 4).

2.2. Asexual Sporulation in T. atroviride Is Strain- and Light-Dependent

Comparative analysis of T. atroviride P1 and IMI 206040 under conidiation-inducing conditions
revealed significant differences between the two strains. In T. atroviride IMI 206040, asexual sporulation
only occurred under light-dark conditions, while conidia were not formed upon cultivation in complete
darkness. According to previous reports [29], conidiation could further be triggered in dark-grown T.
atroviride IMI 206040 by mechanical injury or a pulse of blue light, respectively. In strain IMI 206040
injury resulted in low conidiation along the cutting sites only, whereas blue light treatment led to
the production of massive amounts of heavily pigmented conidia. In contrast, T. atroviride P1 fully
conidiated even upon growth in complete darkness. Mechanical injury led to strong conidiation and
the generation of scarring tissue along the cutting sites in this strain (Figure 2).

Figure 2. Strain-specific differences in conidiation upon growth under different light regimes and
upon mechanical injury. T. atroviride P1 (P1) and T. atroviride IMI 206040 (IMI) were grown on PDA at
25 ◦C for five days under light-dark (LD) conditions or in complete darkness (DD). For induction of
conidiogenesis, the fungi were grown in complete darkness for two days, treated by either mechanical
injury (INJ) or a 10 min blue-light pulse (BLP) followed by incubation for further three days in complete
darkness. A representative image of four biological replicates (n = 4) is shown.
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2.3. The Mycoparasitic Activity of T. atroviride Is Strain- and Light-Dependent

In direct confrontation assays, the antagonistic activities against the tested host fungi differed
between the two T. atroviride strains and turned out to be influenced by light. Upon growth in light–dark
conditions, neither T. atroviride IMI 206040 nor strain P1 were able to fully overgrow and mycoparasitize
the two tested host fungi R. solani and F. oxysporum. However, maybe due to its higher growth rate,
T. atroviride IMI 206040 made better progress in overgrowing both hosts compared to T. atroviride P1.
Upon growth in complete darkness both T. atroviride strains showed significantly increased antagonistic
activities compared to light-dark conditions; they were able to fully overgrow and lyse R. solani within
five days. Interestingly, F. oxysporum could only be fully overgrown and mycoparasitized by T. atroviride
P1, which was even conidiating under these conditions, while T. atroviride IMI 206040 was less active
against this host fungus and did not conidiate in darkness. These data suggest that upon growth in
complete darkness, T. atroviride P1 is a stronger mycoparasite of F. oxysporum than T. atroviride IMI
206040 (Figure 3).

Figure 3. Strain-specific differences in the mycoparasitic behavior against Fusarium oxysporum and
Rhizoctonia solani upon incubation under different light regimes. Plate confrontation assays of the
mycoparasites T. atroviride P1 (P1) and T. atroviride IMI 206040 (IMI) against the host fungi F. oxysporum
(Fo) and R. solani (Rs). As controls, all strains were grown alone (A). The mycoparasites were as well
grown in self confrontation (SC) and in direct confrontation with F. oxysporum (xFo) or R. solani (xRs)
on PDA at 25 ◦C for five days under either light-dark (LD) conditions or complete darkness (DD). A
representative image of four biological replicates (n = 4) is shown.

2.4. VOC Biosynthesis Is Mostly Strain-Specific but Also Light- and Host Dependent

VOC analyses of T. atroviride P1 and IMI 206040 along a period of 120 h upon axenic cultivation
under light–dark conditions or in complete darkness as well as upon interaction with host fungi
revealed more than 50 peaks in the GC–IMS chromatograms, which corresponded to approx. 20 to 25
VOCs. Since for IMS no commercial database, such as the NIST database for GC–MS, is available, we
had to measure VOC standards and confirm the detected substances based on the characteristic IMS
and GC data (drift and retention times, respectively). This resulted in the identification of a total of
ten volatiles (Table 1). Except 2-octanone, which was solely detected in direct confrontation between
T. atroviride and F. oxysporum, and 3-octanone, which was released by strain IMI 206040 solely upon
light–dark conditions, all of the identified VOCs were produced by both strains irrespective of the
cultivation condition. However, their amounts and course of release strongly differed between the
different experimental setups. The PDA media itself did not emit any of the mentioned VOCs in
significant concentrations.
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Table 1. Volatile organic compounds (VOCs) identified via gas chromatography–ion mobility
spectrometry (GC–IMS) in the headspace of T. atroviride P1 and IMI 206040.

Formula Name of Compound CAS-Number

C2H6O ethanol 64-17-5
C3H8O 1-propanol 71-23-8
C4H10O 2-methyl-propanol 78-83-1
C5H10O 3-methylbutanal 590-86-3
C5H12O 2-methyl-butanol 137-32-6
C5H12O 3-methyl-1-butanol 123-51-3
C7H14O 2-heptanone 110-43-0
C8H16O 1-octen-3-ol 3391-86-4
C8H16O 2-octanone 111-13-7
C8H16O 3-octanone 106-68-3

2.4.1. VOCs Emitted in Strain-Specific Amounts

Whereas 2-heptanone and ethanol were released in similar amounts to the headspace of the
two tested T. atroviride strains, the amounts of 1-propanol, 2-methyl-propanol, 3-methylbutanal,
2-methyl-butanol, 3-methyl-1-butanol, 3-octanone and 1-octen-3-ol significantly varied between the
two T. atroviride strains with strain P1 emitting considerably higher amounts than IMI 206040.

In T. atroviride P1, the release of 1-octen 3-ol to the headspace strongly increased from 68.5 h on and
reached a maximal concentration of approx. 375 parts per billion (ppb) after 96.5 h of cultivation. In T.
atroviride IMI 206040, 1-octen-3-ol emission peaked at the same time point with a maximal concentration
of approx. 60 ppb meaning an 84% reduction compared to strain P1 (Figure 4A). The emission of
1-propanol increased during the early cultivation period, peaked at 43.5 h with approx. 50 ppb in T.
atroviride P1 and afterwards decreased again. In T. atroviride IMI 206040, 1-propanol levels peaked at the
same time point, but with a maximal concentration of approx. 10 ppb, which is equivalent to an 80%
reduction compared to strain P1 (Figure 4B). 2-heptanone was increasingly released to the headspace
over time, reaching and staying at a maximum of ≥1000 ppb at the end of the cultivation period in
both T. atroviride strains. However, this volatile was already produced in considerable amounts of
approx. 275 ppb after 68.5 h of cultivation in T. atroviride IMI 206040, while 2-heptanone emission
by strain P1 was delayed and increased not before 96.5 h (Figure 4C). 2-methyl-propanol emission
followed a similar time course in both T. atroviride strains. However, after a steep increase in the early
phase of the cultivation, T. atroviride P1 produced maximal levels of approx. 650 ppb at the 68.5 h
time-point, whereas T. atroviride IMI 206040 cultures only emitted up to approx. 175 ppb, which is
equivalent to a 73% reduction compared to strain P1 (Figure 4D). 3-methyl-butanal emission by T.
atroviride P1 reached 45 ppb after 43.5 h and afterwards decreased to 20 ppb until the end of cultivation,
whereas in T. atroviride IMI 206040 approx. 20 ppb of this volatile were constantly emitted along the
whole cultivation period (Figure 4E). The release of ethanol to the headspace increased at the early
phases of the cultivation period, peaked at 24.5 h with approx. 65 ppb in T. atroviride P1 and afterwards
decreased again to approx. 25 ppb. Young T. atroviride IMI 206040 cultures produced similar amounts
of this volatile with a maximal level of approx. 60 ppb after 43.5 h of cultivation, but with a successive
steeper decrease down to approx. 5 ppb at the end of the cultivation period (Figure 4F).

2.4.2. VOCs Emitted in Strain-Specific Amounts in a Light-Dependent Manner

3-octanone, 2-methyl-butanol, and 3-methyl-1-butanol were not only secreted in a strain- but also
in a light-dependent manner.

Upon growth in complete darkness, T. atroviride IMI 206040 did not emit any 3-octanone. However,
up to 25 ppb were measured after 96.5 h of cultivation under light-dark conditions. As the strain
already conidiated at this time point in the presence of light, 3-octanone production could not only
be light-induced but also conidiation-associated in T. atroviride IMI 206040. In contrast, 3-octanone
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emission by T. atroviride P1 was, similar to conidiation, light-independent and increased with cultivation
time to a maximum of 80–95 ppb after 115.5 h of growth (Figure 5; row 1).

Figure 4. VOCs produced by T. atroviride P1 and IMI 206,040 in a strain-specific but light-independent
manner. Levels (ppb) of (A) 1-octen 3-ol, (B) 1-propanol, (C) 2-heptanone, (D) 2-methyl-propanol, (E)
3-methylbutanal, and (F) ethanol detected in the headspace of T. atroviride P1 (P1) and T. atroviride IMI
206040 (IMI) cultures grown on PDA in Schott bottles. GC–IMS measurements were conducted along a
cultivation period of 120 h. As the given volatiles were produced in similar amounts under light-dark
conditions and in complete darkness, results shown are means ± SD (n = 8).
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Figure 5. VOCs produced by T. atroviride P1 and IMI 206,040 in a strain-specific and light-dependent
manner. Levels (ppb) of 3-octanone (row 1), 2-methyl-butanol (row 2), and 3-methyl-1-butanol (row 3)
detected in the headspace of T. atroviride P1 (P1) and T. atroviride IMI 206040 (IMI) cultures grown on
PDA in Schott bottles at 25 ◦C under (A) light-dark conditions or (B) in complete darkness. GC–IMS
measurements were conducted along a cultivation period of 120 h. Results shown are means ± SD
(n = 4).

2-methyl-butanol and 3-methyl-1-butanol were produced light-independently by T. atroviride
IMI 206040. Low amounts of approx. 25 ppb of both volatiles were detected under both light-dark
conditions and complete darkness along the whole cultivation period of this strain (Figure 5 rows
2 and 3). In contrast, T. atroviride P1 emitted 2-methyl-butanol and 3-methyl-1-butanol in a slightly
light-dependent manner. Upon cultivation under light-dark conditions, increasing amounts of both
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substances were released to the headspace with a peak of approx. 375 ppb of 2-methyl-butanol and
approx. 225 ppb of 3-methyl-1-butanol after 68.5 h of cultivation. Similar maximal amounts were
emitted by strain P1 upon growth in complete darkness; however, production and decline started
earlier compared to light–dark conditions (Figure 5; rows 2 and 3).

2.4.3. VOC Emission in Co-Culture

To assess the influence of a host fungus on the emission of VOCs by T. atroviride, both strains—IMI
206040 and P1—were co-cultured with R. solani or F. oxysporum.

Compared to axenic cultures of both T. atroviride strains and the fungal host, the amounts of
2-methyl-propanol and 3-methylbutanal strongly differed in co-cultures with R. solani. The host released
a maximal amount of approx. 260 ppb 2-methyl-propanol after 91.5 h in a light-independent way,
whereas it did not produce 3-methylbutanal upon axenic cultivation. The course of 2-methyl-propanol
and 3-methylbutanal emission upon confrontation of T. atroviride with R. solani was similar to the axenic
T. atroviride cultures. However, 2-methyl-propanol levels were enhanced in co-cultures involving T.
atroviride P1 compared to the respective axenic cultures (Figure 6; row 1). In contrast, decreased amounts
of 3-methylbutanal were released to the headspace by both T. atroviride strains upon confrontation
with R. solani compared to axenic cultures (Figure 6; row 2).

Figure 6. Emission levels of light-independently produced VOCs upon co-cultivation of T. atroviride P1
or IMI 206040 with R. solani. Levels (ppb) of 2-methyl-propanol (row 1) and 3-methylbutanal (row 2)
detected in the headspace of (A) axenic cultures of T. atroviride P1 (P1), T. atroviride IMI 206040 (IMI)
and R. solani (Rs) or of (B) co-cultures of T. atroviride P1 or IMI 206040 confronted with R. solani (Rs × P1;
Rs × IMI) upon cultivation on PDA in Schott bottles at 25 ◦C. GC–IMS measurements were conducted
along a cultivation period of 120 h. As the given volatiles were produced in similar amounts under
light-dark conditions and in complete darkness, results shown are means ± SD (n = 4).
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Upon co-cultivation of T. atroviride with F. oxysporum, 1-propanol, 2-heptanone, and 3-octanone
were produced in different amounts compared to the respective axenic cultures. In addition, 2-octanone
was exclusively detected upon co-cultivation.

When grown in axenic culture, F. oxysporum constantly released approx. 55 ppb 1-propanol in a
light-independent manner, whereas 2-heptanone, 3-octanone, and 2-octanone could not be detected
under these conditions. However, confrontations of both T. atroviride strains with F. oxysporum led
to the release of 2-octanone, which was not produced under any other condition tested in this study.
Interestingly, 2-octanone emission during co-cultivation of strain P1 with F. oxysporum was significantly
higher compared to the IMI 206040—F. oxysporum pairing. 2-octanone release started after 68.5 h of
growth, peaked after 91.5 h with approx. 25 ppb in the co-culture involving strain P1 and with 4 ppb
in the co-culture with strain IMI 206040 and afterwards decreased again (Figure 7). 1-propanol levels
were increased, especially between 68.5 and 96.5 h of growth upon co-cultivation of T. atroviride P1 or
IMI 206040 and F. oxysporum compared to the respective axenic cultures. In contrast to axenic cultures,
which peaked between 40 and 50 h of cultivation, all co-cultivations with F. oxysporum resulted in high
initial levels, which then constantly decreased over the cultivation period. (Figure 8; row 1).

Figure 7. Exclusive, light-independent production of 2-octanone in direct confrontation of T. atroviride
P1 and IMI 206040 with F. oxysporum. Levels (ppb) of 2-octanone detected in the headspace of co-cultures
of T. atroviride P1 or IMI 206040 with F. oxysporum (Fo × P1; Fo × IMI) grown on PDA in Schott bottles
at 25 ◦C. GC–IMS measurements were conducted along a cultivation period of 120 h. As 2-octanone
emission in co-culture reached similar levels under light-dark conditions and in complete darkness,
results shown are means ± SD (n = 4).

Interestingly, 2-heptanone emission by T. atroviride P1 in co-culture with F. oxysporum was
light-dependent. In dark-grown co-cultures, 2-heptanone production by strain P1 followed a completely
different course compared to co-cultivation under light–dark conditions, IMI 206040—F. oxysporum
pairings, and axenic cultivations. 2-heptanone levels peaked with approx. 550 ppb after 68.5
h of co-cultivation in darkness and afterwards rapidly declined again. In contrast, 2-heptanone
concentrations in the headspace of co-cultures grown under light–dark conditions increased steadier
and earlier than upon axenic growth and finally reached and stayed at ≥1000 ppb (Figure 8; row 2). A
similar trend was evident in the co-culture of strain IMI 206040 and F. oxysporum.

Similar to axenic cultivation, 3-octanone was solely produced in the presence of light by strain IMI
206040, irrespective of the presence of F. oxysporum. In axenic cultures, 3-octanone release increased
over the whole cultivation period. In contrast, co-cultivation with F. oxysporum resulted in maximal
3-octanone production after 91.5 h, although 3-octanone levels were about 50% reduced compared to
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axenic cultivation. A massive reduction in 3-octanone emission upon interaction with F. oxysporum was
also evident in strain P1, especially upon cultivation in darkness. However, 3-octanone production in
co-culture was triggered by light as strain P1 produced nearly the double amount of this volatile in
co-culture with F. oxysporum under light-dark conditions compared to constant darkness (Figure 8;
row 3).

Figure 8. VOC production by T. atroviride P1 and IMI 206,040 upon interaction with F. oxysporum. Levels
(ppb) of 1-propanol (row 1), 2-heptanone (row 2), and 3-octanone (row 3) detected in the headspace
of (A) axenic cultures of T. atroviride P1 (P1), T. atroviride IMI 206040 (IMI), or F. oxysporum (Fo) or
of (B) co-cultures of T. atroviride P1 or IMI 206040 with F. oxysporum (Fo × P1; Fo × IMI) on PDA in
Schott bottles at 25 ◦C. Cultures were incubated either under light-dark conditions (LD) or in complete
darkness (DD) as indicated. GC–IMS measurements were conducted along a cultivation period of 120
h. Results shown are means ± SD (n ≥ 3).
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3. Discussion

Trichoderma atroviride’s natural habitat is soil and soil itself is penetrated by light in its upmost
layer (with the exception of far-red light) solely. From the ecological point of view, the observed
enhanced radial growth of T. atroviride colonies upon incubation in complete darkness indicates that
dark conditions were closer to the conditions prevailing in the natural habitat than direct exposure
to light. In accordance with this assumption, both T. atroviride strains exhibited a higher ability of
antagonizing R. solani and particularly F. oxysporum in darkness compared to light–dark conditions,
under which the latter fungal host could not be overgrown. The faster growth of T. atroviride IMI
206040 compared to strain P1 could account for its higher mycoparasitic activity in light. On the
other hand, the observed higher antagonistic potential of T. atroviride P1 against F. oxysporum under
complete darkness indicates that this strain is a stronger mycoparasite of Fusarium than T. atroviride
IMI 206040, especially since its radial growth rate was lower. Our results point out that the frequently
applied light–dark cycle, exposing the fungi for 12 h to illumination with white light, is an artificial
and stressful condition that results in reduced growth and reduced mycoparasitic activity. Since under
natural conditions the contact with light usually is accompanied by higher temperatures, drought and
exposure to mutagenic ultraviolet light, paralleled by an extensive onset of reactive oxygen species
production [29,30], the observed light-triggered growth reduction seems plausible. A strategy to react
to and protect from light is conidiation, which was reported to be induced by (a pulse of blue-) light
as well as mechanical injury in T. atroviride IMI 206040 [31]. Surprisingly, we found that T. atroviride
P1 similarly produces asexual spores in the presence as well as absence of light, which is in massive
contrast to the lack of sporulation in darkness in strain IMI 206040. Differences between the two
tested T. atroviride strains were also observed regarding their response to mycelial injury. While injury
led to the formation of strongly conidiating hypertrophic scarring tissue along the cutting sites in
strain P1, the injury response of strain IMI 206040 resulted in only slight conidiation along the cutting
lines without an obvious formation of scarring tissue. In combination with its high resistance against
several fungicides [32], the light-independent conidiation behavior of T. atroviride P1 could be a major
advantage for its application as a biocontrol agent in the field, since conidia, which are the main form
of application, can be produced in a straightforward manner. Furthermore, belowground conidiation
could also be a major advantage for long-term persistence of the mycoparasite in soil.

VOCs are playing important and versatile ecological roles in various intra- and inter-species
or even inter-kingdom interactions [2,6]. A well-known example of such “multi-purpose” fungal
VOCs are the eight-carbon volatiles 1-octene-3-ol and 3-octanone, which are contributing to the
characteristic mushroom aroma and therefore are applied as food odorants in industry [33]. Furthermore,
1-octen-3-ol is known to act as mosquito attractant [34] and both eight-carbon volatiles were found to
endogenously regulate conidial germination as well as the induction and inhibition of conidiation in a
concentration-dependent manner [18,35–37]. Since T. atroviride IMI 206040 does not conidiate under
dark conditions, the complete absence of 3-octanone in all samples obtained from dark-grown cultures
of this strain indicates that 3-octanone is exclusively produced by conidia or under conidiation-inducing
conditions. The substantially higher release of the majority of VOCs detected in this study by T.
atroviride P1 suggests that this strain has a higher potential for biotechnological VOC production than
strain IMI 206040. As described above, the versatile ecological roles of several fungal VOCs are well
known; however, the regulation of their production along cultivation, like in dependence of culture
age, and in response to stress is sparsely understood. In plants, VOC biosynthesis is regulated by
abiotic stress, in particular by light and temperature stress, as well as biotic stress [38,39]. Similar to
plants, fungi are relatively immobile and a regulation of VOC production as a stress response or coping
strategy therefore is very likely. In this study, we found the three VOCs 3-octanone, 2-methyl-butanol,
and 3-methyl-1-butanol to be released by T. atroviride axenic cultures in a light-dependent manner.
Since the natural habitat of T. atroviride is soil, light and in particular UV irradiation is a stressful
condition leading to the release of reactive oxygen species and to asexual reproduction [28,29]. In that
respect, the light-dependent emission of 3-octanone, 2-methyl-butanol, and 3-methyl-1-butanol could
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play a role in the abiotic stress response to light in T. atroviride. Interestingly, 2-heptanone production
by T. atroviride P1 during co-culture with F. oxysporum was also regulated in a light-dependent manner.
Compared to R. solani, F. oxysporum is a more challenging host fungus for T. atroviride, which in our
study could only be fully overgrown by strain P1 under dark conditions. In contrast, strain IMI 206040
was unable to fully parasitize F. oxysporum, irrespective of the applied light regime. In dark-grown
co-cultures of T. atroviride P1 and F. oxysporum, only low 2-heptanone levels were emitted, which
peaked and then rapidly decreased again. In contrast, confrontation of strain P1 with F. oxysporum in
the presence of light as well as IMI 206040—F. oxysporum co-cultures and axenic cultivation of both T.
atroviride strains in darkness and light resulted in a constant increase of 2-heptanone emission reaching
and staying at levels of ≥1000 ppb. Low 2-heptanone levels hence paralleled the successful parasitism
of F. oxysporum by T. atroviride P1, while the light-triggered emission of high levels of this volatile was
associated with difficulties of T. atroviride to overgrow and lyse this host. F. oxysporum spp. are known
to produce a plethora of toxic secondary metabolites [40,41], of which e.g., fumonisin is increasingly
produced in the presence of light [42]. 2-hepanone emission by T. atroviride could be part of a coping
strategy against abiotic (light) and biotic (F. oxysporum mycotoxins) stress.

F. oxysporum—T. atroviride co-cultivation further resulted in the production of 2-octanone, a volatile
that was not emitted by any of the interaction partners upon axenic growth. Interestingly, a recent
study revealed that deletion of the histone deacetylase-encoding gene hda-2 in T. atroviride IMI 206040
leads to the biosynthesis of 2-octanone as a new volatile in this strain [43]. This report together with our
results points out that 2-octanone biosynthesis genes could be shut-down by a repressive chromatin
structure and could be activated epigenetically as a consequence of environmental stimuli, in this case
the interaction with F. oxysporum. Accordingly, the bacterium Streptomyces rapamycinicus triggered the
expression of the silent gene cluster responsible for orsellinic acid production in Aspergillus nidulans by
activation of the histone acetyltransferase GcnE [44].

In summary, our study revealed significant differences between the two tested T. atroviride strains
regarding injury-response, light-dependent regulation of conidiation and mycoparasitic activity as
well as VOC production. Besides volatiles with strain- and light-dependent biosynthesis patterns, we
found an interaction-dependent regulation of the biosynthesis of individual substances and obtained
evidence, that the biosynthesis of certain VOCs is specifically linked to abiotic and/or biotic stress
responses in T. atroviride. Additional effort should be undertaken to further decipher the multifactorial
regulation of secondary metabolite biosynthesis in Trichoderma mycoparasites.

4. Materials and Methods

4.1. Fungal Strains and Culture Conditions

Trichoderma atroviride P1 (ATCC 74058), T. atroviride IMI 206040, Fusarium oxysporum f. sp. lycopersici
strain 4287 and Rhizoctonia solani strain AG-5 were used in this study.

Pre-cultivation was done by passaging a 6 mm diameter agar plug of the actively growing colony
margin at least two times after 1.5 days each upside down to the centre of a fresh petri dish (94 mm ×
16 mm, Greiner Bio-One GmbH, Kremsmünster, Austria) containing 25 mL potato dextrose agar (PDA;
Becton, Dickinson and Company, Le Pont De Claix, France). Plates were incubated at 25 ◦C under
light-dark conditions (12:12 h, 300 Lux; Snijders Micro Clima-Series TM Labs Economic Lux Chamber;
Snijders Labs, Tiburg, The Netherlands) or under complete darkness.

For determination of the radial growth rate of the two T. atroviride strains, 6 mm diameter agar
plugs of the actively growing colony margins from the pre-cultures were inoculated in quadruplicates
at the outmost margin of fresh agar plates. Plates were incubated at 25 ◦C under light-dark conditions
(12:12 h; 300 Lux) or under complete darkness for three days. The radial growth rate was measured
and calculated (cm/d) after three days of growth.
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4.2. Mechanical Injury- and Blue-Light-Induced Conidiation Assays

Mechanical injury- and blue-light-induced conidiation assays were performed in quadruplicates
according to [31] with slight modifications. Six millimeter diameter agar plugs of the actively growing
colony margins from the pre-cultures were inoculated upside-down at the centre of fresh agar plates.
Cultures were incubated at 25 ◦C for five days under light-dark conditions or under complete darkness.
After two days of incubation in complete darkness, conidiation was induced by mycelial injury,
which was set by cutting five horizontal and five vertical lines with a scalpel under red safety light.
Alternatively, a 10 min pulse of blue light was set with a blue light source (Blacklight Blue UV-A Lamp:
Supratec L18 W/73, 300–400 nm; 25 Lux; Osram GmbH, Garching, Germany; distance 19 cm). Plates
were further incubated under complete darkness for a total of five days. Photos were taken after five
days of growth.

4.3. Dual Plate Confrontation Assays

Dual plate confrontation assays were performed in quadruplicates according to [30] with slight
modifications. Six millimeter diameter agar plugs of the actively growing colony margins from the
pre-cultures of T. atroviride and a respective host fungus were inoculated on opposite sides at the
outmost margin of fresh agar plates. As controls, all strains were additionally grown alone; the
mycoparasites were also grown in self-confrontations. Due to its slower radial growth rate, F. oxysporum
was inoculated 24 h earlier than the other strains. Fungi were grown at 25 ◦C under light-dark
conditions or under complete darkness for five and six days, respectively. Pictures were taken at the
end of the cultivation period to document the progress of the mycoparasitic attack.

4.4. Gas Chromatography–Ion Mobility Spectrometry (GC–IMS) Analysis of Headspace VOCs

For gas chromatography–ion mobility spectrometry (GC–IMS) analysis, a 6 mm diameter agar
plug of the actively growing colony margin from the pre-culture was inoculated upside-down at the
outmost margin of a 150 mL glass bottle (Duran GmbH, Mainz, Germany) filled with 25 mL PDA at
the bottom. Fungi were grown in axenic culture or direct confrontation in the glass bottles according
to the description above. As a control, PDA was also measured alone. The bottles were closed with
Teflon® screw caps (BohlenderTM, Merck, Vienna, Austria) with two openings for air in- and outlet.
For dark conditions, the bottles were covered with several layers of aluminum foil. Due to a slower
radial growth rate, F. oxysporum was pre-grown for 24 h. The two T. atroviride strains and R. solani were
pre-grown for 20 h at 25 ◦C under light-dark conditions (12:12 h; 300 Lux) or under complete darkness
before flasks were connected to the MS device.

For headspace measurements, cultures in glass bottles were held in an incubator and connected in
a gastight way, parallel to each other. To avoid condensation, the inner temperature of the oven (so
the temperature of the headspace air) was held at 40 ◦C, while the water bath was kept at 23 ± 2 ◦C.
For ventilation, purified air with 5 mL/min flow was continuously streaming through the flasks and
regulated by four mass flow controllers (MCF, Bronkhorst, Ruurlo, The Netherlands). Additionally, 5
mL/min purified air was connected as dilution flow to the flasks to reduce moisture in the samples.
Headspace air samples were collected in the incubator at 40 ◦C in 100 mL and 250 mL glass syringes
(Socorex, Ecublens, Switzerland). Sampling and measurement were performed 21, 24.5, 43.5, 48.5, 68.5,
72.5, 91.5, 96.5 and 115.5 h after inoculation.

A high resolution GC–IMS developed at Leibniz Universität, Hannover was applied to monitor
the emitted VOCs. Samples were injected immediately after collection through a heated inlet (40 ◦C)
into the GC column using a stainless steel sample loop (200 μL) installed on a six-way valve (VICI AG
International, Schenkon, Switzerland). Volatiles were separated using a RTX volatiles column (10 m ×
0.53 mm × 2 μm, Restek GmbH, Bad Homburg, Germany) working at a constant temperature of 50
◦C. The carrier-gas-flow-rate program was as follows: 3 mL/min for 10 min and then 10 mL/min for
another 10 min, resulting in a total GC-runtime of 20 min. The IMS, with a drift tube length of 7.5 cm,
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provided a resolving power of R = 90 using a drift voltage of 5 kV. The instrument operated at 40 ◦C
with purified air as drift gas at the flow of 150 mL/min and 10 mbar above the ambient pressure. For
ionization of the volatiles, a radioactive β-emitter 3H (300 MBq) was used. A detailed description of
the system can be found in [31]. Chromatographic data was acquired using the Agilent Chemstation
Software (GC-MS Data Analysis from Agilent, Waldbronn, Germany). Data were analyzed using
the software OpenChrom (vers. 1.4.0, Lablicate GmbH, Hamburg, Germany) and the mass spectrum
library NIST 2008 (Gatesburg, PA, USA) was applied for identification.
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Abstract: The aim of this study is to combine advanced GC-MS and metabolite identification in
a robust and repeatable technology platform to characterize the metabolome of buffalo milk and
mozzarella cheese. The study utilized eleven dairies located in a protected designation of origin
(PDO) region and nine dairies located in non-PDO region in Italy. Samples of raw milk (100 mL) and
mozzarella cheese (100 g) were obtained from each dairy. A total of 185 metabolites were consistently
detected in both milk and mozzarella cheese. The PLS-DA score plots clearly differentiated PDO and
non-PDO milk and mozzarella samples. For milk samples, it was possible to divide metabolites into
two classes according to region: those with lower concentrations in PDO samples (galactopyranoside,
hydroxybuthyric acid, allose, citric acid) and those with lower concentrations in non-PDO samples
(talopyranose, pantothenic acid, mannobiose, etc.,). The same was observed for mozzarella samples
with the proportion of some metabolites (talopyranose, 2, 3-dihydroxypropyl icosanoate, etc.,) higher
in PDO samples while others (tagatose, lactic acid dimer, ribitol, etc.,) higher in non-PDO samples.
The findings establish the utility of GC-MS together with mass spectral libraries as a powerful
technology platform to determine the authenticity, and create market protection, for “Mozzarella di
Bufala Campana.”

Keywords: metabolome; GC-MS; buffalo; milk; mozzarella; authenticity

1. Introduction

The authenticity, integrity, and traceability of food products is very important for market protection
in global food systems [1–4]. This applies particularly to food that has a market niche and for which
consumers pay a high price. The premium price of niche food makes it susceptible to substitution
with falsely-labelled, non-authentic food [5]. Examples are substitution in olive oil [6,7] and dairy
products [8–10]. Italian mozzarella cheese is made from the milk of Italian Mediterranean water buffalo
(Bubalus bubalis) and is recognized globally for its exceptional eating qualities. The water buffalo
undergo intense selection for efficiency of production and product quality, and today has an important
commercial and cultural niche in several regions of Italy. Genuine Italian mozzarella is known as
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“Mozzarella di Bufala Campana.” It has European Union protected designation of origin (PDO) and
protected geographical indication (PGI) status. This identifies genuine mozzarella with four regions in
Italy (Apulia, Campania, Lazio, Molise) [11,12]. Attempts are regularly made to place non-authentic
mozzarella in premium markets as a substitute for buffalo mozzarella cheese [13–15]. Consumers
can be denied a genuine product and confidence in certified farmers is threatened. The potential for
product substitution has led to interest in the development of screening technology that ensures the
authenticity of buffalo mozzarella and traceability to geographical origin [14,16,17].

The characterization of the metabolome of food is a promising approach for establishing
authenticity [18]. The metabolome signature of biological material can be obtained using gas
chromatography/mass spectrometry (GC-MS) [19,20], NMR spectroscopy [21,22], and high-resolution
magic angle spinning (HRMAS) NMR spectroscopy [23]. Some initial screening of buffalo mozzarella
cheese has used NMR [16], HRMAS NMR [16], and GC-MS/LC-MS [14,15,17]. To date, individual
studies have looked at the metabolome of either buffalo milk or mozzarella. Substitution can occur at
different stages of the supply chain and it is important that authenticity can be established from primary
product (milk) through to secondary product (mozzarella). There are also limited studies in dairy on
the impacts of breeding, diet, and geographical location on product quality [24]. The present study
sought to compare, for the first time, the metabolomes of both unprocessed milk and corresponding
mozzarella cheese for buffalo in PDO and non-PDO regions in Italy. Differences in the milk and/or
mozzarella metabolomes between buffalo in PDO and non-PDO regions have potential practical
application in safeguarding the authenticity and traceability of protected status buffalo dairy products.

2. Results

No differences were observed in the quality of milk and mozzarella cheese from PDO and
non-PDO regions (Tables 1 and 2). A total of 185 metabolites were detected consistently. In particular,
113 compounds were detected in milk, 102 in mozzarella cheese, and 30 compounds out of 185 were
found in both matrices. The PLS-DA score plots clearly differentiated PDO and non-PDO milk and
mozzarella samples (Figure 1(A1,B1)). The 15 highest scoring variable importance in projection VIP
variables (VIP score > 1.5) identified by PLS-DA are shown in Figure 1(A2,B2).

Table 1. Average composition of milk samples from different farms located in protected destination of
origin (PDO) and non-PDO regions in Italy. Data are expressed as means ± ES.

BUFFALO MILK

Nutrition Facts for 100 g
of Product (Reg. UE

1169/2011)

NON-PDO REGION
(n = 9)

PDO REGION
(n = 11)

p Value

U.M VALUE U.M VALUE

Energy net value KJ/100 g 473 ± 8.4 KJ/100 g 479 ± 7.9 0.82
Kcal/100 g 112 ± 3.5 Kcal/100 g 116 ± 3.7 0.77

Total protein g/100 g 4.5 ± 0.7 g/100 g 4.6 ± 0.6 0.85
Total fat g/100 g 8.4 ± 0.9 g/100 g 8.6 ± 0.8 0.69

Saturated fat g/100 g 4.9 ± 0.5 g/100 g 4.9 ± 0.5 0.91
Total carbohydrates g/100 g 5.2 ± 0.4 g/100 g 5.2 ± 0.5 0.82

Sugars g/100 g 0.8 ± 0.1 g/100 g 0.9 ± 0.1 0.86
Salt g/100 g Nd g/100 g Nd

Ashes g/100 g 0.8 ± 0.0 g/100 g 0.8 ± 0.1 0.90

U.M. Unit measure.
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Table 2. Average mozzarella cheese composition of samples from different farms located in protected
designation of origin (PDO) and non-PDO regions in Italy. Data are expressed as means ± ES.

BUFFALO MOZZARELLA CHEESE

Nutrition Facts for 100 g
of Product (Reg. UE

1169/2011)

NON-PDO REGION
(n = 9)

PDO REGION
(n = 11)

p Value

U.M. VALUE U.M. VALUE

Energy net value KJ/100 g 1129.9 ± 9.4 KJ/100 g 1131.1 ± 8.2 0.72
Kcal/100 g 268.6 ± 4.0 Kcal/100 g 269.2 ± 3.2 0.84

Total protein g/100 g 13.4 ± 1.0 g/100 g 13.5 ± 0.9 0.86
Total fat g/100 g 23.3 ± 2.6 g/100 g 23.5 ± 2.9 0.73

Saturated fat g/100 g 14.6 ± 0.4 g/100 g 14.6 ± 0.6 0.79
Total carbohydrates g/100 g 0.8 ± 0.0 g/100 g 0.8 ± 0.0 0.91

Sugars g/100 g 0.8 ± 0.1 g/100 g 0.8 ± 0.0 0.88
Salt g/100 g 0.9 ± 0.1 g/100 g 0.9 ± 0.1 0.90

Ashes g/100 g 1.4 ± 0.2 g/100 g 1.4 ± 0.2 0.93

U.M. Unit measure.

Figure 1. Partial least square discriminant analysis (PLS-DA) models to discriminate PDO and non-PDO
buffalo milk (A1) and mozzarella (B1) samples. The explained variance of each component is shown
in parentheses on the corresponding axis. (A2) and (B2) panels show the 15 top-scoring variable
importance in projection (VIP) metabolites (VIP-score ≥ 1.5) for milk (A2) and mozzarella (B2) samples.
The colored boxes on the right indicate the relative amount of the corresponding metabolite in each
group under study.
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Differences in metabolite concentrations between PDO and non-PDO raw milk samples allowed
the metabolites to be separated into two classes: those with lower (p < 0.05) concentrations in
PDO milk (galactopyranoside, hydroxybuthyric acid, allose, citric acid) and those with higher
(p < 0.05) concentrations in PDO milk (talopyranose, pantothenic acid, mannobiose, maltose, phosphate,
mannofuranose, dodecanoic acid, lactose, palmitic acid, n-acetyl glutamic acid, n-acetyl glucosamine)
(Figure 2).

Figure 2. Box and Whisker plot of the VIP metabolites in buffalo milk samples. Boxes represent non-PDO
(yellow) and PDO (blue) milk samples. The vertical axis reports the log of the gas chromatography
mass spectrometry values of the normalized area of each metabolite.

Metabolites could also be separated into two classes for mozzarella cheese samples: those with
higher (p < 0.05) concentrations in PDO mozzarella (talopyranose, 2, 3-dihydroxypropyl icosanoate,
sorbose, 4-pnehyl glutamic acid, oxalic acid, galactose) and those with higher (p < 0.05) concentrations
in non-PDO mozzarella (tagatose, lactic acid dimer, ribitol, dodecyl thioglycolate, n-acetyl glucosamine,
valine, diethylene glycol) (Figure 3).
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Figure 3. Box and Whisker plot of the VIP metabolites in buffalo mozzarella samples. Boxes represent
non-PDO (green) and PDO (orange) mozzarella samples. The vertical axis reports the log of the gas
chromatography mass spectrometry values of the normalized area of each metabolite.

3. Discussion

The present study sought to compare the metabolomes of unprocessed milk and corresponding
mozzarella cheese for buffalo in PDO and non-PDO regions in Italy. It was found that the milk
metabolome differed between buffalo in PDO and non-PDO regions. The mozzarella metabolome also
differed between buffalo in PDO and non-PDO regions. This is the first time that some metabolites have
been detected in both the metabolome of unprocessed milk and corresponding mozzarella cheese in
buffalo. It is also the first time that differences have been found between buffalo in PDO and non-PDO
regions in both milk and mozzarella metabolomes. The number of individual farms from PDO (n = 11)
and non-PDO (n = 9) regions might be considered a relatively small sample size, although it was
comparable to numbers in previous reports that looked at the metabolome [24–26]. Notwithstanding
the sample size, the combination of GC-MS and mass spectral libraries (NIST library) proved to
be a robust technology platform for determining the metabolomes of buffalo milk and mozzarella.
This platform, together with a rigorous analysis of the data, has provided a sound foundation to
inform further studies. In particular, a number of notable metabolites identified in unprocessed milk
(n = 15) and mozzarella cheese (n = 13) could be used to validate the utility of the metabolome for
safeguarding the protected status buffalo dairy products. Candidate metabolites that differentiated
PDO from non-PDO milk included several carbohydrates (d-allose, mannofuranose, maltose, and
talopyranose). Candidate metabolites that differentiated both milk and mozzarella between PDO and
non-PDO origin were talopyranose and N-acetyl glucosamine. Talopyranose is the pyranose form of
talose and an epimer of glucose. Talose was already reported to be a “differential” marker between
bovine milk and goat milk [27]. N-acetylglucosamine is a derivative amide of the monosaccharide
glucose and a secondary amide between glucosamine and acetic acid. It is significant in several
biological systems and a major component of the cell walls of most fungi [28]. Talopyranose is of
particular interest as amounts were substantially higher in both milk and mozzarella of PDO origin.
A number of saccharides (tagatose, talopyranose, sorbose, galactose) differentiated mozzarella of DPO
and non-DPO origin. Two metabolites in mozzarella cheese had markedly different concentrations
between PDO and non-PDO samples. These metabolites could not be identified from public mass
spectral libraries. However, they require further study as they may emerge as highly valuable in
establishing the authenticity and integrity of protected status buffalo mozzarella cheese.
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Irrespective of PDO or non-PDO origin, the milk aqueous fraction was rich in short-chain saturated
carboxylic acids (carbonic acid, acetic acid, propanoic acid, butanoic acid, octanoic acid, decanoic acid)
and long-chain saturated carboxylic acids (lauric acid, palmitic acid, stearic acid). Free amino acids
in milk included serine, threonine, and valine. Compared with milk, mozzarella cheese contained
lower amounts of some short-chain saturated carboxylic acids (acetic, propanoic, nonanoic acid) and
only two long-chain saturated carboxylic acids were found in mozzarella (palmitic acid, stearic acid).
Mozzarella was, however, richer in free amino acids (serine, leucine, isoleucine, alanine, proline, valine,
norvaline). Some of the metabolites found in mozzarella samples in the present study (lactic acid
dimer, valine, oxalic acid, and galactose) were also identified in a study that looked at the metabolomic
and microbiological differences of Italian mozzarella cheese produced with buffalo or cow milk [29].

Processing alters milk constituents and their concentrations. For example, milk monosaccharide
levels change in response to heat treatment [30] and storage [31]. The composition of the starter, which
can be influenced by the environment, management and cheese-making technologies, also affects
cheese characteristics by altering the milk quality. [32–34]. In PDO mozzarella, there may have been
a synergistic effect between different lactic acid bacteria and yeast species, which ferment residual
galactose and lactose and thereby increase lactic acid production. The processed cheese industry uses
citrate or phosphate salts to sequester Ca2+ from residual colloidal calcium phosphate. This solubilizes
caseins which can then emulsify fat globules. The acidity of whey at drainage, and the rate of acid
development, are important parameters that determine the mineral content, acidity, and quality of
cheese [35]. Milk of PDO origin had higher phosphate content and lower citric acid compared to
non-PDO milk. Differences in milk salt composition most likely contributed to the differences in
metabolites between PDO and non-PDO mozzarella cheese. Differences in packaging could also
modify the metabolomic profile of mozzarella cheese. The higher diethylene glycol concentration in
samples of non-PDO mozzarella compared to PDO was attributed to packaging [36].

Climatic conditions influence the rate of uptake of metabolites by plants [37,38]. Also, lower
temperatures and frequent rainfall can affect the drying process of forages; essentially, reducing sugars,
mineral salts, and soluble nitrogenous substances, while increasing fermentation [39]. Rainfall is
usually less frequent in the PDO regions in the present study compared with the non-PDO regions,
and the higher concentrations of some sugars (maltose, lactose, mannobiose, talopyranose) in milk
of PDO origin may have been due to differences in climatic conditions. The climate and soils of a
region directly and indirectly impact the biochemical and biophysical properties of food products.
For example, the isotopic and elemental composition of milk is closely related to geographical origin
and this carries over to the properties of cheese [39]. To have PDO certification, at least 70% of the dry
matter of fodder, or 40% of the dry matter of the ration, must come from the PDO region. The use
of local fodder helps to maintain the strict relationship between product and region for protected
status of buffalo mozzarella cheese. There are close relationships between the environment, rumen
microbiome, and animal metabolome. While the major families of microbes in the rumen are broadly
similar across diverse landscapes [40], the relative populations of different microbes change according
to local conditions of climatic, soil, feed, and management [40–42]. The amount of crude protein,
neutral-detergent fiber, and acid detergent lignin are higher in cultivars from the PDO region [43].
It can be assumed that this would have influenced the rumen microbial populations and ruminal
metabolome, which could have contributed, at least in part, to differences in the milk and mozzarella
metabolomes between PDO and non-PDO regions.

In conclusion, a robust GC-MS and mass spectral library technology platform was used to identify
for the first time the metabolome of unprocessed milk and corresponding mozzarella cheese in buffalo.
Differences in both the milk and mozzarella metabolomes between buffaloes in PDO and non-PDO
regions were also shown for the first time. A number of candidate metabolites in milk and mozzarella
were identified that will be important in validation studies that aim to develop practical protocols to
distinguish between PDO and non-PDO buffalo milk and mozzarella. Talopyranose was a particularly
notable candidate metabolite as it differed substantially between PDO and non-PDO buffalo, for both
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milk and mozzarella. The development of quality assurance and certification protocols for milk and
cheese will help to ensure the authenticity and traceability of primary (milk) and secondary (mozzarella)
protected status buffalo dairy products. This is necessary to ensure that the investment in breeding,
feeding, and management of buffalo in PDO regions is safeguarded.

4. Materials and Methods

4.1. Sample Collection

The study utilized 20 commercial buffalo dairies. Eleven dairies were located in a protected
designation of origin (PDO, Campania, Italy) region and nine dairies were in non-PDO regions in
Italy (). All dairies had a processing facility that produced mozzarella cheese exclusively from their
own milk. Milk and mozzarella cheese quality was assessed the day of the sampling and the average
results from PDO and non-PDO areas are reported in Tables 1 and 2. Pooled samples of raw milk
(100 mL) and mozzarella cheese (100 g) were obtained from each dairy. The samples underwent
similar processing and were obtained approximately 2 h after preparation. Mozzarella samples were
immersed in mozzarella whey and stored at 25 ◦C until analysis.

4.2. Metabolomics Analysis

4.2.1. Metabolite Extraction and Derivatization

Metabolite extraction, purification, and derivatization were carried out using the MetaboPrep GC
kit according to the manufacturer’s instructions (Theoreo srl, Montecorvino Pugliano [SA], Italy).

From each mozzarella sample 10 ± 1 mg was transferred to an Eppendorf microcentrifuge tube
containing the extraction solution. The samples were then centrifuged at 800× g for 30 min, before
putting the samples in an ultrasonic bath at 30 ◦C for 30 min. The samples were then centrifuged for
5 min at 10,000× g at 4 ◦C. From the supernatant, 200 μL was removed and transferred to an Eppendorf
microcentrifuge tube containing a purification mixture, and then vortexed at 800× g for 30 sec. The
sample was again centrifuged at 10,000× g (at 4 ◦C). Finally, 175 μL supernatant was transferred into a
2-mL glass autosampler vial and freeze-dried overnight.

To facilitate derivatization, “50 μL of pyridine/methoxamine (1/1 v:v) were added to the sample
and centrifuged at 800× g (25 ◦C) for 90 min. Then 25 μL of the second derivatization mixture containing
N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) and trimethylchlorosilane (TMCS) were added and
vortexed at 800× g (25 ◦C) for 90 min. The solution was centrifuged for 5 min at 10,000 rpm× g (4 ◦C)
before injecting into the GC-MS.”

4.2.2. GC-MS Analysis

Samples (2 μL) of the derivatized solution were injected into the GC-MS system (GC-2010 Plus
gas chromatograph coupled to a 2010 Plus single quadrupole mass spectrometer; Shimadzu Corp.,
Kyoto, Japan). Chromatographic separation was achieved with a 30 m 0.25 mm CP-Sil 8 CB fused
silica capillary GC column with 1.00 μm film thickness (Agilent, J&W Scientific, Folsom, CA, USA),
with helium as carrier gas. The initial oven temperature of 100 ◦C was maintained for 1 min and then
raised by 6 ◦C/min to 320 ◦C with a further 2 min of holding time. The gas flow was set to obtain
a constant linear velocity of 39 cm/s and the split flow was set at 1:5. The mass spectrometer was
operated with electron impact ionization (70 eV) in full scan mode in the interval of 35–600 m/z with a
scan velocity of 3333 AMU/sec and a solvent cut time of 4.5 min. The complete GC program duration
was 40 min.

4.3. Metabolites Identification

Metabolite identification was performed according to Troisi et al. [44]. Briefly, untargeted
metabolites were identified by comparing the mass spectrum of each peak with the NIST library
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collection (NIST, Gaithersburg, MD, USA). The linear index difference max tolerance was set to 10,
while the minimum matching spectra library search was set to 85% (level 2 identification according to
Metabolomics Standards Initiative [MSI]) [45]. Fifteen samples out of the over 200 signals per sample
(7.5%) produced by gas chromatographic–mass spectrometry were not investigated further because
they were not consistently found in other sets of samples (either too low in concentration or of poor
spectral quality to be confirmed as metabolites).

4.4. Statistical Analyses

Data regarding milk and mozzarella cheese quality are expressed as mean ± SE. Differences were
assessed by Student’s t-test, and p < 0.05 value was considered significant. The chromatographic data
were tabulated with one sample per row and one variable (metabolite) per column. Data pre-treatment
consisted of normalizing each metabolite peak area to that of the internal standard (2-iso-propyl malic
acid) followed by generalized log transformation and data scaling by autoscaling (mean-centered
and divided by standard deviation of each variable). Statistical analysis of data from three biological
replicates for each farm was performed by ANOVA Bonferroni correction (p-value < 0.05) by applying
GraphPad PRISM software. Only metabolites significantly different between the farms were considered
for further analyses. Principal component analyses (PCA) and heatmap representations were conducted
by the online tool ClustVis (http://biit.cs.ut.ee/clustvis/). Unit variance scaling was applied to rows
(metal/metabolite values in each farm) and single value decomposition (SVD) with imputation was
used to calculate principal components. The heatmaps were generated clustering columns (Farms) by
correlation distance and McQuitty linkage. Samples were classified considering geographical area of
origin (North/South) and also the presence or absence of PDO trademark (Yes = Y; No = N).

Moreover, partial least square discriminant analysis (PLS-DA) [46] was performed using the
statistical software package R (Foundation for Statistical Computing, Vienna, Austria). Class separation
was achieved by PLS-DA, which is a supervised method that uses multivariate regression techniques
to extract, via linear combinations of original variables (X), the information that can predict class
membership (Y). PLS regression was performed using the plsr function included in the R pls package [47].
Classification and cross-validation were performed using the corresponding wrapper function included
in the caret package [48]. A permutation test was performed to assess the significance of class
discrimination. In each permutation, a PLS-DA model was built between the data (X) and the permuted
class labels (Y) using the optimal number of components determined by cross validation for the model
based on the original class assignment. Variable importance in projection (VIP) scores were calculated
for each metabolite. The VIP score is a weighted sum of squares of the PLS loadings, taking into
account the amount of explained Y-variation in each dimension.
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Abstract: Tryptophan is one of the most extensively used amino acids in livestock industry owing to
its effectiveness in enhancing the growth performance of animals. Conventionally, the production
of tryptophan relies heavily on genetically modified Escherichia coli but its pathogenicity is a great
concern. Our recent study demonstrated that a lactic acid bacterium (LAB), Pediococcus acidilactici TP-6
that isolated from Malaysian food was a promising tryptophan producer. However, the tryptophan
production must enhance further for viable industrial application. Hence, the current study evaluated
the effects of medium components and optimized the medium composition for tryptophan production
by P. acidilactici TP-6 statistically using Plackett-Burman Design, and Central Composite Design. The
optimized medium containing molasses (14.06 g/L), meat extract (23.68 g/L), urea (5.56 g/L) and
FeSO4 (0.024 g/L) significantly enhanced the tryptophan production by 150% as compared to the
control de Man, Rogosa and Sharpe medium. The findings obtained in this study revealed that rapid
evaluation and effective optimization of medium composition governing tryptophan production by
P. acidilactici TP-6 were feasible via statistical approaches. Additionally, the current findings reveal
the potential of utilizing LAB as a safer alternative tryptophan producer and provides insight for
future exploitation of various amino acid productions by LAB.

Keywords: Tryptophan production; lactic acid bacteria; Pediococcus acidilactici TP-6; Plackett-Burman
design; central composite design
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1. Introduction

Fermentation medium plays an indispensable role in the industrial fermentation process due
to its impact on the formation of the desired products [1]. A cost-effective medium formulation is
crucial in ensuring the economic feasibility of the fermentation process. Hence, optimization of the
medium composition is important in order to minimize the cost of production without compromising
the production. Conventional method and statistical method are the most common methodologies
employed in the optimization study. The conventional method of process optimization is also known
as one-factor-at-a-time method by varying one factor while keeping the other factors unchanged until
an apparent optimum condition is achieved. However, the conventional optimization method often
require large number of experiments and it could be time consuming and laborious. Furthermore, this
method is not suitable for multifactor optimization because it is unable to elucidate the interactions
between the factors and thus incapable to detect the true optimum condition [2].

The limitation of conventional optimization method can be overcome by using statistical
optimization method, which involves a collection of numerous experimental strategies, mathematical
procedures and statistical inferences. Unlike conventional optimization method, the statistical
optimization method is able to explain the interactions between multiple variables and determine
the true optimum based on statistical approaches [3]. One of the most commonly used statistical
optimization approach is response surface methodology (RSM). The first-and second-degree models
are among the most frequently used approximating polynomial models in RSM. Some of the popular
first-order designs that are regularly employed for optimization of the fermentation process include
the Plackett-Burman Design (PBD) [4] and the Factorial Design [5]. Meanwhile, the commonly used
second-order designs include Central Composite Design (CCD) [6] and Box-Behnken Design [7].

Previous optimization studies on the production of tryptophan have revolved around the
conventional producer strains such as E. coli and Corynebacterium glutamicum. For instances,
Faghfuri et al. [8] reported that sugar beet molasses was a good source of pyridoxal phosphate
(PLP) and serine for tryptophan production by E. coli. Meanwhile, Cheng et al. [9] suggested that the
growth and tryptophan production of E. coli was inhibited by acetic acid above 2 g/L and glucose
concentration should be controlled at low level for tryptophan production. Moreover, Hagino and
Nakayama [10] reported that molasses, casein enzymatic hydrolysate and (NH4)2SO4 were the best
carbon, organic nitrogen and inorganic nitrogen source for tryptophan production by C. glutamicum.
However, the use of genetically engineered and pathogenic microorganism is a major concern and has
urged an exploration for a safer producer. Lactic acid bacteria (LAB) have been revealed to possess the
ability to produce various amino acid in several recent studies [11,12]. Apart from its versatility in
amino acid production, LAB postbiotic metabolites have been extensively reported to confer various
health benefits to animals and enhance their growth performance by regulating the gastrointestinal
health and immune response of the animals [13–16].

Tryptophan has gained tremendous attention in recent years, particularly in medical, feed and
livestock industries. Tryptophan is known as the fourth limiting amino acid in livestock feed, right
after lysine, methionine and threonine amino acids [17]. It has been demonstrated to affect both growth
and neurotransmitter metabolism of poultry [18]. It also affects glucose metabolism by inhibiting
gluconeogenesis [19]. Moreover, L-tryptophan was found to play a crucial role in improving the
growth performance, meat quality, reducing stress, regulating insulin response and protein synthesis
in muscles of pigs [20], as well as improving the feed conversion and carcass yield of broilers [21].
In medical field, tryptophan is often used as sedative and antidepressant and hence it is frequently
prescribed for the treatment of schizophrenia and alcoholism [22]. Tryptophan also acts as a precursor
for serotonin biosynthesis, a neurotransmitter that is responsible to relieve anxiety [23].

The effects of growth medium components on amino acid productions by LAB have not been
elucidated previously, despite the effects of the M-17 medium [24] and de Man, Rogosa and Sharpe
(MRS) medium [11,25] being reported, for the production of amino acid by LAB. Pediococcus acidilactici
TP-6 was previously identified as a superior producer of tryptophan in MRS medium [25]. Nevertheless,
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limited knowledge regarding the nutritional requirements of P. acidilactici TP-6 for its growth and
tryptophan production was available. Thus, the objectives of this study were to evaluate the effects of
medium components on the growth and tryptophan production of P. acidilactici TP-6 by using PBD,
followed by optimization of the medium components for tryptophan production by using steepest
ascent method and CCD approaches.

2. Results and Discussion

2.1. Plackett-Burman Design

The nutritional requirement of P. acidilactici TP-6 for tryptophan production was studied by using
PBD, where each variable was represented at two levels. A dummy variable (X) that serves as an
indicator for the presence of significant interactions between the variables was incorporated in the
PBD. The presence of significant interactions between the variables was indicated by high effect values
of the dummy variable [26]. Table 1 shows the tryptophan production and cell population of respective
trial of PBD. In general, tryptophan production was not detected in most of the experimental runs,
suggesting the stringent nutrient requirement of the producer strain for tryptophan production. Run
15 recorded the highest amount of tryptophan production of 22.9 mg/L of tryptophan, followed by run
18 with 21.27 mg/L of tryptophan. However, there was no significant difference (p > 0.05) between the
net tryptophan produced achieved in run 15 and run 18 respectively. Nevertheless, the production of
tryptophan by P. acidilactici TP-6 in the control MRS medium (29.41 mg/L) was still significantly higher
(p < 0.05) than those achieved in the PBD. Thus, further optimization of the medium composition is
mandatory to increase tryptophan yield by P. acidilactici TP-6.

Table 1. Plackett-Burman Design (PBD) matrixes for 22 variables with coded values and their
corresponding tryptophan production and cell population of P. acidilactici TP-6.

Std
Run

A B C D E F G H J K L M N O P Q R S T U V W X
Tryptophan
Production

(mg/L)

Cell
Population

(logCFU/mL)

1 1 1 1 1 1 -1 1 −1 1 1 −1 −1 1 1 −1 −1 1 −1 1 −1 −1 −1 −1 0.00 ± 0.00 H 8.47 ± 0.04 I

2 −1 1 1 1 1 1 −1 1 −1 1 1 −1 −1 1 1 −1 −1 1 −1 1 −1 −1 −1 0.00 ± 0.00 H 9.26 ± 0.01 B

3 −1 −1 1 1 1 1 1 −1 1 −1 1 1 −1 −1 1 1 −1 −1 1 −1 1 −1 −1 0.42 ± 0.05 G 8.82 ± 0.03 F

4 −1 −1 −1 1 1 1 1 1 −1 1 −1 1 1 −1 −1 1 1 −1 −1 1 −1 1 −1 0.34 ± 0.02 G 8.77 ± 0.04 F

5 −1 −1 −1 −1 1 1 1 1 1 −1 1 −1 1 1 −1 −1 1 1 −1 −1 1 −1 1 9.35 ± 0.05 D 9.10 ± 0.02 D

6 1 −1 −1 −1 −1 1 1 1 1 1 −1 1 −1 1 1 −1 −1 1 1 −1 −1 1 −1 0.00 ± 0.00 H 9.04 ± 0.01 E

7 −1 1 −1 −1 −1 −1 1 1 1 1 1 −1 1 −1 1 1 −1 −1 1 1 −1 −1 1 6.81 ± 0.07 E 8.70 ± 0.01 G

8 1 −1 1 −1 −1 −1 −1 1 1 1 1 1 −1 1 −1 1 1 −1 −1 1 1 −1 −1 16.69 ± 0.51 C 8.75 ± 0.02 FG

9 −1 1 −1 1 −1 −1 −1 −1 1 1 1 1 1 −1 1 −1 1 1 −1 −1 1 1 −1 0.00 ± 0.00 H 7.33 ± 0.01 M

10 −1 −1 1 −1 1 −1 −1 −1 −1 1 1 1 1 1 −1 1 −1 1 1 −1 −1 1 1 0.00 ± 0.00 H 7.89 ± 0.02 L

11 1 −1 −1 1 −1 1 −1 −1 −1 −1 1 1 1 1 1 −1 1 −1 1 1 −1 −1 1 0.00 ± 0.00 H 9.22 ± 0.02 BC

12 1 1 −1 −1 1 −1 1 −1 −1 −1 −1 1 1 1 1 1 −1 1 −1 1 1 −1 −1 0.00 ± 0.00 H 8.79 ± 0.02 F

13 −1 1 1 −1 −1 1 −1 1 −1 −1 −1 −1 1 1 1 1 1 −1 1 −1 1 1 −1 0.00 ± 0.00 H 9.02 ± 0.03 E

14 −1 −1 1 1 −1 −1 1 −1 1 −1 −1 −1 −1 1 1 1 1 1 −1 1 −1 1 1 4.85 ± 0.04 F 8.60 ± 0.00 H

15 1 −1 −1 1 1 −1 −1 1 −1 1 −1 −1 −1 −1 1 1 1 1 1 −1 1 −1 1 22.94 ± 0.79 B 9.19 ± 0.01 C

16 1 1 −1 −1 1 1 −1 −1 1 −1 1 −1 −1 −1 −1 1 1 1 1 1 −1 1 −1 0.00 ± 0.00 H 8.75 ± 0.03 FG

17 −1 1 1 −1 −1 1 1 −1 −1 1 −1 1 −1 −1 −1 −1 1 1 1 1 1 −1 1 0.00 ± 0.00 H 8.75 ± 0.02 FG

18 1 −1 1 1 −1 −1 1 1 −1 −1 1 −1 1 −1 −1 −1 −1 1 1 1 1 1 −1 21.27 ± 0.24 B 7.88 ± 0.02 L

19 −1 1 −1 1 1 −1 −1 1 1 −1 −1 1 −1 1 −1 −1 −1 −1 1 1 1 1 1 10.58 ± 0.25 D 8.47 ± 0.01 K

20 1 −1 1 −1 1 1 −1 −1 1 1 −1 −1 1 −1 1 −1 −1 −1 −1 1 1 1 1 0.00 ± 0.00 H 8.50 ± 0.01 IJ

21 1 1 −1 1 −1 1 1 −1 −1 1 1 −1 −1 1 −1 1 −1 −1 −1 −1 1 1 1 0.00 ± 0.00 H 9.11 ± 0.01 D

22 1 1 1 −1 1 −1 1 1 −1 −1 1 1 −1 −1 1 −1 1 −1 −1 −1 −1 1 1 0.00 ± 0.00 H 9.34 ± 0.02 AB

23 1 1 1 1 −1 1 −1 1 1 −1 −1 1 1 −1 −1 1 −1 1 −1 −1 −1 −1 1 0.35 ± 0.01 G 9.05 ± 0.01 E

24 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 0.00 ± 0.00 H 7.33 ± 0.02 M

MRS 1 −1 −1 −1 −1 1 1 1 1 −1 −1 −1 −1 1 1 1 1 1 −1 −1 −1 −1 −1 29.41 ± 0.76 A 9.41 ± 0.01 A

Note: Values are mean ± SEM, n =3. Mean ± SEM within the same column that share a common superscript (A–M)
are not significantly different (p > 0.05).

Table 2 presents the ANOVA of the PBD for the effects of medium components on tryptophan
production by P. acidilactici TP−6. The low p-value of the model (0.0019) revealed that the model was
highly significant (p < 0.01) and it is highly unlikely (>99% confidence) that the large F-value of the
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model was attributed to noise. Moreover, the model was able to elucidate 99% of variation in response,
owing to its high coefficient of determination (R2 = 0.9986). Additionally, the “predicted R2” (0.9490)
and the “adjusted R2” (0.9919) values were close to 1 and in reasonable agreement, implying the great
correlation between experimental and predicted values and hence the suggested PBD model was a
good model [27]. Furthermore, the model is suitable for navigating the design space owing to its
adequate signal to noise ratio, which was reflected by the high adequate precision value of 110.181
(much greater than 4).

Based on the ANOVA of tryptophan production (Table 2), majority of the studied variables
contributed significantly (p < 0.05) to tryptophan production by P. acidilactici TP-6, whereby up to
17 variables showed a p-value less than 0.05 except fructose, Tween 80 and biotin, which were not
significant (p > 0.05). Among the 17 significant variables, 16 of them were highly significant (p < 0.01)
except glucose and MgSO4, which were significant (p < 0.05). Additionally, the dummy variable was
revealed to be highly significant (p < 0.01). The unexpectedly high significant effect of the dummy
variable implied the presence of significant interactions between the variables [26]. Hence, a design
with higher resolution is required to elucidate the interaction [28]. The net tryptophan production (Y)
by P. acidilactici TP-6 can be expressed in terms of coded symbols (A–X) as shown in the following
regression Equation (1):

Y = 1.21 − 0.51A − 4.25B − 0.16C + 2.23D − 2.03E − 2.56F − 1.71G + 4.97H + 1.41J + 1.98L −
1.95M − 1.51N − 1.79O − 2.34P+ 0.56Q + 2.01R + 0.29S + 2.81T + 1.97V + 0.30W + 1.64X

(1)

Table 2. ANOVA of PBD for the effects of medium components on tryptophan production by
P. acidilactici TP-6.

Source
Sum of
Squares

df
Mean

Square
F Value

p-Value
Prob > F

Model 2428.91 21 115.66 520.43 <0.01 significant
A-Glucose 6.13 1 6.13 27.56 0.03 significant
B-Sucrose 433.36 1 433.36 1949.90 <0.01 significant
C-Fructose 0.61 1 0.61 2.76 0.24
D-Lactose 119.36 1 119.36 537.05 <0.01 significant

E-Molasses 98.68 1 98.68 444.03 <0.01 significant
F-Yeast extract 156.85 1 156.85 705.75 <0.01 significant

G-Peptone 70.03 1 70.03 315.12 <0.01 significant
H-Meat extract 592.62 1 592.62 2666.50 <0.01 significant

J-K2HPO4 47.76 1 47.76 214.88 <0.01 significant
L-Urea 93.75 1 93.75 421.83 <0.01 significant

M-NH4NO3 90.83 1 90.83 408.69 <0.01 significant
N-(NH4)2SO4 54.88 1 54.88 246.92 <0.01 significant

O-(NH4)2HC6H5O7 77.00 1 77.00 346.49 <0.01 significant
P-NaOAc 131.64 1 131.64 592.30 <0.01 significant
Q-MgSO4 7.54 1 7.54 33.93 0.03 significant
R-MnSO4 97.21 1 97.21 437.39 <0.01 significant

S-Tween 80 2.04 1 2.04 9.19 0.09
T-FeSO4 188.94 1 188.94 850.15 <0.01 significant
V-CuSO4 92.90 1 92.90 418.02 <0.01 significant
W-Biotin 2.09 1 2.09 9.42 0.09

X-dummy 64.69 1 64.69 291.09 <0.01 significant
Residual 0.44 2 0.22
Cor Total 2429.36 23

Note: R2: 0.9998; Adj R2: 0.9979; Pred R2: 0.9737; Adeq Precision: 110.181.
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Figure 1 illustrates the impact of each medium component on tryptophan production by
P. acidilactici TP-6. Among the 22 studied variables, 10 of them, including meat extract, FeSO4,
lactose, MnSO4, urea, CuSO4, K2HPO4, MgSO4, biotin and Tween 80, exerted a stimulatory effect on
tryptophan production, whereas the remaining 12 variables demonstrated an inhibitory effect. Out
of the 10 variables that exhibited positive effect, 7 of them including meat extract, FeSO4, lactose,
MnSO4, urea, CuSO4 and K2HPO4 were highly significant at p-value less than 0.01, whereas MgSO4

was significant (p < 0.05) as shown in Table 2. In contrast, biotin and Tween 80 did not contribute
significantly (p > 0.05) to the tryptophan production by P. acidilactici TP-6. On the other hand, 8 out
of the 12 variables that exhibited a negative effect were highly significant (p < 0.01) and one of them
was significant (p < 0.05). Meanwhile, the other 3 variables did not affect tryptophan production
significantly (p > 0.05).

 
Figure 1. Effects of different medium components on tryptophan production by P. acidilactici TP-6.

Carbon sources play an essential role in the biosynthesis of tryptophan where the metabolism of
carbon sources provides erythrose-4-phosphate and phosphoenolpyruvate, which act as precursors
for tryptophan biosynthesis [29]. Among the five studied carbon sources, only lactose demonstrated
a highly significant (p < 0.01) stimulatory effect on tryptophan production by P. acidilactici TP-6.
Production of tryptophan by Lactobacilli strains in medium containing lactose as sole carbon source was
also reported by Tarek and Hesham [24]. Meanwhile, the other 4 carbon sources (sucrose, molasses,
glucose and fructose) exhibited a negative effect on tryptophan production by P. acidilactici TP-6 with
sucrose, molasses and glucose being significant (p < 0.05) and fructose was insignificant (p > 0.05). This
is in contrast with the findings of several other studies conducted by other researchers, where the tested
carbon sources often possessed a stimulatory effect on the production of amino acid. For instance,
molasses was used for the production of tryptophan by C. glutamicum [8]. Furthermore, molasses was
reported as the most suitable carbon source for the synthesis of tryptophan by C. glutamicum [10]. The
use of glucose for the production of various amino acid by C. glutamicum [30–32] and E. coli [33,34] was
also well documented. Furthermore, sucrose was identified as the best carbon source for threonine
production by Escherichia coli TRFC [35] and it was used as the sole carbon source for threonine
production by a recombinant E. coli in a separate study conducted by Wang et al. [36]. Nevertheless,
fructose was revealed as one of the best carbon sources for glutamate production by Arthrobacter
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globiformis [37]. The discrepancy of the effects of different carbon sources on amino acid production
might be attributed to the use of different microorganisms as producer strains.

Among the three tested organic nitrogen sources, only meat extract demonstrated a highly
significant stimulatory effect (p < 0.01), whereas yeast extract and peptone showed a highly
significant inhibitory effect (p < 0.01). The organic nitrogen source is crucial for the biosynthesis
of tryptophan, where it is responsible for supplying serine for the formation of tryptophan from
(3-Indoyl)-glycerolphosphate catalyzed by the enzyme tryptophan synthase [38]. The high stimulatory
effect of meat extract on tryptophan production by P. acidilactici TP-6 might be due to the rich
serine content of meat extract [39]. Additionally, the positive effect of meat extract on tryptophan
production could be attributed to its rich vitamin content, which acted as coenzymes for the activation
of enzymes involved in the biosynthesis of tryptophan. For instance, meat extract contains an
abundant amount of riboflavin [40], which can be converted into flavin mononucleotide, an essential
coenzyme for chorismate synthase enzyme that is responsible for the synthesis of chorismate from
5-o-(1-carboxyvinyl)-3-phosphate [41]. Moreover, vitamin B3, which is abundant in meat extract, will be
metabolized into NADPH that functions as coenzyme for the action of shikimate dehydrogenase enzyme,
which is accountable for the transformation of 3-dehydroshikimate into shikimate. Lim et al. [25] had
demonstrated the effect of medium containing meat extract, yeast extract and peptone for the production
of amino acid by LAB. In comparison, yeast extract was used for the production of tryptophan by E. coli
in a study conducted by Faghfuri et al. [8]. In addition, Hagino and Nakayama [10] demonstrated
that yeast extract was the best organic nitrogen source for tryptophan synthesis by C. glutamicum.
Nevertheless, the present study revealed that yeast extract demonstrated an inhibitory effect on
tryptophan production by P. acidilactici TP-6. Differences in the preference of organic nitrogen sources
might be attributed to the use of different microorganism as the amino acid producer strain in the study.

On the other hand, all the inorganic nitrogen sources used in the current study contributed
significantly (p < 0.05) to tryptophan production by P. acidilactici TP-6 (Table 2). However, most of
them demonstrated a negative effect, except urea which exhibited a stimulatory effect. The significant
positive impact of urea on the production of tryptophan might be attributed to its function to supply
ammonia for the formation of anthranilate from chorismate catalyzed by the enzyme anthranilate
synthase during tryptophan biosynthesis [42]. Urea was used as an inorganic nitrogen source for
glutamate production by C. glutamicum [43] and Brevibacterium sp. [44], respectively, whereas NH4NO3

was utilized as the sole inorganic nitrogen source for glutamate production by LAB in a study conducted
by Zareian et al. [45]. On the other hand, the use of (NH4)2SO4 as inorganic nitrogen source for the
production of various amino acid by C. glutamicum [31,32] and E. coli [8,33–36] were well documented.

In the meantime, 5 out of 8 mineral sources including FeSO4, MnSO4, CuSO4, K2HPO4 and
MgSO4 exhibited positive effect on tryptophan production by P. acidilactici TP-6 significantly (p < 0.05),
whereas NaOAc contributed significantly (p < 0.05) on tryptophan production in a negative manner.
Furthermore, KH2PO4 and ZnSO4 displayed an inhibitory effect on tryptophan production by the
producer strain but the effect was insignificant (p > 0.05). The significant effects of minerals such as
FeSO4, MnSO4, CuSO4, K2HPO4 and MgSO4 for the production of various amino acid have been
demonstrated for E. coli [35,36] and C. glutamicum [32,46], indicating the importance of minerals for
amino acid production. Many metal ions play an essential role as cofactor that is required for catalytic
activity of enzymes to ensure proper functioning of biological system [47].

Findings obtained in the current study revealed that most of the divalent cations displayed
a stimulatory effect on tryptophan production except Zn2+. The crucial role of divalent cations
such as Fe2+, Mn2+, Co2+ and Mg2+ on enzymes involved in biosynthesis of tryptophan has been
well documented, where they often possessed a stimulatory effect. For instances, Zalkin and
Kling [48] reported that the enzyme anthranilate synthase has an absolute requirement for Mg2+, while
Hertel et al. [49] discovered that Fe2+ and Co2+ could be used to substitute Mg2+ as a cofactor for
anthranilate synthase. Moreover, Widholm [50] also found that Mn2+ or Co2+ could substitute Mg2+

for the enzyme anthranilate synthase. The negative effect of Zn2+ on the production of tryptophan by
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P. acidilactici TP-6 in the present study might be due to its inhibitory effect on the enzyme anthranilate
synthase as suggested by Hertel et al. [49] and Widholm [50].

In comparison, the biotin vitamin B employed in the current study demonstrated a stimulatory
effect on the production of tryptophan by P. acidilactici TP-6, despite the effect being insignificant
(p > 0.05). This is in contrast with previous reports, whereby biotin was often essential for the
production of amino acid by microorganisms such as E. coli [33] and Corynebacterium [32]. One of the
possible explanations for the insignificant impact of biotin on tryptophan production by P. acidilactici
TP-6 might be attributed to different nutrient requirement between LAB and other microorganisms
for amino acid production, implying that the nutrient requirement for amino acid production could
be species dependent. Another possible explanation might be due to low requirement of vitamin
biotin, where it is often required in minute amount. Hence, inclusion of molasses which contain high
biotin content [51] in the medium formulation could provide sufficient biotin to the producer strain of
P. acidilactici TP-6 that used in this study.

On the other hand, the non-ionic surfactant of Tween 80 that used in the present study displayed
a stimulatory effect on the production of tryptophan but it was not significant (p > 0.05). To the best of
our knowledge, there were no reports available regarding the role of Tween 80 in the production of
amino acid thus far. Despite Tween 80 has been included in the medium formulation for glutamate
production by Brevibacterium sp. in a study conducted by Nampoothiri and Pandey [44], its significance
level was not elucidated. However, Tween 80 is well-known for its crucial role for the production of
various LAB metabolites. For instance, the supplementation of Tween 80 was found to critically boost
the bacteriocins production [52]. Tween 80 acts as biosurfactant which is responsible to modify the
fluidity and permeability of the cell membrane of producer strain. This in turn facilitates the secretion
of metabolites extracellularly [53].

The effects of various medium components on the growth of P. acidilactici TP-6 were elucidated
by the 24 experimental trials of PBD. The corresponding cell population of P. acidilactici TP-6 in each
experimental run is presented in Table 1. Among the 24 experimental runs, the highest cell population
was detected in run 22 with 9.34 log CFU/mL and it was not significantly different (p > 0.05) as
compared to control (9.41 log CFU/mL). In contrast, run 9 and run 24 showed the lowest cell population
of merely 7.33 log CFU/mL. Absence of organic nitrogen source or carbon source in both runs, which
was crucial for the growth of LAB [54] and could be the reason attributing to the low cell growth in
both runs.

Table 3 displays the ANOVA of the PBD for the effects of medium components on the cell growth of
P. acidilactici TP-6. The low p-value of the model (< 0.01) revealed that the model was highly significant
(p < 0.01) and it is highly unlikely (>99% confidence) that the large F-value of the model this large was
attributed to noise. Moreover, the model exhibits great predictive strength and was able to elucidate
99% of variation in response due to its high R2 value (0.9986). Additionally, the “predicted R2” (0.9490)
and the “adjusted R2” (0.9919) values were in reasonable agreement (difference < 0.2), implying the
great correlation between experimental and predicted values and the suggested model was significant.
Furthermore, the model is suitable for navigating the design space owing to its adequate signal to noise
ratio, which was reflected by the high adequate precision value (44.159) that was much greater than 4.

Among the 22 studied variables, 16 variables were revealed to exhibit a significant effect (p < 0.05)
on the growth of P. acidilactici TP-6. Out of the 16 significant variables, 12 of them including glucose,
sucrose, molasses, yeast extract, peptone, meat extract, (NH4)2SO4, (NH4)2HC6H5O7, NaOAc, MgSO4,
MnSO4 and biotin were highly significant (p < 0.01). Furthermore, the p-value of the dummy variable
was less than 0.01, implying the possible presence of interactions between the variables, which have
to be elucidated using a higher resolution design in the subsequent experiment [28]. The growth of
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P. acidilactici TP-6 (Z) can be expressed in the term of the coded symbol as shown in the following
first-order regression Equation (2):

Z = 8.67 + 0.17A + 0.082B + 0.023C + 0.11E + 0.28F + 0.11G + 0.21H − 0.04J − 0.025K −
0.11N + 0.14O + 0.15P + 0.11Q + 0.1R − 0.037S + 0.031U − 0.029V − 0.11W + 0.16X

(2)

Table 3. ANOVA of PBD for the effects of medium components on the growth of P. acidilactici TP-6.

Source
Sum of
Squares

df
Mean

Square
F Value

p-Value
Prob > F

Model 7.15 19 0.38 148.54 <0.01 significant
A-Glucose 0.68 1 0.68 269.27 <0.01 significant
B-Sucrose 0.16 1 0.16 63.98 <0.01 significant
C-Fructose 0.01 1 0.01 4.88 0.09
E-Molasses 0.27 1 0.27 107.47 <0.01 significant

F-Yeast extract 1.83 1 1.83 721.80 <0.01 significant
G-Peptone 0.29 1 0.29 112.71 <0.01 significant

H-Meat extract 1.05 1 1.05 414.04 <0.01 significant
J-K2HPO4 0.04 1 0.04 15.23 0.02 significant
K-KH2PO4 0.01 1 0.01 5.82 0.07

N-(NH4)2SO4 0.30 1 0.30 119.34 <0.01 significant
O-(NH4)2HC6H5O7 0.46 1 0.46 179.90 <0.01 significant

P-NaOAc 0.51 1 0.51 200.63 <0.01 significant
Q-MgSO4 0.32 1 0.32 125.26 <0.01 significant
R-MnSO4 0.25 1 0.25 100.07 <0.01 significant

S-Tween 80 0.03 1 0.03 13.04 0.02 significant
U-ZnSO4 0.02 1 0.02 9.40 0.04 significant
V-CuSO4 0.02 1 0.02 8.15 0.05 significant
W-Biotin 0.31 1 0.31 123.62 <0.01 significant

X-dummy 0.58 1 0.58 227.63 <0.01 significant
Residual 0.01 4 0.00
Cor Total 7.16 23

Note: R2: 0.9986; Adj R2: 0.9919; Pred R2: 0.9490; Adeq Precision: 44.159.

The effects of medium components on the growth of P. acidilactici TP-6 are depicted in Figure 2.
Apart from biotin, (NH4)2SO4, K2HPO4, Tween 80, CuSO4 and KH2PO4, which demonstrated an
inhibitory effect, the remaining studied variables affected the cell growth of P. acidilactici TP-6 in a
positive manner. Among the 16 positive effect variables, 11 of them were significant (p < 0.05), except
fructose, NH4NO3, FeSO4, lactose and urea, which were insignificant (p > 0.05). In addition, the
present study revealed that all the tested carbon sources exerted a stimulatory effect on the cell growth
of P. acidilactici TP-6 with glucose giving the highest stimulatory effect, followed by molasses and
sucrose (Figure 2). The stimulatory effect of glucose, molasses and sucrose were significant (p < 0.05).
Contradictorily, the stimulatory effect of fructose and lactose on the cell growth of P. acidilactici TP-6
was not significant (p > 0.05). The strong stimulatory effect of various carbon sources on the cell
growth of P. acidilactici TP-6 implied that the carbon source was crucial for the survival and growth
of producer strain of P. acidilactici TP-6. Furthermore, P. acidilactici TP-6 was able to utilize an array
of carbon sources for its growth. This is in agreement with the findings reported by several studies,
whereby various LAB were demonstrated to have the capability to utilize various carbon sources for
their growth [55–57].

Similarly, the organic nitrogen sources used in the present study including yeast extract, meat
extract and peptone also demonstrated highly significant (p < 0.01) stimulatory effect towards the
growth of P. acidilactici TP-6 with yeast extract exhibited the highest stimulatory effect. The significant
impact of organic nitrogen sources on the cell growth of P. acidilactici TP-6 could be attributed to its
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fastidious nutrient requirements. Typically, LAB are unable to survive on inorganic nitrogen solely.
They were able to thrive in medium containing organic nitrogen such as complex proteins and peptides.
A similar finding was also reported by Rodrigues et al. [58], where all the studied organic nitrogen
sources contributed significantly to the growth of Lactococcus lactis 53 in a positive manner. The organic
nitrogen with the highest stimulatory effect was also found to be yeast extract. Ooi et al. [59] also
reported that yeast extract was crucial for bacteriocin production by L. plantarum I-UL4, whereby
the bacteriocin production was only detected when yeast extract was present. Similar findings were
reported by Lim et al. [60], where all the organic nitrogen sources demonstrated a significant stimulatory
effect (p < 0.05) on the growth of Pediococcus pentosaceus TL-3, highlighting the crucial role of organic
nitrogen sources for the growth of P. pentosaceus TL-3.

 

Figure 2. Effects of medium compositions on growth of P. acidilactici TP-6.

Unlike organic nitrogen sources, the effect of inorganic nitrogen sources on the growth of
P. acidilactici TP-6 was less prominent, whereby only 2 out of the 4 studied inorganic nitrogen sources
affected the cell growth of P. acidilactici TP-6 significantly (p < 0.05) with (NH4)2HC6H5O7 demonstrated
a highly significant stimulatory effect (p < 0.01), whereas (NH4)2SO4 exerted a highly significant
inhibitory effect (p < 0.01). The stimulatory effect of (NH4)2HC6H5O7 on the growth of LAB was also
reported by Hwang et al. [61], where (NH4)2HC6H5O7 promoted the growth of L. plantarum Pi06.
However, Rodrigues et al. [58] reported contradictory finding, where (NH4)2HC6H5O7 did not exhibit
significant effect on the cell growth of studied LAB. This implied that the effect of inorganic nitrogen
sources on the cell growth of LAB could be strain dependent. Nevertheless, although the remaining 2
inorganic nitrogen sources (NH4NO3 and urea) wielded a positive effect but the effect was insignificant
(p > 0.05). The insignificance of inorganic nitrogen sources on LAB growth could be due to inability of
LAB to assimilate inorganic nitrogen sources [62]. Furthermore, de Carvalho et al. [63] also reported
that urea was not significant (p > 0.05) for the cell growth of LAB, whereby supplementation of urea
did not improve the LAB growth.

On the other hand, majority of the studied mineral sources, including NaOAc, MgSO4, MnSO4,
ZnSO4 and FeSO4 displayed a stimulatory impact on the cell growth of P. acidilactici TP-6, whereas the
remaining 3 mineral sources (K2HPO4, CuSO4 and KH2PO4) displayed a negative effect. Among the 5
mineral sources with positive effect, NaOAc, MgSO4 and MnSO4 were highly significant at p-value less
than 0.01 and ZnSO4 was significant (p < 0.05), whereas FeSO4 did not affect the growth of P. acidilactici

135



Molecules 2020, 25, 779

TP-6 significantly (p > 0.05). However, out of the 3 mineral sources that possessed a negative effect,
K2HPO4 and CuSO4 were significant (p < 0.05), whereas KH2PO4 was not significant (p > 0.05). Acetate
ions are known for its great buffering capacity in maintaining the acidity of the medium. This might
be the reason for the strong stimulatory effects of NaOAc on the growth of P. acidilactici TP-6. Since
LAB is an acidophilic microorganism, which prefer an acidic growing environment [64], the presence
of acetate ion to maintain the acidic growing environment could enhance the growth of LAB [65]. In
contrast, the presence of phosphate ion could potentially lead to the elevation of pH, which in turn
created an alkaline environment. As a consequence, the growth of acidophiles such as LAB could be
retarded [60]. This could explain the inhibitory effect of KH2PO4 and K2HPO4 towards the growth of
P. acidilactici TP-6. On the other hand, the positive impact of Mn2+ on the cell growth of P. acidilactici
TP-6 was in agreement with the results obtained by Tomas et al. [65], whereby the supplementation
of MnSO4 in the culture medium had significantly enhanced the growth of Lactobacillus salivarius
CRL 1328. Moreover, the growth promoting effect of other mineral ions such as Mg2+, Fe2+, Mg2+,
Ca2+, Co2+ and Cu2+ on LAB was also well documented, where a two-fold increment in growth was
noted [66]. Despite Foucaud et al. [66] reported that Cu2+ stimulated the growth of LAB, yet results
obtained in the current study revealed that CuSO4 exhibited an inhibitory effect on the growth of
P. acidilactici TP-6. This might be due to different requirement of metal ions among different LAB
strains, implying that the requirement of metal ions could be strain dependent.

Figure 2 shows that Tween 80 affected the growth of P. acidilactici TP-6 significantly (p < 0.05) in a
negative manner, which was contradictory to the findings reported by Li et al. [67], whereby Tween 80
demonstrated a stimulatory effect on the growth of LAB and other microorganisms. On a separate note,
the growth of Lactobacillus casei YIT 9018 was not affected significantly (p > 0.05) by Tween 80 in the
study conducted by Oh et al. [68]. As a comparison, the vitamin biotin used in this study affected the
growth of P. acidilactici TP-6 highly significantly (p < 0.01) in a negative manner. Similar effect was also
observed for the growth of a threonine producer, P. pentosaceus TL-3, where biotin affected the growth
of the isolate P. pentosaceus TL-3 significantly in a negative manner [60]. However, a contradictory
finding was reported by Tripuraneni [69], where the inclusion of biotin in the growth medium of LAB
enhanced the bacterial growth. The negative effect of biotin in the current study was most probably due
to low biotin requirement of the producer strain. Hence, the abundant biotin content in molasses and
organic nitrogen sources was sufficient to fulfil the requirement of P. acidilactici TP-6 [70]. Therefore,
further supplementation of biotin contributed to an antagonistic effect.

A number of 17 studied variables were found to affect the production of tryptophan by P. acidilactici
TP-6 significantly (p < 0.05) in the PBD study (Table 2). However, the use of all the 17 significant
variables identified in the PBD for further optimization would result in large number of experimental
runs. Hence, a validation test was conducted to verify the significant effects of variables identified
in the PBD on tryptophan production by P. acidilactici TP-6 with MRS medium served as control.
The medium formulation that used for validation test was described in Section 3.3. The tryptophan
production, growth and serine consumption of P. acidilactici TP-6 that noted in different formulated
media are shown in Table 4. Medium 1 that contained all the variables identified in the PBD recorded
the highest tryptophan production of 26.07 mg/L, followed by Medium 5 and Medium 4 with 25.95
mg/L and 25.89 mg/L of net tryptophan produced respectively. However, there was no significant
difference (p > 0.05) between the net tryptophan produced in Medium 1, Medium 5 and Medium 4.
Nevertheless, it is noteworthy that the net tryptophan produced in the 3 media formulations was
comparable to the control (26.81 mg/L), in which they were not significantly different (p > 0.05). This
implied that Medium 1, 4 and 5 could potentially replace control MRS medium for the production of
tryptophan by P. acidilactici TP-6.
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Table 4. Growth, net tryptophan and serine produced by P. acidilactici TP-6 in formulated media.

Media
Cell Population
(Log CFU/mL)

Tryptophan Production
(mg/L)

Serine Consumption
(mg/L)

1 8.95 ± 0.01 B 26.07 ± 0.86 AB 9.95 ± 0.43 A

2 7.98 ± 0.01 D 25.16 ± 0.39 B 11.75 ± 0.86 A

3 8.00 ± 0.01 D 25.00 ± 0.20 B 10.09 ± 0.73 A

4 8.06 ± 0.01 C 25.89 ± 1.05 AB 12.43 ± 0.50 A

5 8.99 ± 0.02 B 25.95 ± 0.18 AB 11.40 ± 0.45 A

MRS 9.43 ± 0.01 A 26.81 ± 4.86 A 11.47 ± 1.29 A

Note: Values are mean ± standard error of the mean (SEM), n = 3. Mean ± SEM within the same column that share
similar superscript (A–D) are not significantly different (p > 0.05).

In terms of cell growth, the highest cell population of 8.99 log CFU/mL was detected in Medium 5,
yet it was still significantly lower (p < 0.05) in comparison to the control (9.46 log CFU/mL). In contrast,
the lowest cell growth was observed in Medium 2 (7.98 log CFU/mL) and Medium 3 (8 log CFU/mL), in
which they were not significantly different (p > 0.05). Moreover, decreasing serine concentration was
detected in all formulated media, implying that P. acidilactici TP-6 might be able to produce tryptophan
via biosynthetic pathway by converting the precursor serine to tryptophan.

The results obtained in the validation test showed that Medium 1, 4 and 5 were potential medium
for tryptophan production by P. acidilactici TP-6 since the highest tryptophan production was noted
and there was no significant difference (p > 0.05) between the tryptophan yield. However, Medium 1
was excluded due to its multicomponent, leaving Medium 4 and 5 for the consideration as comparable
growth medium. Both Medium 4 and 5 differed in their carbon source, whereby Medium 4 contained
lactose and Medium 5 contained molasses as carbon source. Despite lactose exhibiting a positive
effect, yet the high cost of lactose has rendered its preference as carbon source. Hence, Medium 5 was
selected for further optimization, owing to its cost effectiveness as compared to Medium 4. Moreover,
the use of molasses, which is an agricultural waste as sole carbon source offer additional advantage by
upgrading the agricultural waste to produce value-added product of tryptophan.

2.2. Steepest Ascent Method

The vicinity of optimum concentration for each medium component in Medium 5 (Molasses, meat
extract, urea and FeSO4) were determined through a steepest ascent experiment consisting of 10 steps
of ascension. The origin of each medium components in the steepest ascent experiment was fixed
based on the high level (+1) of the PBD, whereas the direction and step length of each variable was
determined based on the model of PBD (Equation (3)). According to the first-order model obtained
in the PBD, meat extract, urea and FeSO4 which exerted a positive effect were adjusted towards
the direction of ascension since increasing the concentration of these variables would improve the
production of tryptophan. In contrast, molasses which wielded a negative effect was adjusted towards
the direction of dissension, as reducing the concentration of a negative variable would enhance the
tryptophan production. Meanwhile, the largest coefficient which in this case, the meat extract was
used as reference to compute the step length of urea and FeSO4. Hence, for every 50% increment of the
meat extract concentration, the concentration of urea and FeSO4 were increased by 20% and 28.5%
respectively. At the meantime, the concentration of molasses was reduced by 10% at each run.

The cell population, net tryptophan and serine (precursor of tryptophan) produced by P. acidilactici
TP-6 in the steepest ascent experiment are displayed in Table 5. It was clearly evidenced that the net
tryptophan produced was increasing progressively along the path of steepest ascent from the origin
(27 mg/L) and achieved maximum tryptophan production in run 5 (69.05 mg/L), indicating that the net
tryptophan produced was enhanced approximately 2.5 folds after the optimization by steepest ascent
procedure. Nevertheless, the net tryptophan produced began to decline beyond run 5, implying that
further increasing the concentration of meat extract, urea and FeSO4 or reducing the concentration of
molasses exerted inhibitory effect on the production of tryptophan by P. acidilactici TP-6. Furthermore,
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the net tryptophan produced in run 5 was significantly higher (p < 0.05) than control MRS medium,
inferring that the formulated medium by steepest ascent method could be used as an alternative
medium for the production of tryptophan by P. acidilactici TP-6.

Similar trend was observed for the cell population of P. acidilactici TP-6, whereby the cell growth
increased from the origin (9.10 log CFU/mL) and the highest cell population was detected in run 5 (9.24
log CFU/mL). Thereafter, the cell growth remained unchanged up to run 7 (9.25 log CFU/mL) and the
cell population decreased slowly as the concentration of medium components increased beyond run 7.
Merely 8.77 log CFU/mL of cell population was noted at run 11. However, the cell population recorded
in the control MRS medium (9.37 log CFU/mL) was still significantly higher (p < 0.05) than the cell
population detected in different media formulations in the steepest ascent experiment. Interestingly,
reduced serine content was detected in all the experimental runs, implying that P. acidilactici TP-6 might
produce tryptophan via biosynthetic pathway, whereby serine precursor was converted to tryptophan,
thereby resulted in a decreasing serine content. The concentrations of different medium components
of run 5 (molasses, 15.04 g/L; meat extract, 24 g/L; urea, 5.4 g/L; FeSO4, 0.022 g/L) were subsequently
employed as the center point for further optimization by using CCD.

Table 5. Cell population, tryptophan production and serine consumption of P. acidilactici TP-6 for
different media formulation in the steepest ascent experiment.

Run
Cell Population
(log CFU/mL)

Tryptophan Production
(mg/L)

Serine Consumption
(mg/L)

1 9.10 ± 0.02 D 27.73 ± 0.04 G 8.72 ± 0.21 D

2 9.10 ± 0.01 D 35.79 ± 0.28 F 9.05 ± 0.35 DE

3 9.14 ± 0.01 CD 42.64 ± 0.40 E 9.24 ± 0.39 DE

4 9.15 ± 0.01 C 55.54 ± 0.36 C 8.93 ± 0.01 DE

5 9.24 ± 0.01 B 69.05 ± 0.55 A 9.53 ± 0.09 DEF

6 9.24 ± 0.01 B 59.84 ± 0.68 B 10.15 ± 0.12 F

7 9.25 ± 0.01 B 51.67 ± 0.92 D 9.65 ± 0.21 EF

8 9.18 ± 0.01 C 43.77 ± 0.23 E 9.00 ± 0.11 DE

9 9.16 ± 0.01 C 36.74 ± 0.91 F 7.56 ± 0.16 C

10 9.04 ± 0.01 E 21.98 ± 0.38 H 4.21 ± 0.10 A

11 8.77 ± 0.03 F 10.02 ± 0.07 I 5.11 ± 0.45 B

MRS 9.37 ± 0.01 A 27.69 ± 0.15 G 7.69 ± 0.37 C

Note: Values are mean ± standard error of the mean (SEM), n = 3. Mean ± SEM within the same column that share
similar superscript (A–I) are not significantly different (p > 0.05).

2.3. Central Composite Design

The concentrations of molasses, meat extract, urea and FeSO4 were further optimized by using
CCD of Response Surface Methodology (RSM) after the steepest ascent procedure. The concentration
of molasses, meat extract, urea and FeSO4 were assigned to five levels—high level (+1), low level (−1),
central point (0) and 2 axial points (±α). Hence, a total of 30 experimental runs were suggested by
the CCD and their corresponding experimental and predicted net tryptophan produced are shown
in Table 6 respectively. In general, the highest net tryptophan produced was detected in runs 25–30,
where all the variables were set at the center point and the respective net tryptophan produced was up
to 70 mg/L, followed by run 24 (66.07 mg/L) which constituted of molasses, meat extract and urea that
fixed at center point, while the FeSO4 was supplemented at +2 level. The net tryptophan production
recorded in runs 25–30 were significantly higher (p < 0.05) as compared to the other experiment runs,
as well as the control MRS medium (28.18 mg/L).
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Table 6. Central Composite Design (CCD) matrix with coded value and their corresponding
experimental and predicted tryptophan production by P. acidilactici TP-6.

Std Run A B C D
Tryptophan Production (mg/L)

Experimental Predicted *

1 −1 −1 −1 −1 56.24 ± 0.04 JKL 56.86
2 1 −1 −1 −1 54.33 ± 0.20 N 54.44
3 −1 1 −1 −1 53.23 ± 0.14 O 53.54
4 1 1 −1 −1 54.49 ± 0.26 N 54.72
5 −1 −1 1 −1 60.62 ± 0.17 G 60.38
6 1 −1 1 −1 57.12 ± 0.23 IJK 57.64
7 −1 1 1 −1 59.14 ± 0.32 H 59.38
8 1 1 1 −1 59.69 ± 0.26 GH 60.24
9 −1 −1 −1 1 63.25 ± 0.35 E 63.20

10 1 −1 −1 1 56.32 ± 0.44 JKL 56.78
11 −1 1 −1 1 59.25 ± 0.25 H 59.44
12 1 1 −1 1 55.89 ± 0.85 LM 56.62
13 −1 −1 1 1 64.47 ± 0.40 D 64.92
14 1 −1 1 1 58.01 ± 0.56 I 58.18
15 −1 1 1 1 63.13 ± 0.68 EF 63.48
16 1 1 1 1 60.25 ± 0.44 GH 60.34
17 −2 0 0 0 62.23 ± 0.29 EF 61.88
18 2 0 0 0 57.19 ± 0.33 IJ 56.32
19 0 −2 0 0 56.83 ± 0.12 IJKL 56.36
20 0 2 0 0 55.95 ± 0.13 KLM 55.20
21 0 0 −2 0 55.03 ± 0.22 MN 54.28
22 0 0 2 0 61.99 ± 0.42 F 61.52
23 0 0 0 −2 59.66 ± 0.27 GH 59.04
24 0 0 0 2 66.07 ± 0.05 C 65.48
25 0 0 0 0 69.33 ± 0.10 AB 69.42
26 0 0 0 0 69.55 ± 0.31 AB 69.42
27 0 0 0 0 70.22 ± 0.07 A 69.42
28 0 0 0 0 68.85 ± 0.39 B 69.42
29 0 0 0 0 69.69 ± 0.55 AB 69.42
30 0 0 0 0 68.88 ± 0.94 B 69.42

MRS - - - - 28.18 ± 0.12 P -

Note: Values are mean ± standard error of mean (SEM), n = 3. Mean ± SEM within the same column that share
similar superscript (A–P) are not significantly different (p > 0.05). * Predicted tryptophan production was calculated
based on Equation (3).

The data were then analyzed with different regression models to investigate which model is best
fitted to describe the relation between the variables and the production of tryptophan produced by
P. acidilactici TP−6 as presented in Table 7. Based on the ANOVA table, it is clearly evidenced that the
data were best fitted to a quadratic polynomial model. Among the 4 tested polynomial models, only
the quadratic model was significant (p < 0.05), whereas the other polynomial models were insignificant
(p > 0.05). Additionally, the quadratic model was highly predictive owing to its exceptionally high
adjusted R2 value (0.9837) and high predicted R2 value (0.9586), which was not observed for other
polynomial models. Furthermore, the p-value of the lack of fit test of the quadratic model (0.2196)
implied that the lack of fit was not significant (p > 0.05) and the model can be used to explain and
predict the response, which in this case the tryptophan production. This was evidenced by the good
agreement between the predicted and experimental tryptophan production as presented in Table 6.
Unlike the cubic polynomial model, the presence of aliased effects between the variables was not
detected in the quadratic model. Hence, the production of tryptophan by P. acidilactici TP−6 can be
best represented by the quadratic model. The following quadratic Equation (3) elucidated the effects of
molasses (A), meat extract (B), urea (C) and FeSO4 (D) on tryptophan production by P. acidilactici TP-6
(Y) in terms of coded symbols (A–D):
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Y = 69.42 − 1.39A − 0.29B + 1.81C + 1.61D + 0.9AB - 0.084AC − 1.00AD + 0.58BC −
0.11BD − 0.45CD − 2.58A2 − 3.41B2 − 2.88C2 − 1.79D2 (3)

Table 7. ANOVA of regression model for tryptophan production by P. acidilactici TP-6.

Source
Sequential Lack of Fit Adjusted Predicted

p-Value p-Value R-Squared R-Squared

Linear 0.1492 <0.0001 0.1059 0.0576
Crossproduct 0.9724 <0.0001 −0.1063 −0.3333

Quadratic <0.0001 0.2196 0.9837 0.9586 Suggested
Cubic 0.9875 0.0265 0.9709 0.2223 Aliased

The statistical significance of the quadratic model and the variables were evaluated by F-test and
the ANOVA is presented in Table 8. The low p-value of the model (<0.01) implied that the model was
highly significant (p < 0.01) and it was highly unlikely (>99% confidence) that the large F-value of
the model this large was attributed to noise. Moreover, the model exhibited great predictive strength
and was able to explain 99.2% of variation in response due to its high R2 value (0.9916). Additionally,
the “predicted R2” (0. 9586) and the “adjusted R2” (0.9837) values were in reasonable agreement
(difference < 0.2), implying the great correlation between experimental and predicted values and the
suggested model was significant. This was further supported by the insignificant lack of fit (p > 0.05),
which was indicated by the high p-value of lack of fit test (0.22). Furthermore, the model was suitable
for navigating the design space owing to its adequate signal to noise ratio which was reflected by
the high adequate precision value (33.028) that was much greater than the threshold value of f4. On
the other hand, the ANOVA results revealed that all the linear coefficients and quadratic coefficients
affected tryptophan production significantly (p < 0.01) except the linear coefficient of meat extract (B).
Furthermore, the interaction coefficient AB, AD, BC and BC were found to contribute significantly
(p < 0.05) to the production of tryptophan by P. acidilactici TP−6.

Table 8. ANOVA for quadratic model of tryptophan production by P. acidilactici TP-6.

Source Sum of Squares df
Mean

Square
F-Value

p-value
Prob > F

Model 814.96 14 58.21 126.07 < 0.01 significant
A 46.16 1 46.16 99.97 < 0.01 significant
B 2.08 1 2.08 4.51 0.05
C 78.3 1 78.3 169.58 < 0.01 significant
D 61.84 1 61.84 133.92 < 0.01 significant

AB 12.86 1 12.86 27.84 < 0.01 significant
AC 0.11 1 0.11 0.24 0.63
AD 16.07 1 16.07 34.8 < 0.01 significant
BC 5.36 1 5.36 11.62 <0.01 significant
BD 0.2 1 0.2 0.42 0.53
CD 3.17 1 3.17 6.86 0.02 significant
A2 182.37 1 182.37 394.96 < 0.01 significant
B2 318.65 1 318.65 690.1 < 0.01 significant
C2 227.15 1 227.15 491.94 < 0.01 significant
D2 87.9 1 87.9 190.37 < 0.01 significant

Residual 6.93 15 0.46
Lack of Fit 5.57 10 0.56 2.06 0.22 not significant
Pure Error 1.35 5 0.27
Cor Total 821.88 29

Note: R2: 0.9916; Adj R2: 0.9837; Pred R2: 0.9586; Adeq Precision: 33.028.
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The relationship between the coded variables and response was subsequently examined by
constructing the three-dimensional surface plots as shown in Figures 3–8. The interaction between
molasses and meat extract is depicted in Figure 3 by maintaining the concentration of urea and FeSO4

at 5.4 g/L and 0.022 g/L, respectively, as the center point. Increased tryptophan production was noted
with increased concentration of meat extract and molasses. The highest net tryptophan produced was
detected when molasses and meat extract were both between the levels of −1 to +1. The synergistic
effect of molasses and meat extract (AB) was highly significant as reflected by the p-value of less
than 0.01 (Table 8). Figure 4 illustrates the response surface of tryptophan production with respect to
molasses and urea by keeping the concentration of meat extract and FeSO4 at the center point (24 g/L,
0.022 g/L). Increasing concentration of both molasses and urea resulted in higher net tryptophan
produced. The highest net tryptophan produced was detected when molasses was in the range of
−1 to 0 and urea was between 0 to +1. However, the tryptophan production was retarded when
the concentration of molasses and urea was changed beyond the above-mentioned boundaries. The
p-value of the interaction effect of AC (0.63) indicated that it was not significant (Table 8).

Figure 3. Response surface of tryptophan production by P. acidilactici TP-6 as a function of molasses
and meat extract.

Figure 4. Response surface of tryptophan production by P. acidilactici TP-6 as a function of molasses
and urea.
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Figure 5 illustrates the combined effect between molasses and FeSO4 while keeping the level
of meat extract and urea at 24 g/L and 5.4 g/L, respectively, which were the center points. Similarly,
increasing concentration of both molasses and FeSO4 enhanced the net tryptophan produced. The
highest net tryptophan production was detected when molasses was at the center point and FeSO4 was
between the center point (0) and high level (+1). ANOVA (Table 8) revealed that the interaction effect
between molasses and FeSO4 (AD) was highly significantly (p < 0.01) on the net tryptophan produced.
Figure 6 shows the interaction between the meat extract and urea, in which the concentration of
FeSO4 and molasses were maintained at 0.022 g/L and 15.04 g/L, respectively, which were the center
points. Increasing concentration of meat extract and urea improved the net tryptophan production by
P. acidilactici TP-6. The highest tryptophan production was detected when both urea and meat extract
were between low level (−1) and high level (+1). Increasing or decreasing the concentration of either
meat extract or urea beyond these boundaries reduced the net tryptophan produced substantially.
Based on Table 8, the interaction effect of meat extract and urea (BC) was highly significant (p < 0.01).

Figure 5. Response surface of tryptophan production by P. acidilactici TP-6 as a function of molasses
and FeSO4.

Figure 6. Response surface of tryptophan production by P. acidilactici TP-6 as a function of meat extract
and urea.
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Figure 7 depicts the three-dimensional surface plot of net tryptophan produced as a function
of meat extract and FeSO4 while keeping the concentration of molasses and urea at the center point
(15.04 g/L, 5.4 g/L). Increasing concentration of both FeSO4 and meat extract elevated the net tryptophan
produced. The highest production was observed when meat extract was in the range of −1 to +1 while
the FeSO4 may vary between −1 to +2. The synergistic effect of meat extract and FeSO4 (BD) was
insignificant (p > 0.05) as reflected by the high p-value (0.53) in the ANOVA analysis (Table 8). On the
other hand, the combined effect of urea and FeSO4 is illustrated in Figure 8, in which the concentration
of meat extract and molasses was kept constant at the center point (24 g/L, 15.04 g/L). Enhanced
production of tryptophan was noted upon increment of the urea and FeSO4 concentration. The highest
net tryptophan production was observed when urea was supplemented between the range of 0 to +1
and FeSO4 was in the range of −1 up to +2. The p-value of the interaction coefficient CD (0.02) revealed
that it contributed significantly (p < 0.05) to the production of tryptophan by P. acidilactici TP-6.

 
Figure 7. Response surface of tryptophan production by P. acidilactici TP-6 as a function of meat extract
and FeSO4.

Figure 8. Response surface of tryptophan production by P. acidilactici TP-6 as a function of urea
and FeSO4.
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By considering criteria such that the response is maximized and all the variables were in the
range from −1 to +1, the optimum concentration of molasses (14.06 g/L), meat extract (23.68 g/L), urea
(5.56 g/L) and FeSO4 (0.024 g/L) were revealed with a predicted tryptophan production of 70.38 mg/L.
Upon validation by cultivating P. acidilactici TP-6 in the optimized medium proposed by the model, up
to 68.05 mg/L of tryptophan production was achieved by P. acidilactici TP-6 experimentally. Despite
the experimental tryptophan production being slightly lower than the predicted value; however,
they were not significantly different (p > 0.05). The tryptophan production recorded by P. acidilactici
TP-6 in the optimized medium (68.05 mg/L) was enhanced by 150% in comparison to the control
MRS medium (26.45 mg/L). Meanwhile, the tryptophan productivity by the producer strain in the
optimized medium (3.40 mg/L/h) was improved by approximately 2.5 folds as compared to the control
MRS medium (1.32 mg/L/h). In comparison with the production of tryptophan by L. delbrueckii
subsp. bulgaricus (7.4 mg/L) in a study conducted by Simova et al. [71], P. acidilactici TP-6 produced a
more than 9 times higher amount of tryptophan by using optimized medium as noted in the current
study. Moreover, less than 2 mg/L of tryptophan production was reported for Lactobacilli [24], which
was tremendously lower than the tryptophan production reported in the present study. Thus, the
findings obtained in this study revealed that a rapid evaluation and effective optimization of medium
composition governing tryptophan production by P. acidilactici TP-6 were feasible via statistical
approaches, whereby the production of tryptophan demonstrated by P. acidilactici TP-6 in the optimized
medium was much higher than those reported in several studies using a non-optimized medium,
inferring the feasibility of utilizing P. acidilactici TP-6 as a food-grade alternative producer for the
production of tryptophan. Additionally, the current findings revealed the potential of utilizing LAB
as a safer alternative tryptophan producer, as well as providing basis for the exploitation of various
amino acid productions by LAB in the future.

3. Materials and Methods

3.1. Inoculum Preparation

P. acidilactici TP-6 that was previously isolated from Malaysian fermented food, Tempeh [72], was
employed as the producer strain for tryptophan production in this study. The strain was cultivated and
preserved as described by Kareem et al. [73]. The inoculum preparation was performed as described
by Lim et al. [60].

3.2. Experimental Design

PBD was first employed to elucidate the significance of medium components on the production of
tryptophan by P. acidilactici TP-6, followed by validation of the effects of significant variables that were
most crucial for tryptophan production by P. acidilactici TP-6. The range of optimum concentration for
each significant varieble was subsequently estimated by using steepest ascent method, followed by
the optimization of the concentrations of medium components for the production of tryptophan by
P. acidilactici TP-6 via CCD of RSM.

3.3. Plackett-Burman Design

The nutritional requirement of P. acidilactici TP-6 for tryptophan production was evaluated by
using PBD [74]. The design of experiment and statistical analysis of data were performed by using
Design Expert statistical software version 9.0.6.2 (State-Ease Inc, Minneapolis, MN, USA). A number of
22 medium components which might affect amino acid production were selected based on published
reports and control MRS medium composition and evaluated in the current study by assigning each
variable at two distinct levels, namely low level (−1) and high level (+1) as presented in Table 9 [60].
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Table 9. Coded and real values of variables selected in PBD for tryptophan production by
P. acidilactici TP-6.

Variables Symbol Code Unit
Coded Values

−1 +1

Glucose A g/L 0 20
Sucrose B g/L 0 17.69
Fructose C g/L 0 19.08
Lactose D g/L 0 18.86

Molasses E g/L 0 25.08
Yeast extract F g/L 0 4

Peptone G g/L 0 10
Meat extract H g/L 0 8

K2HPO4 J g/L 0 2
KH2PO4 K g/L 0 2

Urea L g/L 0 3
NH4NO3 M g/L 0 5

(NH4)2SO4 N g/L 0 5
(NH4)2HC6H5O7 O g/L 0 2

NaOAc P g/L 0 5
MgSO4 Q g/L 0 0.2
MnSO4 R g/L 0 0.04

Tween 80 S mL/L 0 1
FeSO4 T g/L 0 0.01
ZnSO4 U g/L 0 0.01
CuSO4 V g/L 0 0.01
Biotin W g/L 0 0.06

Table 10 presents matrixes of the PBD constituting of 24 experimental runs as suggested by
the software.

Table 10. PBD matrix for 22 variables with coded values for tryptophan production by P. acidilactici TP-6.

Std
Run

A B C D E F G H J K L M N O P Q R S T U V W X

1 1 1 1 1 1 −1 1 −1 1 1 −1 −1 1 1 −1 −1 1 −1 1 −1 −1 −1 −1
2 −1 1 1 1 1 1 −1 1 −1 1 1 −1 −1 1 1 −1 −1 1 −1 1 −1 −1 −1
3 −1 −1 1 1 1 1 1 −1 1 −1 1 1 −1 −1 1 1 −1 −1 1 −1 1 −1 −1
4 −1 −1 −1 1 1 1 1 1 −1 1 −1 1 1 −1 −1 1 1 −1 −1 1 −1 1 −1
5 −1 −1 −1 −1 1 1 1 1 1 −1 1 −1 1 1 −1 −1 1 1 −1 −1 1 −1 1
6 1 −1 −1 −1 −1 1 1 1 1 1 −1 1 −1 1 1 −1 −1 1 1 −1 −1 1 −1
7 −1 1 −1 −1 −1 −1 1 1 1 1 1 −1 1 −1 1 1 −1 −1 1 1 −1 −1 1
8 1 −1 1 −1 −1 −1 −1 1 1 1 1 1 −1 1 −1 1 1 −1 −1 1 1 −1 −1
9 −1 1 −1 1 −1 −1 −1 −1 1 1 1 1 1 −1 1 −1 1 1 −1 −1 1 1 −1
10 −1 −1 1 −1 1 −1 −1 −1 −1 1 1 1 1 1 −1 1 −1 1 1 −1 −1 1 1
11 1 −1 −1 1 −1 1 −1 −1 −1 −1 1 1 1 1 1 −1 1 −1 1 1 −1 −1 1
12 1 1 −1 −1 1 −1 1 −1 −1 −1 −1 1 1 1 1 1 −1 1 −1 1 1 −1 −1
13 −1 1 1 −1 −1 1 −1 1 −1 −1 −1 −1 1 1 1 1 1 −1 1 −1 1 1 −1
14 −1 −1 1 1 −1 −1 1 −1 1 −1 −1 −1 −1 1 1 1 1 1 −1 1 −1 1 1
15 1 −1 −1 1 1 −1 −1 1 −1 1 −1 −1 −1 −1 1 1 1 1 1 −1 1 −1 1
16 1 1 −1 −1 1 1 −1 −1 1 −1 1 −1 −1 −1 −1 1 1 1 1 1 −1 1 −1
17 −1 1 1 −1 −1 1 1 −1 −1 1 −1 1 −1 −1 −1 −1 1 1 1 1 1 −1 1
18 1 −1 1 1 −1 −1 1 1 −1 −1 1 −1 1 −1 −1 −1 −1 1 1 1 1 1 −1
19 −1 1 −1 1 1 −1 −1 1 1 −1 −1 1 −1 1 −1 −1 −1 −1 1 1 1 1 1
20 1 −1 1 −1 1 1 −1 −1 1 1 −1 −1 1 −1 1 −1 −1 −1 −1 1 1 1 1
21 1 1 −1 1 −1 1 1 −1 −1 1 1 −1 −1 1 −1 1 −1 −1 −1 −1 1 1 1
22 1 1 1 −1 1 −1 1 1 −1 −1 1 1 −1 −1 1 −1 1 −1 −1 −1 −1 1 1
23 1 1 1 1 −1 1 −1 1 1 −1 −1 1 1 −1 −1 1 −1 1 −1 −1 −1 −1 1
24 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1

145



Molecules 2020, 25, 779

The following first-order model was used to express the response of the PBD:

Y = β0 +
22∑

i=1

β iXi, (4)

where:
Y = Response variable
β0 = Interception coefficient
βi = Coefficients of linear effects of the independent variables (X1 − X22)

The effects of the significant variables identified in the PBD was subsequently validated by
formulating five different media as shown in Table 11.

Formulation 1 constituted of all the significant variables; Formulation 2 was made up of only
the significant variables with positive effect; Formulation 3 was comprised all the variables with
stimulatory effects irrespective of their significance level; Formulation 4 contained 4 main components,
which represent the carbon source, organic nitrogen source, inorganic nitrogen source and mineral
source with the highest positive effect; Formulation 5 constituted of the similar medium composition
as Formulation 4 except lactose was replaced with molasses, which exhibited a strong stimulatory
effect on the growth and the cost was the lowest among the five carbon sources.

Table 11. Media formulation to validate the effects of significant variables on tryptophan production
by P. acidilactici TP−6.

Media Formulation Medium Composition, g/L

Medium 1

Glucose 20
Sucrose 17.69
Lactose 18.86

Molasses 25.08
Yeast extract 4

Peptone 10
Meat extract 8

K2HPO4 2
Urea 3

(NH4)2SO4 5
(NH4)2HC6H5O7 2

NaOAc 5
MgSO4 0.2
MnSO4 0.04
FeSO4 0.01
CuSO4 0.01

Medium 2

Meat extract 8
FeSO4 0.01

Lactose 18.86
MnSO4 0.04

Urea 3
CuSO4 0.01

K2HPO4 2
MgSO4 0.2

Medium 3

Meat extract 8
FeSO4 0.01

Lactose 18.86
MnSO4 0.04

Urea 3
CuSO4 0.01

K2HPO4 2
MgSO4 0.2
Biotin 0.06

Tween 80 1
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Table 11. Cont.

Media Formulation Medium Composition, g/L

Medium 4

Lactose 18.86
Meat extract 8

Urea 3
FeSO4 0.01

Medium 5

Molasses 25.08
Meat extract 8

Urea 3
FeSO4 0.01

3.4. Steepest Ascent Method

The neighborhood of the optimum concentrations of each significant variable (molasses, meat
extract, urea and FeSO4) was subsequently estimated by using the steepest ascent method. The
direction of ascent or descent of each variable was determined by using the first-order model from
PBD as a guideline, where variables bearing a positive sign was moved along the path of Steepest
Ascent and vice versa. Meanwhile, the coefficient with the highest value, in this case meat extract
was used as a benchmark to compute the step length of urea and FeSO4. Table 12 shows the Steepest
Ascent design consisting of 10 steps that governed the production of tryptophan by P. acidilactici TP-6.
The concentration of urea and FeSO4 was increased by 20% and 28.5% respectively for every 50%
increment of the meat extract concentration. Meanwhile, the molasses concentration was reduced by
10% at each run.

Table 12. Steepest Ascent design for tryptophan production by P. acidilactici TP-6.

No. Run
Variable level, g/L

Molasses (A) Meat Extract (B) Urea (C) FeSO4 (D)

Δ −2.51 4 0.6 0.003
1 Origin 25.08 8 3.0 0.010
2 Origin + Δ 22.57 12 3.6 0.013
3 Origin + 2Δ 20.06 16 4.2 0.016
4 Origin + 3Δ 17.55 20 4.8 0.019
5 Origin + 4Δ 15.04 24 5.4 0.022
6 Origin + 5Δ 12.53 28 6.0 0.025
7 Origin + 6Δ 10.02 32 6.6 0.028
8 Origin + 7Δ 7.51 36 7.2 0.031
9 Origin + 8Δ 5.00 40 7.8 0.034
10 Origin + 9Δ 2.49 44 8.4 0.037
11 Origin + 10Δ 0 48 9.0 0.040

3.5. Central Composite Design

Subsequently, the CCD was employed for the determination of optimum concentration of
molasses, meat extract, urea and FeSO4 that required for tryptophan production by P. acidilactici TP-6.
Design Expert statistical software version 9.0.6.2 (State-Ease Inc, Minneapolis, MN, USA) was used
for designing of experiment and statistical analysis. Table 13 presents the details of each medium
component used in the CCD, where each variable was assigned to five distinct levels (−α, −1, 0, +1,
+α). The axial distance selected in this study was two, such that the design was rotatable.

Table 14 shows a total of 30 experimental runs suggested by CCD software, comprising of 16
factorial points, 8 axial points and 6 central points. The following second-order model could be used to
express the relationship of the response with each variable:

Y = β0 +
∑
β jXj +

∑
β j2 Xj2 +

∑
β jkXjXk (5)
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where:
Y = Response variable
ß0 = Interception coefficient
ßj = Linear coefficients
ßj

2 = Quadratic coefficients
ßjk = Interactive coefficients

Table 13. Coded and real values of variables selected for CCD of tryptophan production by
P. acidilactici TP-6.

Variables
Coded

Symbol
Coded Values

−α −1 0 +1 +α

Molasses A 10.02 12.53 15.04 17.55 20.06
Meat extract B 16 20 24 28 32

Urea C 4.2 4.8 5.4 6 6.6
FeSO4 D 0.016 0.019 0.022 0.025 0.028

Table 14. CCD matrix for four variables with coded values for tryptophan production by
P. acidilactici TP-6.

Std Run A B C D

1 −1 −1 −1 −1
2 1 −1 −1 −1
3 −1 1 −1 −1
4 1 1 −1 −1
5 −1 −1 1 −1
6 1 −1 1 −1
7 −1 1 1 −1
8 1 1 1 −1
9 −1 −1 −1 1

10 1 −1 −1 1
11 −1 1 −1 1
12 1 1 −1 1
13 −1 −1 1 1
14 1 −1 1 1
15 −1 1 1 1
16 1 1 1 1
17 −2 0 0 0
18 2 0 0 0
19 0 −2 0 0
20 0 2 0 0
21 0 0 −2 0
22 0 0 2 0
23 0 0 0 −2
24 0 0 0 2
25 0 0 0 0
26 0 0 0 0
27 0 0 0 0
28 0 0 0 0
29 0 0 0 0
30 0 0 0 0

3.6. Production of Tryptophan

Cultivation of the bacterial strain for tryptophan production was performed by inoculating 10%
(v/v) of inoculum into the media, followed by incubation for 20 h at 30 ◦C [25].
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3.7. Analytical Methods

The tryptophan content of the cultured broth was determined after separation of biomass by
centrifugation for 10 min at 10,000× g, 4 ◦C. Meanwhile, the cell growth was determined by using the
biomass. The determination of cell population and tryptophan content was conducted as described by
Lim et al. [60].

4. Conclusions

Seventeen of the 22 studied variables were found to exhibit significant effects (p < 0.05) on the
production of tryptophan by P. acidilactici TP-6, while the remaining 5 variables including fructose,
KH2PO4, Tween 80, ZnSO4 and biotin did not affect the net tryptophan produced significantly (p > 0.05).
On the other hand, s16 variables contributed significantly (p < 0.05) to the growth of P. acidilactici
TP-6, except for fructose, lactose, KH2PO4, urea, NH4NO3 and FeSO4, which had no significant effect
(p > 0.05) on the cell growth of P. acidilactici TP-6. A medium constituting of molasses, meat extract,
urea and FeSO4 was proven to be the best medium for the production of tryptophan by P. acidilactici
TP-6, where it permitted the highest amount of tryptophan production (25.95 mg/L) with the additional
advantage of cost competitiveness. Furthermore, the tryptophan production was comparable to the
control MRS medium with no significant difference (p > 0.05). Hence, molasses, meat extract, urea and
FeSO4 were subsequently selected for further optimization. The application of the Steepest Ascent
procedure has successfully improved the net tryptophan produced by approximately 2.5 folds, from
27 mg/L at run 1 to 69.05 mg/L at run 5. Subsequently, the optimum concentration of each medium
components was determined by using CCD and it was suggested that the highest predicted tryptophan
production (70.38 mg/L) could be achieved by using the combination of molasses (14.06 g/L), meat
extract (23.68 g/L), urea (5.56 g/L) and FeSO4 (0.024 g/L). An amount of 68.05 mg/L of tryptophan was
produced by P. acidilactici TP-6 upon validation by cultivating the producer strain in the optimized
medium. There was no significant difference (p > 0.05) between the tryptophan production predicted
by the model with the experimental tryptophan production. Up to 150% enhancement of tryptophan
production by P. acidilactici TP-6 was achieved by using the optimized medium, whereas the cost of the
fermentation medium was reduced by 11% as compared to the control MRS medium.
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Abstract: Lactobacillus plantarum RI 11 was reported recently to be a potential lignocellulosic biomass
degrader since it has the capability of producing versatile extracellular cellulolytic and hemicellulolytic
enzymes. Thus, this study was conducted to evaluate further the effects of various renewable natural
polymers on the growth and production of extracellular cellulolytic and hemicellulolytic enzymes by
this novel isolate. Basal medium supplemented with molasses and yeast extract produced the highest
cell biomass (log 10.51 CFU/mL) and extracellular endoglucanase (11.70 μg/min/mg), exoglucanase
(9.99 μg/min/mg), β-glucosidase (10.43 nmol/min/mg), and mannanase (8.03 μg/min/mg), respectively.
Subsequently, a statistical optimization approach was employed for the enhancement of cell biomass,
and cellulolytic and hemicellulolytic enzyme productions. Basal medium that supplemented with
glucose, molasses and soybean pulp (F5 medium) or with rice straw, yeast extract and soybean pulp
(F6 medium) produced the highest cell population of log 11.76 CFU/mL, respectively. However,
formulated F12 medium supplemented with glucose, molasses and palm kernel cake enhanced
extracellular endoglucanase (4 folds), exoglucanase (2.6 folds) and mannanase (2.6 folds) specific
activities significantly, indicating that the F12 medium could induce the highest production of
extracellular cellulolytic and hemicellulolytic enzymes concomitantly. In conclusion, L. plantarum RI
11 is a promising and versatile bio-transformation agent for lignocellulolytic biomass.

Keywords: lactic acid bacteria; probiotic; Lactobacillus plantarum; media enhancement; cellulolytic
enzyme; hemicellulolytic enzyme; lignocellulosic biomass
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1. Introduction

Bacteria utilized nutrients found in the environment for its survival and cellular biosynthesis [1].
The nutritional requirements of bacteria can be designed specifically for each strain to optimize its
growth in the laboratory [2,3]. As for some heterotrophs, organic carbon such as sugars, amino
acids and fats are crucial for their growth [4]. The presence of free amino acids or glucose alone
can generate energy essential for bacterial growth [5,6]. Enzyme-producing microbes depend on
glucose as their main carbon source, while nitrogen sources of tryptone and peptone support well the
bacteria growth [7]. The statistical optimization method can be employed to overcome the limitation of
conventional optimization method of growth medium, whereby the statistical optimization method is
able to describe the interactions between multiple variables and determine the true optimum [8–10].
Fractional Factorial Design (FFD) [11] is a popular first-order design of a statistical optimization
approach, which is regularly employed for optimization of a culture condition.

Copious amounts of lignocellulosic biomass are expelled worldwide annually and hence they
are the most abundant renewable natural polymers [12–14] that has vast potential to be used as
nutrients for bacteria cultivation and production of biochemicals. Lignocellulose comprises cellulose,
hemicellulose and lignin as complex polymers [15–19]. Lignin is the most recalcitrant substance
in lignocellulose biomass and contributes to the physical strength of the plant cell wall, whereas
cellulose and hemicellulose play an important role in cell wall construction [12]. The intra- and
inter-molecular hydrogen bond of cellulose contribute to its intricate structure with a high degree of
polymerization [20]. Effective degradation of lignocellulosic biomass requires the presence of both
cellulolytic and hemicellulolytic enzymes.

Cellulolytic enzymes are produced by a myriad of bacteria and fungi, aerobes or anaerobes,
mesophiles or thermophiles when they grow on lignocellulosic materials [21], which can be employed
as a biotransformation agent in the degradation of agricultural biomasses. Two cellulolytic enzyme
systems of microorganisms have been reported, which are free cellulolytic and hemicellulolytic enzymes
and a protein scaffold that is known as cellulosome [22,23]. The production of cellulolytic enzymes
by the producer microorganism can be induced by specific substrates [24], such as lignocellulosic
biomass [25]. Despite extensive reports on the production of lignocellulosic enzymes by certain fungal
and bacterial species, the efficiency of biotransformation of agro-industrial waste remains low [25],
whereby phenolic compounds generated during pre-treatment of biomass have been reported to hinder
cellulase and hemicellulase activities [26,27]. Moreover, a consortium of bacterial or fungal cultures
are unable to achieve complete biotransformation of agro-wastes due to antagonistic interactions
among the consortium members [28]. Hence, continuous efforts of screening and isolation of novel
extracellular cellulase and hemicellulase producers are important to overcome these challenges.

The safety status of enzyme producers is a great concern [17] in medical, food and animal feed
industries. LAB are perceived as Generally Regarded as Safe (GRAS) microorganisms by the Food and
Drug Administration [29] of the United States of America since they are generally non-toxicogenic
and non-pathogenic bacteria [29–33], which have been present in various fermented foods for decades
and do not have any deleterious effects on human. In addition, LAB have a long history in industrial
processes as food starters and biocontrol agents, and as producers of high-value compounds [34,35].
Lactobacillus plantarum, one of the major and important species of LAB [36], are notable as probiotics
since they enhance the gastrointestinal health and performances in animals by promoting the gut
immune response [35–40]. Furthermore, the extracellular metabolites of L. plantarum that are known as
postbiotics have been proven extensively to be a potential alternative for in-feed antibiotic growth
promoters to improve meat quality and growth performance of broiler chicken, laying hens and
piglets [38–42]. Recently, several strains of L. plantarum have been reported to be versatile extracellular
proteolytic enzyme producers and capable of producing an array of essential amino acids [39,43].

It is widely known that LAB are fastidious microorganisms, which required complex media
compositions for their growth [44,45] and hence they could not ferment inexpensive lignocellulose
feedstocks directly, whereby fermentation of lignocellulose hydrolysates by LAB has been frequently
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reported and is the most developed technology [29,46]. In addition, LAB are known to have the
capability to degrade pentoses and hexoses via the phosphoketolase pathway [42,44].

Cellulolytic and hemicellulolytic enzymes are important industrial enzymes that are widely used in
the production of food, animal feed, pulp, paper and textile. Prior to 2019, LAB have not been reported
elsewhere as efficient non-treated complex biomass bioconversion agents that have the capability
of producing extracellular cellulolytic and hemicellulolytic enzymes concomitantly. Thus, we have
made an attempt to explore the potential of locally isolated LAB as an efficient non-treated complex
biomass bioconversion agent using palm kernel cake (PKC) as a model for agricultural lignocellulosic
biomass, and we have reported very recently that Lactobacillus plantarum RI 11, a probiotic isolated
from Malaysian food, is a potential lignocellulosic biomass degrader, whereby versatile extracellular
cellulolytic and hemicellulolytic enzymes were produced simultaneously when it was grown on
commercially available de Man, Rogosa and Sharpe (MRS) medium [46]. However, limited knowledge
regarding the effects of various non-treated complex renewable natural polymers on the growth,
cellulolytic, and hemicellulolytic enzyme productions was available for LAB. Therefore, this study was
conducted to investigate further the effects of various combinations of renewable natural polymers
derived from agricultural wastes on the growth and productions of extracellular cellulolytic and
hemicellulolytic enzymes by L. plantarum RI 11. Subsequently, the statistical optimization method of
FFD was employed for further enhancement of cellulolytic and hemicellulolytic enzyme productions
by L. plantarum RI 11.

2. Results and Discussion

2.1. Growth Profile of L. plantarum RI 11 in Media Supplemented with Renewable Natural Polymers

In this study, the effects of various renewable natural polymers of agricultural biomasses, such as
molasses, rice straw, PKC and soybean pulp on the viability of L. plantarum RI 11 were determined for
7 days of incubation. Agricultural residues are the major source of lignocellulosic biomass, which is
renewable, highly available and inexpensive [15,16] as rich resources of fermentable sugars [17] that
can act as a precursor or intermediates in the production of biofuels and bio-based products [18]. It is
a prevalent concern to the countries that have profited from agricultural industry as the disposal of
biomass waste is a great challenge in the management of biomass waste [17], whereby the bioconversion
of agricultural lignocellulosic biomasses remain economically unfeasible due to unavailable of efficient
biocatalysts or bioagents.

In this experiment, glucose and yeast extract were used as a control for carbon and nitrogen
sources, respectively [3]. Moreover, the composition of commercially available selective MRS medium
was used as a reference to formulate growth medium comprising various renewable natural polymers.
Figure 1a–g show the cell population of L. plantarum RI 11 grown in different medium formulations
collected at different incubation times, whereby different renewable natural polymers that affected the
growth of L. plantarum RI 11 substantially attributed to different nutrients were provided by different
renewable natural polymers [1–3]. The initial cell population of approximately log 8 CFU/mL was
observed for all formulated media as shown in Figure 1a–g.

Figure 1a shows the growth profile of L. plantarum RI 11 in control MRS medium. The maximum
cell population of approximately log 11.5 CFU/mL was detected at 18 h of incubation. It was the
highest cell population of L. plantarum RI 11 that noted in this experiment, indicating that L. plantarum
RI 11 grown well in MRS medium since it is a selective medium for L. plantarum. However, the cell
population decreased gradually after 1-day of incubation to log 8.5 CFU/mL at 5 days of incubation
and maintained its cell population for approximately log 8.7 CFU/mL at the end of day 7 of incubation.
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Figure 1. Growth profile of Lactobacillus plantarum RI 11 in: (a) control MRS medium (b) M1; rice
straw and yeast extract (c) M2; rice straw and soybean pulp (d) M3; molasses and yeast extract (e)
M4; molasses and soybean pulp (f) M5; PKC and yeast extract and (g) M6; PKC and soybean pulp.
The error bars represent the standard deviation of cell population of triplicate samples (n = 3).

Figure 1b,d,g show similar growth profiles of L. plantarum RI 11 in media supplemented with
rice straw and yeast extract (M1), molasses and yeast extract (M3), and PKC and soybean pulp (M6),
respectively. The cell population of L. plantarum RI 11 was increased slightly from log 7.98 ± 0.12 to log
8.72 ± 0.03 CFU/mL at 12 h of incubation, log 8.04 ± 0.09 to log 9.76 ± 0.01 at 16-h of incubation and log
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8.36 ± 0.05 to log 9.70 ± 0.02 CFU/mL at 12-h of incubation when grown in M1, M3 and M6 media,
respectively, suggesting that the highest cell population was obtained from 12-h to 16-h of incubation
for M1, M3 and M6 media, respectively. The cell population was maintained at log 8.3 CFU/mL,
log 9.5 CFU/mL and log 9.4 CFU/mL for M1, M3 and M6 media, respectively, from 18-h to 22-h of
incubation. In comparison, the steepest log phase of L. plantarum RI 11 was observed for M3 medium
(Figure 1d), followed by M6 (Figure 1g) and M1 (Figure 1b) medium, respectively. M3 medium
provided readily used nutrients of molasses and yeast extract as soluble carbon and nitrogen sources
for the growth of L. plantarum RI 11. Hence, the cell population of L. plantarum RI 11 in M3 was higher
than M1 and M6 media. Molasses is a by-product of the sugar processing industry, which is rich
in reducing sugars, nitrogen, trace elements and vitamins [47–51] that can promote the growth of
bacteria [52]. Refined sugars, such as glucose or sucrose have been used more commonly as a carbon
source in comparison to rice straw and PKC [47,53], whereas molasses is commonly used fermentation
substrates since it is cheap, widely available and comprised mainly sugars that act as nutrients for
all microorganisms.

M6 medium that consisted of PKC and soybean pulp as complex carbon and nitrogen sources
produced a steeper log phase as compared to M1 medium that consisted of rice straw and yeast
extract as the complex carbon and soluble nitrogen sources. Soybean pulp is a cheap and good
dietary fibre [47,48], which has been reported to encourage the growth of beneficial bacteria, such as
Lactobacillus spp. [54]. Nevertheless, rice straw is highly heterogenous as compared to the combination
of PKC and soybean pulp to support the growth of L. plantarum RI 11 [55]. Due to the abundance of
glucose, sucrose and fructose [49–53], the cell population of L. plantarum RI 11 in M3 medium was the
highest as reported by a previous study of Zajšek et al. [56].

In comparison, Figure 1c illustrates a shorter exponential phase of L. plantarum RI 11 when
grown in M2 medium that contained complex carbon and nitrogen sources of rice straw and soybean
pulp. The initial cell population of log 8.17 ± 0.04 was increased to log 10.41 ± 0.05 CFU/mL at day-2
of incubation, whereby the cell population was then maintained throughout 7-days of incubation.
Despite both M2 and M6 media containing the same nitrogen source of soybean pulp, they contained
heterogenous rice straw and PKC as carbon source, respectively, indicating that limited nutrients were
available from the degradation of rice straw for the growth of L. plantarum RI 11 in comparison to PKC
and thus produced shorter and steeper log phase as shown in Figure 1c.

Figure 1e shows the growth curve of L. plantarum RI 11 in M4 medium, which has a similar log
phase to control MRS medium. The cell population was increased from initial log 8.06 CFU/mL to
log 10.44 CFU/mL at day 1 of incubation. The cell population was then maintained for a day before
it decreased to log 9 CFU/mL. M4 medium consisted of molasses and soybean pulp as carbon and
nitrogen sources, respectively. The cell population of control MRS medium supported slightly higher
cell population (log 10.67 ± 0.02) of L. plantarum RI 11 at 24 h of incubation as compared to M4 medium
with log 10.44 ± 0.08 CFU/mL, suggesting that M4 medium has contributed a comparable effect to
the growth of L. plantarum RI 11, whereby both molasses and soybean pulp promoted the growth of
L. plantarum RI 11 due to their high contents of sugar and protein [47–53].

Figure 1f, in contrast, shows the longest and gradual slope of exponential growth of L. plantarum
RI 11 supported by M5 medium that contained PKC and yeast extract as carbon and nitrogen sources,
respectively. The initial cell population of log 8.4 CFU/mL was increased to log 9.54 CFU/mL that
occurred at 16-h of incubation. Interestingly, the stationary phase occurred at 48 h of incubation,
indicating that PKC was more complex substrate that could support longer growth duration of
L. plantarum RI 11. Similar observation was also noted for medium M6 (Figure 1g) that comprised PKC
and soybean pulp as the complex carbon and nitrogen sources.

Interestingly, when any carbon source combined with soybean pulp, a better cell population
and shorter log phase of L. plantarum RI 11 was noted. This could be attributed to soybean pulp that
contains a substantial amount of galactose, mannose, arabinose and uronic acid, which served as the
growth promoter and enzyme inducers [47,48] for L. plantarum RI 11. Although soybean pulp contains
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mainly dietary fibre (49.85%) and lignin (29.50%), it also contains 19.79% of hemicellulose and low
amount of cellulose (0.56%). The proximate analysis (results not shown) showed that the total carbon
content of soybean pulp that used in this study was 71.53%. Generally, the results of Figure 1 implied
that molasses was the most favorable renewable natural polymer as carbon source, followed by PKC
and rice straw for the growth of L. plantarum RI 11. In addition, the combination of molasses and
soybean pulp as soluble carbon and complex nitrogen sources promoted and sustained the growth of
L. plantarum RI 11 that was comparable to the control MRS medium. Thus, the results obtained in this
study revealed the versatility of L. plantarum RI 11 that possessed the ability to alter its physiological
response and entered the stationary phase [57,58] accordingly when it was present in growth medium
supplemented with different combinations of carbon and nitrogen sources.

2.2. Extracellular Cellulolytic and Hemicellulolytic Enzyme Activities of L. plantarum RI 11

Extracellular cellulolytic (endoglucanase, exoglucanase and, β-glucosidase) and hemicellulolytic
(mannanase) enzyme activities of L. plantarum R1 11 that grown in different media mixtures were
subsequently determined in this study. The cellulolytic and hemicellulolytic enzymes are essential to
be present concomitantly to degrade the complex agriculture lignocellulosic biomass effectively [59],
whereby endoglucanase, exoglucanase and β-glucosidase hydrolyze the glycosidic bonds [15] that
are present in the cellulose polymer synergistically [19]. Endoglucanase will imitate the hydrolysis
of β-1,4-glycosidic bonds of cellulose polymer randomly to produce reducing and non-reducing
ends [59–61] of shorter cellulose polymers. Then, exoglucanase will degrade both reducing and
non-reducing ends of the shorter cellulose polymer [59–61] to release glucose monomer. β-glucosidase
will degrade cellobiose that produced by endo- and exoglucanase to 2 glucose monomers [61,62].
Endoglucanase is also known as CMCase due to its ability to hydrolyze carboxymethylcellulose
(CMC), which was used as a substrate in the current study, whereas exoglucanase activity was
determined by using avicel as a substrate and hence it is also known as avicelase, whereby
avicel was degraded into cellobiose by exoglucanase. As for β-glucosidase activity determination,
4-nitrophenyl-β-D-glucopyranoside (PNPG) was used as a substrate in this study, whereas locust bean
gum (LBG) was used as a substrate for mannanase activity determination [63–65]. The reducing sugar
that released by both cellulolytic and hemicellulolytic enzymes was detected spectrophotometrically
by using a dinitrosalicyclic acid (DNS) reagent [64,65].

Figure 2a–c demonstrate the specific endoglucanase, exoglucanase and β-glucosidase enzyme
activities detected at pH 5, 6.5 and 8, respectively, that grown in the MRS control medium. It was
clearly shown that L. plantarum RI 11 was able to produce versatile extracellular cellulolytic and
hemicellulolytic enzymes that active from pH 5 to 8. Interestingly, the hemicellulolytic (mannanase)
activity was only detected at pH 8 (Figure 2c) in comparison to the cellulolytic enzyme activities.

Endoglucanase-CMCase, exoglucanase-avicelase and β-glucosidase activities were detected at
a broad pH range of pH 5, 6.5 and 8, respectively, as shown in Figure 2a–c, respectively, whereby
three isozymes of endoglucanase were detected at pH 5 between 4–14 h of incubation (Figure 2a),
one isozyme of endoglucanase was detected at pH 6.5 between 8–12 h of incubation (Figure 2b) and
pH 8 at 12–14 h of incubation (Figure 2c). In comparison, two isozymes of exoglucanase were detected
at pH 5 (Figure 2a) and pH 6.5 (Figure 2b) at 6–14 h and 6–12 h of incubation, respectively. Only one
isozyme of exoglucanase was detected at pH 8 between 6–10 h of incubation (Figure 2c). As for
β-glucosidase activity, only one isozyme was detected at pH 5, 6.5 and 8 at 12 h of incubation. However,
β-glucosidase activity at pH 8 was approximately half of the activity that obtained at pH 5 and 6.5,
respectively. The concomitant presence of versatile extracellular cellulolytic (endoglucanase-CMCase,
exoglucanase-avicelase and β-glucosidase) and hemicellulolytic (mannanase) enzyme activities of
L. plantarum that active at a broad pH range (from pH 5 to pH 8) corresponded well to the finding
of Lee et al. [46], who has reported that LAB strains that isolated from Malaysian foods produced
multi extracellular cellulolytic and hemicellulolytic enzymes simultaneously, which are active under
broad pH conditions when grown in selective MRS medium. Similar observations were also reported
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by Nidetzky et al. [66], Eriksson [67] and Lin et al. [68]. Furthermore, Lee et al. [46] reported that
β-glucosidase specific enzyme activity was the lowest among the detected cellulolytic enzymes,
in which the same results were noted in this study. β-glucosidase gene is commonly harbored by LAB,
especially L. plantarum species [69]. Hence, β-glucosidase specific activity was detected even in the
control MRS medium [70]. Throughout this experiment, β-glucosidase was observed to be produced
later as compared to the other two cellulolytic enzymes, as reported by Lee et al. [46].

Figure 2. Specific extracellular cellulolytic and hemicellulolytic activities; (•) endoglucanase;
(�) exoglucanase; (�) β-glucosidase and (�) mannanase of Lactobacillus plantarum RI 11 grown in
MRS control medium for 24 h. The enzyme activities were detected at three different pH levels: (a) pH 5;
(b) pH 6.5; (c) pH 8. The error bars represent the standard deviation of specific enzyme activity of
triplicate samples (n = 3).

Figure 3a–c illustrate the specific extracellular cellulolytic and hemicellulolytic enzyme activities
at pH 5, 6.5 and 8, respectively, when L. plantarum R1 11 was grown in basal medium supplemented
with rice straw and yeast extract as carbon and nitrogen sources (M1).

Surprisingly, significant (p < 0.05) levels of endoglucanase, exoglucanase and β-glucosidase
activities were detected at pH 5, 6.5 and 8, respectively, as found in MRS control medium. One isozyme
of endoglucanase was recorded at pH 5 and 6.5, respectively, both at 10-h of incubation with
4.07 μg/min/mg and 1.68 μg/min/mg of specific activities. As for exoglucanase, one isozyme was
detected at pH 5 between 8–12 h of incubation, whereas two isozymes were detected at pH 6.5 between 4
to 10-h of incubation. For β-glucosidase activity, only one isozyme was detected at pH 5, 6.5 and 8 after
12-h of incubation, whereby the specific activity was reduced to half as compared to the β-glucosidase
activity that obtained in MRS control medium. The specific enzyme activities recorded forβ-glucosidase
were 2.54 nmol/min/mg and 2.10 nmol/min/mg at pH 5 and 6.5, respectively. As for pH 8, a significant
(p<0.05) level of β-glucosidase was detected, which was 6.05 nmol/min/mg. No mannanase activity
was detected when L. plantarum R1 11 was grown in M1 medium. The cellulolytic and hemicellulolytic
enzyme levels were comparably low in M1 medium. Hence, it can be concluded that though yeast
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extract was able to promote the growth of L. plantarum R1 11, but, due to the heterogeneity of the rice
straw [55], a low level of cellulolytic and hemicellulolytic enzymes was secreted by the L. plantarum
R1 11.

Figure 3. Specific extracellular cellulolytic and hemicellulolytic activities; (•) endoglucanase;
(�) exoglucanase; (�) β-glucosidase and (�) mannanase of Lactobacillus plantarum RI 11 grown
in M1 (rice straw and yeast extract) for 24 h. The enzyme activities were detected at three different
pH levels: (a) pH 5; (b) pH 6.5; (c) pH 8. The error bars represent the standard deviation of specific
enzyme activity of triplicate samples (n = 3).

Figure 4a–c demonstrate the significantly (p<0.05) lower specific extracellular endoglucanase,
exoglucanase and β-glucosidase activities at pH 5, 6.5 and 8, respectively, when L. plantarum R1
11 was cultivated in basal medium supplemented with rice straw and soybean pulp (M2) medium.
Interestingly, only one isozyme of extracellular endoglucanase was detected at pH 5, 6.5 and 8,
respectively, between 4–6 h of incubation with significantly (p<0.05) higher activity of 3.1 μg/min/mg
detected at pH 5. However, this specific activity was significantly lower (p < 0.05) than those specific
activity observed for other media. Similar levels of enzymatic activities were observed in both
Figures 3 and 4. This was most probably due to the same carbon source used in both media. Carbon
source is very crucial in the production of enzyme [71]; hence, it can be concluded that rice straw could
not promote the production of cellulolytic and hemicellulolytic enzymes. As for the exoglucanase
specific activity, only one isozyme was detected at pH 5 and 6.5 between 4–6 h and between 8–10 h of
incubation respectively. As for β-glucosidase, it was detected at pH 5 and 6.5. However, significantly
higher (p<0.05) specific activity of 4.1 nmol/min/mg at 16 h of incubation was detected at pH 5.
In comparison, much lower mannanase activity was recorded between 1.2 to 1.5 μg/min/mg at 14-16 h
of incubation at pH 8. Generally, insignificant (p>0.05) level of cellulolytic and hemicellulolytic enzyme
specific activities were obtained when L. plantarum R1 11 was grown in basal medium supplemented
with rice straw and soybean pulp, attributing to the recalcitrant nature of rice straw [55].

162



Molecules 2020, 25, 2607

Figure 4. Specific extracellular cellulolytic and hemicellulolytic activities; (•) endoglucanase;
(�) exoglucanase; (�) β-glucosidase and (�) mannanase of Lactobacillus plantarum RI 11 grown
in M2 (rice straw and soybean pulp) for 24 h. The enzyme activities were detected at three different
pH levels: (a) pH 5; (b) pH 6.5; (c) pH 8. The error bars represent the standard deviation of specific
enzyme activity of triplicate samples (n = 3).

Figure 5a–c show the specific extracellular endoglucanase, exoglucanase and β-glucosidase
activities detected at pH 5, 6.5 and 8, respectively, when L. plantarum R1 11 was grown in basal medium
supplemented with molasses and yeast extract (M3). At pH 5, two isozymes of endoglucanase were
detected between 4–12 h of incubation. However, only one isozyme of endoglucanase was detected at
pH 6.5 and 8, respectively, between 4–10 h of incubation. Simultaneously, exoglucanase specific activity
was also recorded with endoglucanase activity from pH 5 to 8, despite only one isozyme was detected
at pH 5 between 2–6 h of incubation. Nevertheless, two isozymes of exoglucanase were detected at
pH 6.5 and 8, respectively, between 4–16 h of incubation. In comparison, the highest specific activity of
β-glucosidase was only produced after endoglucanase and exoglucanase were excreted by L. plantarum
R1 11, which occurred between 10–16 h of incubation. Interestingly, three significant (p<0.05) enzymatic
activities of mannanase were detected at pH 8 between 6–16 h of incubation (Figure 5c).

The finding in this experiment was contradicted with a study reported by Kim et al. [72], whereby
the present of mannan-like polysaccharide was essential to induce the production of mannanase.
However, mannan-like polysaccharide was not present in the M3 medium that contained molasses as
carbon source. Nevertheless, El-Sharouny et al. [73] reported that the production of mannanase was
affected by glucose. Molasses, as reported by Hamouda et al. [53], consists of sucrose, glucose, fructose,
xylose and maltose, hence it was proven that molasses can induce the production of mannanase.
Furthermore, the mannanase enzyme that purified by El-Sharouny et al. [73] was active in extreme
alkaline conditions, which was similar to the observation of this experiment.
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Figure 5. Specific extracellular cellulolytic and hemicellulolytic activities; (•) endoglucanase;
(�) exoglucanase; (�) β-glucosidase and (�) mannanase of Lactobacillus plantarum RI 11 grown in
M3 (molasses and yeast extract) for 24 h. The enzyme activities were detected at three different pH
levels: (a) pH 5; (b) pH 6.5; (c) pH 8. The error bars represent the standard deviation of specific enzyme
activity of triplicate samples (n = 3).

Molasses is acidic in nature, in which it provides a favorable environment for LAB to grow and to
produce useful metabolite [49–53]. Molasses is also cellulosic [69], in which it will act an inducer for the
production of cellulolytic enzymes by cellulolytic microorganisms [45] before 20-h of incubation [74] as
shown in this experiment, whereby M3 medium was able to induce the production of three cellulolytic
enzymes over a broad pH range by L. plantarum R1 11 with the highest and significant endoglucanase
was noted from pH 5 to 6.5 in M3 media. In addition, M3 medium is a more economical medium
that contained readily fermented sugars [50–52] to produce comparable extracellular cellulolytic and
hemicellulolytic enzymes in comparison to the MRS control medium

Figure 6a–c demonstrate the specific endoglucanase, exoglucanase and β-glucosidase obtained
at pH 5, 6.5 and 8, respectively, when L. plantarum R1 11 was grown in basal medium supplemented
with molasses and soybean pulp (M4). Significantly (p < 0.05) higher endoglucanase specific
activities that obtained approximately at 8 h of incubation was detected at pH 5 in comparison
to pH 6.5 and pH 8, respectively, whereby only one isozyme of endoglucanase was produced in
M4 formulated medium. The exoglucanase, on the other hand, recorded a higher specific activity
of approximately 10–20 μg/min/mg at pH 5 and 8, respectively. Though the highest endoglucanase
was detected in M4 medium, it was only active at pH 5. In contrast, M3 medium that consists of
molasses and yeast extract produced more stable endoglucanase enzymes throughout the broad pH
range. As for the β-glucosidase activity, low specific activity of approximately 3 nmol/min/mg was
obtained between 4–14 h of incubation from pH 5 to pH 8, despite of insignificant (p > 0.05) activity,

164



Molecules 2020, 25, 2607

was noted. Interestingly, mannanase activity was detected at pH 6.5 and pH 8 between 12–18 h and
8–12 h of incubation, respectively. However, the highest specific activity of 8.05 μg/min/mg was
noted at pH 6.5. This finding was similar to the study of Kim et al. [72], in which mannan-like
polysaccharides from soybean pulp induced mannanase productions. Interestingly, mannanase was
produced concomitantly with the production of endoglucanase, as reported by Sachslesner et al. [75].
Hence, it was generally observed that, throughout this experiment, mannanase enzyme was detected
together with endoglucanase activity. However, not all endoglucanase enzyme productions were
accompanied by the production of mannanase enzyme.

Figure 6. Specific extracellular cellulolytic and hemicellulolytic activities; (•) endoglucanase;
(�) exoglucanase; (�) β-glucosidase and (�) mannanase of Lactobacillus plantarum RI 11 grown in
M4 (molasses and soybean pulp) for 24 h. The enzyme activities were detected at three different pH
levels: (a) pH 5; (b) pH 6.5; (c) pH 8. The error bars represent the standard deviation of specific enzyme
activity of triplicate samples (n = 3).

Figure 7a–c show the specific endoglucanase, exoglucanase and β-glucosidase activities which
were detected at pH 5, 6.5 and 8, respectively, when L. plantarum R1 11 was grown in basal medium
supplemented with PKC and yeast extract (M5). For this formulation, one isozyme of endoglucanase
was present at pH 6.5 and 8 respectively with significantly lowest (p< 0.05) activities of 1–2.7 μg/min/mg
detected. As for exoglucanase activity, although it was detected from pH 5–8, an insignificant (p > 0.05)
level of activity was recorded. Interestingly, significant specific activities of β-glucosidase were detected
between 4–8 h of incubation, having 7.55 μg/min/mg at pH 8 as the highest activity. Surprisingly,
no mannanase was detected from M5 medium. This finding was in contrast with the study reported by
Kim et al. [72], whereby PKC that comprised of mannan polysaccharides did not induce the mannanase
production in this study. Nevertheless, the results of this experiment were in close agreement with the
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finding of El-Sharouny et al. [73], whereby the production of mannanase was induced by the presence
of simple sugars such as glucose.

Figure 7. The specific extracellular cellulolytic and hemicellulolytic activities; (•) endoglucanase;
(�) exoglucanase; (�) β-glucosidase and (�) mannanase of Lactobacillus plantarum RI 11 grown in M5
(PKC and yeast extract) for 24 h. The enzyme activities were detected at three different pH levels:
(a) pH 5; (b) pH 6.5; (c) pH 8. The error bars represent the standard deviation of specific enzyme activity
of triplicate samples (n = 3).

Figure 8a–c illustrate the specific endoglucanase, exoglucanase and β-glucosidase activities
recorded at pH 5, 6.5 and 8, respectively, when L. plantarum R1 11 was grown in basal medium
supplemented with PKC and soybean pulp (M6). Surprisingly, extracellular endoglucanase activity was
not detected at all pH and only one isozyme of exoglucanase was detected at pH 5 with an insignificant
(p<0.05) activity of 2.56 μg/min/mg was recorded. Similarly, although β-glucosidase was noted from
pH 5 to 8, the specific enzyme activity was diminutive. Mannanase, as usual, was detected only at
pH 8 with low level of specific enzyme activity at a later incubation time of 16–18 h. The basal medium
supplemented with PKC and soybean pulp did not induce substantial production of extracellular
cellulolytic and hemicellulolytic enzymes by L. plantarum RI 11 in comparison to the other renewable
natural polymers such as molasses and rise straw as shown clearly in Figures 3, 5 and 6, respectively,
indicating that the combination of PKC and soybean pulp was not a favorable medium for the
production of extracellular cellulolytic and hemicellulolytic enzymes by L. plantarum RI 11. However,
mannanase was detected later throughout the incubation, though the enzymatic level was very low.
This finding coincided with the study of El-Sharouny et al. [73], as well as noted in Figure 7 of this study.
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Figure 8. Specific extracellular cellulolytic and hemicellulolytic activities; (•) endoglucanase;
(�) exoglucanase; (�) β-glucosidase and (�) mannanase of Lactobacillus plantarum RI 11 grown
in M6 (PKC and soybean pulp) for 24 h. The enzyme activities were detected at three different pH
levels: (a) pH 5; (b) pH 6.5; (c) pH 8. The error bars represent the standard deviation of specific enzyme
activity of triplicate samples (n = 3).

Generally, the overall results of this experiment showed that the basal medium supplemented
with molasses and yeast extract (M3) recorded as the best basal medium that was comparable
with the MRS control medium to produce extracellular cellulolytic and hemicellulolytic enzymes,
respectively. Cellulolytic enzyme is a complex enzyme comprising endoglucanase, exoglucanase and
β-glucosidase [75,76], whereas hemicellulolytic enzyme encompasses xylanase and mannanase [77].
The extracellular cellulolytic and hemicellulolytic enzyme activities of L. plantarum RI 11 were detected
within 24 h of incubation, and hence prolong incubation time resulting in no further extracellular
enzyme production despite the cell viability that could maintain up to seven days of incubation at
30 ◦C as shown in Figure 1. This could be due to carbon starvation [57] and led to a halt of the
protein and DNA synthesis and hence the enzyme production. Interestingly, β-glucosidase specific
activity was only detected after the production of both endoglucanase and exoglucanase specific
activities, supporting the synergistic enzymatic degradation mechanism of cellulosic polymer, whereby
β-glucosidase cleaved the cellobiose molecules that released from the enzymatic reaction of both
endoglucanase and exoglucanase [15,17] into monomer glucose [23,60]. Generally, β-glucosidase
activity is the rate limiting factor among the cellulolytic enzymes, which is very sensitive to glucose
inhibition [70,77]. However, the glucose and xylose contents of molasses are good inducers that could
stimulate bacteria producer to synthesize β-glucosidase. Nonetheless, among the cellulolytic enzymes,
the specific enzyme activity of β-glucosidase was the lowest, as reported by Lee et al. [46]. Moreover,
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Spano et al. [69] reported that β-glucosidase gene isolated from wine L. plantarum was regulated by
abiotic stresses.

The results obtained in this study also indicated that the extracellular hemicellulolytic enzyme of
mannanase was significantly (p > 0.05) produced by L. plantarum RI 11 between 6–16 h of incubation
(3.96 to 8.09 μg/min/mg) that active at alkaline pH 8, as reported by Rasul et al. [74]. Furthermore,
mannanase and endoglucanase were usually produced concomitantly and production of mannanase
was always accompanied by the production of endoglucanase [75]. Mannanase of L. plantarum RI
11 was most likely to be induced by the presence of mannose or mannan-like polysaccharides [72]
or sugar [73] in the formulated media. Mannanase is essential to cleave mannan to mannose that
could serve as energy source for the survival of bacteria producer cells [69,70]. However, since lower
specific enzyme activities of β-glucosidase and mannanase were secreted by the L. plantarum RI 11,
it was possible that the cellulose degradation by endoglucanase and exoglucanase was inhibited by
the presence of cellobiose [23]. Hence, both β-glucosidase and mannanase enzymes were essential to
warrant complete degradation of renewable natural polymers [71–74].

2.3. Fractional Factorial Design for Growth Enhancement of L. plantarum RI 11

Factorial Design is a popular statistical optimization method to determine important factors that
influence the yield of experiments and the interactions that might exist between the factors [78–80].
Full factorial design is more suitable for factors less than 4. Fractional Factorial Design (FFD) is more
appropriate when the resources are limited [79] and there are more than five investigated factors [79,80].
It is important to know the effect of medium components on the growth of L. plantarum RI 11. Therefore,
the medium formulation that gave the highest viable cell count was optimized subsequently by FFD.
Altogether, 16 media formulations were suggested by FFD based on carbon and nitrogen sources
used in this study. Both control MRS medium and reconstituted control MRS (CRMRS) medium
were used as control media in this experiment, with the former being commercial and the latter was
reconstituted. The renewable natural polymers that used as carbon sources in this experiment were
rice straw, molasses and PKC, whereas soybean pulp and yeast extract were employed as nitrogen
sources in this experiment. In each formulated medium, other minerals and salts such as Tween 80,
sodium acetate, potassium hydrogen phosphate, diammonium hydrogen citrate, magnesium sulphate
heptahydrate and manganese sulphate tetrahydrate were added according to the composition of
control MRS medium. Tween 80 and potassium hydrogen phosphate were reported to have a positive
effect on the growth of microorganisms [48] since both elements can maintain pH value to prolong a
fermentation process.

Table 1 shows the viable cell count of L. plantarum RI 11 grown in 16 formulated media, and both
control MRS medium and CRMRS medium for seven days of incubation. The viable cell count of
L. plantarum RI 11 decreased significantly (p < 0.05) for the first five days of incubation when grown in
F1 medium (basal media with no carbon and nitrogen source) and no growth was detected after day 5
of incubation. Under unfavorable conditions, all bacteria will develop starvation-survival strategy to
sustain their growth [81,82] and bacterial cell will enter a dormant state [83–85] when grown in basal
medium without carbon and nitrogen sources. F4 medium (glucose, molasses and soybean pulp) and
F5 medium (rice straw, yeast extract and soybean pulp) recorded the highest viable cell count of log
11 CFU/mL at 4-days of incubation, which was also noted at Section 2.1, whereby nitrogen source of
soybean pulp [86] was sufficient to promote the growth of L. plantarum RI 11 [48,49] and too much of
nitrogen source was reported to cause cell death [87]. Soybean pulp has been reported to increase the
cell population of Lactobacillus sp. [86,88], whereas rice straw can also act as the nitrogen source [55].
All nitrogen sources used in this study were organic and especially yeast extract [87] in formulated
F5 medium supported the rapid growth and high viable count of L. plantarum RI 11. Yeast extract
that consists of amino acids, peptides, vitamins and carbohydrates [87] is a good nitrogen source to
stimulate metabolic stress [88]. In addition, yeast extract also contains unidentifiable growth factors
that can stimulate the growth of microorganisms [83].
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The growth of L. plantarum RI 11 increased substantially when soluble sugars such as glucose or
molasses was combined with soybean pulp as the organic nitrogen source [83,85]. Amino acids were
made available upon the degradation of nitrogen source [83]. In addition, media containing glucose
and disaccharides of glucose would decrease the pH of the media [83], which was more favorable for
the growth of L. plantarum RI 11. Different carbon sources will enter the metabolic network at different
entry points of glycolysis [89]. Nerveless, the bacteria will usually use preferred substrates or substrates
that give a higher growth rate [90,91]. For an example, F4 medium that contained both glucose and
molasses that function as carbon source, L. plantarum RI 11 has to choose either glucose or molasses as
its sole carbon source. Selection of the carbon sources is made at the level of carbohydrate-specific
induction [83] known as carbon catabolite repression [90,91]. For instance, the presence of sucrose in
molasses will promote the high biomass yield due to the presence of intermediates in the metabolism
of fructose. Too many carbon and nitrogen sources as found in F15 and F16 media would increase
the cell density until a maximum point in which it would decrease subsequently, due to inhibitory
effects of the substrates [90,92]. Between soluble and complex carbon sources, cellulose-producing
microorganisms will usually select complex carbon sources, as reported by Dou et al. [93].

A similar level of cell densities was detected for both F4 and F5 media, although both media
sources have different compositions. It could be due to both yeast extract and soybean pulp, in high
concentration, acting as carbon sources as well as nitrogen sources [90]. F4 and F5 media contained
less substrates when compared to F15 and F16 media, which contributed to different cell populations
obtained. Therefore, the results of this experiment demonstrated that the medium compositions of F4
(glucose, molasses and soybean pulp) and F5 (rice straw, soybean pulp and yeast extract) contributed
comparable cell populations with control MRS medium.

2.4. Fractional Factorial Design for Enhancement of Cellulolytic and Hemicellulolytic Enzyme Productions

The corresponding extracellular cellulolytic (endoglucanase-CMCase, exoglucanase-avicelase and,
β-glucosidase) and hemicellulolytic (mannanase) enzyme activities of L. plantarum R1 11 that grown in
16 different media sources formulated by FFD were determined subsequently. Figure 9 illustrated that
L. plantarum R1 11 produced different levels of extracellular cellulolytic and hemicellulolytic enzyme
activities in various formulated media sources. Surprisingly, the medium that produced high viable
cell density of L. plantarum R1 11 in Section 2.3 did not correspond to the medium that generated high
cellulolytic and hemicellulolytic specific enzyme activities in this experiment.

There was no production of cellulolytic and hemicellulolytic enzymes when L. plantarum R1 11
was grown in F1 medium (basal medium without any carbon and nitrogen sources). L. plantarum R1

11 was most likely to be in a dormant stage, repressing its metabolic activity [82] until the favorable
growth condition was available [87]. Both carbon and nitrogen sources were highly important for the
growth and production of metabolites by microorganisms [94,95].

Generally, less enzymes with low level of enzymatic activities were noted when L. plantarum R1 11
was grown in F10, F15 and F16 formulated media. F10 was a basal medium supplemented with both
soluble (glucose) and heterogeneous renewable natural polymers of PKC, yeast extract and soybean
waste, indicating that the supplementation of many carbon sources in the growth medium would not
necessarily enhance the production of cellulolytic and hemicellulolytic enzymes by L. plantarum R1 11.
Glucose is a simple carbohydrate [44], which acts as a good energy source [83]. However, glucose
would repress the cellulolytic and hemicellulolytic enzyme activities [83,85,93]. Nevertheless, a low
endoglucanase activity (0.90 μg/min/mg) was detected at pH 5. The repression effect of PKC was greater
and hence only a low amount of activity was detected, although L. plantarum RI 11 was able to grow
on PKC [93]. F15 and F16 media that consisted PKC demonstrated low level of mannanase activity.
However, a higher level of mannanase activity was detected in F16 medium. PKC has been reported to
be a good substrate for mannanase production [94]. PKC, which comprises of mannan, will induce the
production of mannanase [72]. F16 also contained glucose, rice straw, molasses, soybean pulp and
yeast extract. Hence, PKC was a better substrate to produce mannanase by L. plantarum RI 11 [72,84].
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Similarly, a low level of enzyme activity was detected for F5, F6, F7, F9, F11, and F13 media.
Different enzyme productions were detected, but the levels of enzymatic activity were insignificant
(p>0.05). F5 medium was a basal media supplemented with rice straw, yeast extract and soybean pulp.
The positive effects of yeast extract and soybean pulp as a nitrogen source [95] have been demonstrated
on the viable cell density of the microorganisms [95]. In this experiment, rice straw was acted as both
carbon and nitrogen sources [84]. Hence, most of the medium components contributed to the growth
of the cell, resulting in microbial biomass yield. Rice straw, which consisted of a similar proportion
of cellulose and hemicellulose [96,97], induced the production of cellulolytic enzymes instead of
hemicellulolytic enzymes by L. plantarum RI 11. Figure 9d shows similar levels of endo-, exoglucanase
and β-glucosidase at different pH that produced at different incubation times. Endoglucanase
specific activity that active from pH 5–8 was detected from day-1 to day-5 of incubation, whereas
exoglucanase was detected at day-2 and day-3 of incubation. Moreover, β-glucosidase, on the other
hand, was detected at day-2 to day-5 of incubation, which suggested strongly the synergistic cellulose
degradation by L. plantarum RI 11 [76,96]. β-glucosidase enzyme production, which happened later
than the incubation time, supported a previous report by Lee et al. [46].

F6 medium supplemented with glucose, rice straw and soybean pulp has recorded the highest
viable cell population with corresponding extracellular cellulolytic and hemicellulolytic enzyme
productions in comparison to F5 medium that induced only cellulolytic enzymes. This was most
probably due to nutrient content of both rice straw and soybean pulp that consisted both cellulose and
hemicellulose fractions [98,99]. However, soybean pulp is rich in mono- and oligosaccharides [86],
which might contribute to the inhibition of cellulolytic and hemicellulolytic enzyme productions.
Similar observation was noted in Figure 9h, whereby F9 medium was consisted of PKC and soybean
pulp. Despite PKC being a good substrate for various hydrolytic enzyme productions [94], the presence
of soybean pulp would inhibit the production of various hydrolytic enzymes [88]. Increased specific
activity of all cellulolytic enzymes was observed in F7 medium, which was supplemented with molasses
and rice straw. Therefore, the increased specific activity of all cellulolytic enzymes could be attributed
to molasses and rice straw supplementations, which were highly heterogeneous in nature. Molasses is
rich in mono- and oligosaccharides [46] and oligosaccharides also can be generated by incomplete
digestion of endo- and exoglucanase enzymes [99,100]. However, since L. plantarum RI 11 was able to
produce β-glucosidase enzymes [70], it was most likely that the oligosaccharides were converted to
glucose. Hence, no apparent effect of enzyme inhibition was noted in this experiment.

Both F11 and F13 media contained PKC and yeast extract, despite a difference with the addition
of molasses in the former medium, and rice straw for the latter medium. Surprisingly, endoglucanase
enzyme activity was detected in both media, probably due to the presence of PKC [91]. In addition,
exoglucanase was also detected in F11 medium. However, β-glucosidase was detected in F13
medium, implying that molasses promoted exoglucanase enzyme production and rice straw promoted
β-glucosidase enzyme production by L. plantarum RI 11.

F3, F4 and F8 media was observed to promote the production of all cellulolytic and hemicellulolytic
enzymes simultaneously with mannanase being recorded as the highest activity of approximately
8 U/min/mg. F3 and F4 media comprised molasses and soybean pulp with the addition of yeast extract
for F3 medium and addition of glucose for F4 medium, respectively. F8 medium, on the other hand,
comprised of glucose, molasses, rice straw and yeast extract. The enzyme production for both F3 and
F4 media occurred at later incubation time as the enzyme production of F8 medium was occurred
at early stage of the incubation. For F3 and F4 media, cellulolytic enzyme activity was detected at
the early stage of incubation, then followed by the mannanase production at the later of incubation.
Molasses, which is consisted mainly mono-and oligosaccharides [55,60–62], induced the production of
endo- and exoglucanase in this experiment. In comparison, L. plantarum RI 11 required a longer time
to fully utilize soybean pulp and hence the mannanase was produced at the later stage of incubation.
A similar observation was noted for F8 medium. However, mannanase was detected at day-1 and
day-3 of incubation along with other cellulolytic enzyme productions.
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F12 medium recorded the highest specific activity of endo-, exoglucanase and mannanase as
compared to the other formulated media. F14 medium, on the other hand, recorded the highest
β-glucosidase enzyme production. Both F12 and F14 media were the best in producing the cellulolytic
and hemicellulolytic enzymes concomitantly. Approximately 41 μg/min/mg of endoglucanase specific
activity was detected at pH 5 and 6.5, respectively. However, the endoglucanase specific activity was
reduced to half at pH 8. Similar levels of endoglucanase at pH 8 was detected for exoglucanase at pH 5.
Approximately 26 μg/min/mg was recorded for exoglucanase at day-2 of incubation. F12 medium,
which comprised of glucose, molasses and PKC, was a good substrate to produce these enzymes at
day-2 of incubation. PKC and molasses induced the production of endoglucanase, exoglucanase and
mannanase enzymes in this experiment. The mono- and oligosaccharides of molasses and PKC were
favorable medium components to produce both cellulolytic and hemicellulolytic enzymes, rather
than inhibiting as shown by soybean pulp [89,90]. The results obtained in this study have clearly
shown that both endo- and exoglucanase activities were highly correlated with each other [98,101] and
reacted synergistically for efficient agriculture biomasses degradation. Approximately, 10 μg/min/mg
of mannanase was detected only at pH 8. It could be deduced that the mannanase production by
L. plantarum RI 11 was active at pH 8, which was similar to the mannanase production by Bacillus sp.
that was also active at pH 8 [102].

As for F14 medium, exoglucanase specific activity was reported to be similar to those produced
by F12 medium that were active at a broad pH range. F14 medium that contained glucose, rice straw
and PKC was a good substrate for exoglucanase, but not for endoglucanase production. A lower level
of endoglucanase was detected in F14 medium, supporting a previous notion that molasses supported
endoglucanase production. However, the highest β-glucosidase was detected in F14 medium at
pH 5, which was in agreement with the study of carbon and nitrogen sources’ influences on the
growth and sporulation of Bacillus thuringiensis for biopesticide production [103]. Despite sugar or
monosaccharides possibly inhibiting enzyme production, it only affected other cellulolytic enzymes
but not β-glucosidase [103]. Hence, higher β-glucosidase specific activity was resulted, although
glucose was present in the media.

3. Materials and Methods

3.1. Microorganisms and Maintenance

L. plantarum RI 11 isolated from Malaysian fermented food (ikan rebus) was obtained from the
Laboratory of Industrial Biotechnology, Department of Bioprocess Technology, Faculty of Biotechnology
and Biomolecular Sciences, Universiti Putra Malaysia (UPM) [35]. The stock culture of L. plantarum
RI 11 was maintained at −20 ◦C in MRS broth (Merck, Darmstadt, Germany) containing 20% (v/v) of
glycerol (Merck) [46]. The reviving procedure of L. plantarum RI 11 was performed according to the
method described by Foo et al. [35].

3.2. Media Formulation for L. plantarum RI 11

The active L. plantarum strain was washed once with sterile 0.85% (w/v) NaCl (Merck) solution and
adjusted to 109 CFU/mL to be used as inoculum. The adjusted inoculum of L. plantarum RI 11 was then
grown in basal media containing 1 g L−1 Tween 80 (Merck), 5 g L−1 sodium acetate (Merck, Darmstadt,
Germany), 2 g L−1 potassium hydrogen phosphate (Merck), 2 g L−1 diammonium hydrogen citrate
(Merck), 0.2 g L−1 magnesium sulphate heptahydrate (Merck) and 0.04 g L−1 manganese sulphate
tetrahydrate (Merck), which was supplemented with different combination of carbon and nitrogen
sources. The renewable natural polymers that were used as carbon sources were rice straw (15.46 g/L),
molasses (25.09 g/L) and PKC (11.86 g/L), whereas soybean pulp (51.54 g/L) and yeast extract (28.34 g/L)
were used as nitrogen sources in this experiment.

Table 2 shows six media combinations of carbon and nitrogen sources supplemented in basal
medium were designed in this experiment, whereas Table 3 shows the carbon and nitrogen content of
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each renewable natural polymers that were used for the formulation of growth media in this study.
Glucose (Merck), PKC, rice straw and molasses were employed as carbon sources, whereas yeast extract
and soybean pulp were used as nitrogen sources. The amount of each carbon and nitrogen source
supplemented in the basal medium was determined with the reference to the carbon and nitrogen
contents of commercially available MRS broth that were employed as a control medium in this study.
Yeast extract was purchased from Ohly (Hamburg, Germany). Both glucose and yeast extract were
employed as the control for carbon and nitrogen sources in this experiment.

Table 2. Carbon and nitrogen sources supplemented to each formulated medium.

Medium C Source Concentration (g/L) N Source Concentration (g/L)

M1 Rice straw 15.46 Yeast extract 28.34
M2 Rice straw 15.46 Soybean pulp 51.54
M3 PKC 11.86 Yeast extract 28.34
M4 PKC 11.86 Soybean pulp 51.54
M5 Molasses 25.09 Yeast extract 28.34
M6 Molasses 25.09 Soybean pulp 51.54

Control Glucose 20.00 Yeast extract 28.34

Table 3. Carbon and nitrogen contents for renewable natural polymers employed in this study.

Component Carbon Content (%) Nitrogen Content (%)

Renewable natural polymers

PKC 31.00 -
Molasses 14.65 -

Rice straw 23.77 -
Soybean pulp - 35.77

Reconstituted MRS medium
Glucose 18.38 -

Yeast extract - 65.05

3.3. Extracellular Cellulolytic and Hemicellulolytic Enzymes Activities of L. plantarum RI 11

Ten (10) % (v/v) of the active L. plantarum RI 11 culture (log 9 CFU/mL) was transferred into 9 mL
of the basal medium supplemented with renewable natural polymers derived from agro wastes and
incubated for 7 days at 30 ◦C. Samples were harvested every 2-h intervals for 7 days of incubation.
The cell biomass of L. plantarum RI 11 was collected by centrifugation at 10,000× g for 15 min (Hitachi
Himac CR22611 High Speed Refrigerated Centrifuge, Hitachi Koki Co Ltd., Tokyo, Japan) [46]. The cell
population of L. plantarum RI 11 of each sampling interval was freshly analysed to determine the
cell viability, whereas the supernatant was filtered by 0.2 μm cellulose acetate hydrophilic syringe
filter (Minisart, Sartorius Stedim Biotech GmbH, Göttingen, Germany) to obtain cell-free supernatant
(CFS). CFS was then used for the determinations of protein concentration, extracellular cellulolytic and
hemicellulolytic enzymatic activities in triplicate analyses.

3.4. Protein Concentration Determination

The protein concentration was determined in triplicate analyses by using the Bradford reagent
(Sigma, St. Louis, MO, USA) method [104] and bovine serum albumin (BSA) (Sigma) was used as
a reference.

3.5. Cell Viability Determination

Standard plate count method [43] was conducted to determine the cell population of L. plantarum
RI 11. The cell pellet was washed once with 0.85% (w/v) sodium chloride (NaCl) (Merck) solution.
Tenfold serial dilution (100 to 10−9) was conducted for colony forming unit/mL (CFU/mL) determination
using 0.85% (w/v) NaCl solution as the diluent. An aliquot of 50 μL from the respective diluted cell
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population was spread evenly on the MRS agar and incubated at 30 ◦C for 48 h. The cell viability
determination was conducted in triplicate.

3.6. Quantification of Extracellular Cellulolytic and Hemicellulolytic Enzyme Activities

Extracellular cellulolytic and hemicellulolytic enzyme assays were determined in triplicate with
three types of assay buffers: 0.1 M sodium acetate (Merck) pH 5 buffer, 0.1 M sodium phosphate (Merck)
pH 6.5 buffer and 0.1 M Tris-HCl (Merck) pH 8 buffer as described by Lee et al. [46]. The substrates
used were 2.0% (w/v) of carboxymethylcellulose (Sigma), 0.5% (w/v) of avicel pH10 (Fluka, Tokyo,
Japan), 5 mM 4-nitrophenyl- β-D-glucopyranoside (PNPG) (Sigma) and 1% (w/v) of locust bean gum
from ceratonia silique seed (LBG) (Sigma) for endo-β-1,4-glucanase (CMCase), exo-β-1,4-glucanase
(avicelase), β-glucosidase and mannanase activity, respectively [63–65,105]. CMCase, avicelase and
β-glucosidase assays represented cellulolytic enzyme activities, while mannanase assay denoted
hemicellulolytic enzyme activity. CFS collected from different medium formulation and incubation
times were incubated with respective substrates prepared in three different buffers and incubated at
37 ◦C for 1 h. The reducing sugar was determined by using dinitrosalicyclic acid (DNS, Sigma) assay
method for CMCase, avicelase and mannanase assays [63–65,105–107]. The absorbance of each sample
was determined at 540 nm by Cary 50 Probe UV-visible spectrophotometer (Agilent Technologies,
Santa Clara, CA, USA) [63–65,105].

As for β-glucosidase assay, the CFS was incubated with respective substrate prepared in three
different buffers as described above at 37 ◦C for 30 min, followed by adding 500 μL of cold 0.5 M
sodium carbonate (Sigma) to terminate the enzyme activity and the absorbance of assay mixture was
determined at 373 nm [63] by Cary 50 Probe UV-visible spectrophotometer (Agilent, Santa Clara,
CA, USA). The positive controls of all enzyme assays comprised CFS and respective buffers, while
negative control comprised respective substrates and buffers. Glucose was utilized as the CMCase
and avicelase reference. As for β-glucosidase and mannanase, p-nitrophenol and mannose were used
as the references, respectively. The specific enzyme activity (U/min/mg) for CMCase, avicelase and
mannanase was defined as the amount of reducing sugar produced (μg) per minute of incubation time
in 1 mg of protein under experimental conditions. The enzyme activity (U/min/mg) of β-glucosidase
was defined as the amount of enzyme that released 1 nmol of p-nitrophenol per minute of incubation
time in 1 mg of protein under experimental conditions.

3.7. Fractional Factorial Design for Growth Enhancement and L. plantarum RI 11

Three replicates for each of the basal media supplemented with renewable natural polymers were
prepared according to Table 4. The renewable natural polymers that used as carbon sources were rice
straw (15.46 g/L), molasses (25.09 g/L) and PKC (11.86 g/L), whereas soybean pulp (51.54 g/L) and
yeast extract (28.34 g/L) were used as nitrogen sources in this experiment. In each formulated medium,
other minerals and salts such as Tween 80 (1.00 g/L), sodium acetate (5.00 g/L), potassium hydrogen
phosphate (2.00 g/L), diammonium hydrogen citrate (2.00 g/L), magnesium sulphate heptahydrate
(0.20 g/L) and manganese sulphate tetrahydrate (0.05 g/L) were added as the additional nutrients.
The amount of the minerals and salts followed the compositions of control MRS medium.
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Table 4. FFD matrix for six variables with coded values for the growth enhancement, cellulolytic and
hemicellulolytic enzyme productions of Lactobacillus plantarum RI 11.

Run
Factor

A B C D E F

F1 −1 −1 −1 −1 −1 −1

F2 1 −1 −1 −1 1 −1

F3 −1 1 −1 −1 1 1

F4 1 1 −1 −1 −1 1

F5 −1 −1 1 −1 1 1

F6 1 −1 1 −1 −1 1

F7 −1 1 1 −1 −1 −1

F8 1 1 1 −1 1 −1

F9 −1 −1 −1 1 −1 1

F10 1 −1 −1 1 1 1

F11 −1 1 −1 1 1 −1

F12 1 1 −1 1 −1 −1

F13 −1 −1 1 1 1 −1

F14 1 −1 1 1 −1 −1

F15 −1 1 1 1 −1 1

F16 1 1 1 1 1 1

MRS and CRMRS was used as a control. Factor A, Glucose (20.00 g/L); B, Molasses (25.09 g/L); C, Rice straw
(15.46 g/L); D, PKC (11.86 g/L); E, Yeast extract (28.34 g/L); F, Soybean pulp (51.54 g/L).

3.8. Statistical Analysis

Analysis of variance (ANOVA) was used to determine the significant difference between results.
The significance of the differences between the mean was compared by using Duncan‘s Multiple
Range Test System at p-value less than 0.05. Statistical analyses were performed using SAS statistical
software (version 9.4). The results of statistical analysis were presented as mean ± standard error of
the mean (SEM).

4. Conclusions

The results obtained in current study suggested that renewable natural polymers such as rice straw,
molasses, PKC and soybean pulp were able to induce L. plantarum RI11 to produce versatile extracellular
cellulolytic and hemicellulolytic enzymes that active from acidic to alkaline pH conditions. Diverse
levels of a few isozymes of extracellular cellulolytic and hemicellulolytic enzymes that produced
within the 24 h of incubation warrant extensive research effort in the mechanism elucidation of these
inducible enzymes by the renewable natural polymers. Different natural biomass substrates elicited
different effects on L. plantarum RI11 variability and cell population, as well as the production of various
extracellular cellulolytic and hemicellulolytic enzymes. The versatile extracellular cellulolytic and
hemicellulolytic enzymes production by L. plantarum RI11 that active under broad pH range possessed
vast application potential in various industries. Amongst the formulated media, F12 medium that
consisted of glucose, molasses and PKC promoted the growth of L. plantarum RI 11 that comparable to
commercially available control MRS medium together with the concomitant production of the highest
activities of extracellular endoglucanase, exoglucanase, β-glucosidase and mannanase enzymes that
active under broad pH conditions. Hence, L. plantarum RI 11 isolated from Malaysian food is a versatile
cellulolytic and hemicellulolytic enzymes’ producer and as a potential bioagent for biotransformation
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of renewable natural polymers. This new finding warrants future explorations in the production of
extracellular cellulolytic and hemicellulolytic enzymes by the non-toxigenic and non-pathogenic LAB.
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