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This study used Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR) spectroscopy to provided
detail information of the organic functional group of secondary metabolites, produced by ferns. The study
showed ATR-FTIR spectra of nine fern species: Asplenium scolopendrium, Asplenium trichomanes,
Asplenium trichomanes-ramosum, Athyrium filix-femina, Dryopteris affinis, Dryopteris filix-mas, Polypodium
vulgare, Polystichum lobatum and Phegopteris connectilis. After comparison of each plant FTIR region
divided in three areas: 2800-3000 cm* (aliphatic region), 1600-1800 cnt* (distinct oxygenated groups) and
700-900 cm* (aromatic bands). ATR-FTIR Spectroscopy combined with multivariate data analysis have

been applied for the discrimination of 9 fern species.
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Attenuated Total Reflectance (ATR) is today the most
widely used FTIR sampling tool. ATR generally allows
qualitative or quantitative analysis of samples with little or
no sample preparation. It is an efficient technique for
analyzing functional group of organic substances for
identify structure of compounds.

FTIR uses the vibrational characteristics within
molecules to obtain a fingerprint spectrum with features
defined by the functional chemical groups within the
sample. Each biological material presents unique spectrum
signals.

Attenuated total reflectance (ATR) spectra of plant
leaves display complex absorption features related to
organic constituents of leaf surfaces.

Leaves are complex assemblages of organic
compounds and it might be expected that they would
display distinctive spectral features in the infrared range
(4000-400 cm™). Fundamental vibration modes of various
molecular functional groups produce characteristic
spectral absorption features that can serve to fingerprint
many compounds [1]. Such functional groups and related
spectral features include hydroxyl (OH) in alcohols and
acids, carbonyl (C=0) in esters, ketones, aldehydes and
acids, and methyl (CH,) and methylene (CH,) in alkanes.

Ferns are widespread plants, sometimes found in unique
habitats. They contain numerous secondary metabolites
of the terpenoid, phenol, flavonoid and alkaloid classes [2].
Some of these metabolites are found only in certain species
or in certain tissues of the plant.

The goal of our work was to explore the possibility to
use FTIR spectral as fingerprint of fern substances found in
each species. Different fern species can be recognized by
pattern of FTIR spectra. The information could be kept as
reference materials for prompt identification of ferns.

Experimental part
Materials and methods

Leaves were collected from ferns that grow in the Valsan
Valley (August 2018). The nine species of fern are:
Asplenium scolopendrium L. (Aspleniaceae) (1),
Asplenium trichomanes L. (Aspleniaceag), (2) Asplenium
trichomanes-ramosum L. (Aspleniaceae) (3), Athyrium
filix-femina (L.) Roth. (Woodsiaceae) (4), Dryopteris affinis
(Dryopteridaceae) (5), Dryopteris filix-mas
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(Dryopteridaceae) (6), Polypodium vulgare L.
(Polypodiaceae) (7), Polystichum aculeatum (L.) Roth
(Dryopteridaceae) (8) and Phegopteris connectilis
(Minchx) Watt (Thelypteridaceae) (9) [3]. The leaves were
dried at room temperature.

Spores collected from four species of ferns (1, 4, 5 and
9) were analyzed. The spores were stored both at room
temperature (1, 2’ 3’, 9’) and refrigerated at 4°C (1", 2",
3") [4].

The spectral measurements were made with a FTIR
Jasco 6300 spectrometer. An ATR accessory equipped with
a diamond crystal (Pike Technologies) allows collection
of FTIR spectra directly on a sample without any special
preparation. The spectra were recorded in the region of
4000-400 cm™, detector TGS, apodization Cosine. The
spectral data were processed with JASCO Spectra Manager
Il software. Samples were scanned at 4 cm™ resolution,
accumulation: 100 scans. IR bands were identified by
comparison with published assignments [5-7].

FTIR spectra show differences in functional-group
abundances, even when spectra appear similar in terms
of peak shape, peak positions, and intensities. However,
closer analysis of the spectral files can reveal subtle
differences that can be important for the interpretation of
chemical structure. This involves the calculation of ratios
of integrated areas under the IR-absorbance bands for
semi-quantitative analysis. The methylene/methyl ratio
(CH,/CH,) relates to the aliphatic-chain length of
hydrocarbons and to the degree of branching of aliphatic
side chains attached to the biomolecular structure. The
ratio is calculated after deconvoluting the aliphatic
stretching region (2800-3000 cm?) into individual peaks.
A larger ratio implies comparatively longer and straight
chains, and a smaller one shorter and more branched
chains [8, 9].

For statistical analysis, spectra in absorbance were
normalized and the 2nd derivatives of each spectrum were
calculated using a Savitzky-Golay algorithm to enhance
the resolution of the superimposed bands. The data were
imported from FTIR ASCII (dx) into the Unscramble
software (Edition X 10.4, Camo. Oslo Norway) for statistical
analysis. The fingerprint domain of FTIR spectra has been
selected in the statistical processing. The principal
component analysis (PCA) model was developed using
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cross validation. PCA was performed both on the entire
spectral range (4000 to 400 cm?), and on the peak areas
corresponding to regions: 700-900 cm? 1600-1750 cm?
and 2800-300 cm.

Results and discussions

The leaf is covered by the outer single layer epidermis;
the walls of the epidermal cells have a complex chemical
composition, made up of cellulose, hemicelluloses, pectins,
glycoproteins, etc. Cutin impregnates and covers the outer
tangential walls of the epidermal cells, forming the cuticle
in and on which there is wax.

Leaf surfaces are composed of many organic
compounds and produce complex spectra showing many
absorption bands. At the present level of understanding it
is not possible to identify all of the specific compounds
responsible for every spectral feature. However, it is
possible to identify major classes of compounds and to
recognize whether a particular class is especially abundant
in a particular leaf sample [10].

The FTIR spectra of nine species of ferns are shown in
figures 1 and preliminary assignments are present in table
1.

The FTIR spectrum of ferns (table 1) is characterized by
distinct aliphatic bands in the aliphatic stretching region
2800-3000 cm' (fig. 1, table 2), distinct oxygenated groups
at 1600-1800 cm™ (fig. 1, table 2), and three detectable
aromatic bands in the out-of-plane region [11]. Distinct
oxygenated groups are represented by peaks ~1735 cm
and ~1600 cm™, assigned to esters and conjugated
ketones, respectively [12]. A peak at 1509-1518 cm likely
represents a benzene ring.

The aliphatic stretching region for all specimens is very
similar, with dominant CH, bands at 2920 and 2851 cm'*
and a shoulder of CH, at 2051 cm! (fig. 1). Because of this
similarity, the CH,/CH, ratio ranges only from 2.76 to 3.31.
For species 1, 3 and 5 methylene/methyl ratio (CH,/CH,) is
something smaller than the other species. Asplenium
trichomanes (2) and Polypodium vulgare (7) have a broad
peak at_1600 cm™. Some differences amongst the
specimens of ferns are detected in the region of 1200-
1500 cm (table 1). For Dryopteris affinis (5), Dryopteris
filix-mas (6) similar peaks appear for C-O stretching at
1240 cm’?, while for Polypodium vulgare (7), Polystichum

Table 1

THE PRELIMINARY ASSIGNMENT OF THE FERN SPECIES

Fraquencies [cm™]
1 2 3 4 5 [ 7 B 9 Asgigrment
326B.75 326972 327434 3270.63 32TBAG | 327936 | 326072 | 3265B6 | 326297 | wO-H N-H)
281777 281873 281873 281E.73 2B1E73 | 281873 | 81777 | 281777 | 281873 | wC-H)
285027 285027 285027 2849131 285027 | 285027 | 284931 | 284931 [ 283027 | w(C-H
173562 1734.66 173658 1733.69 173362 | 173362 | 1734.66 173362 | 173466 | vCOOH orv-C=0
1600.63 1600.63 1604 43 1601.59 160448 | 1554 B4 | 160236 135773 | 160135 | w(C=(0
- 131578 1509 99 131674 131378 | 151867 | 1517.70 1531288 | 131481 | wC=C-C) avomatic rirg
stretch
141357 141545 1412.60 1433 82 141742 | 14126 141646 141345 | 141742 CH; agymmetric bending
136521 1371.14 1370.18 1370.18 136921 [ 13721 13721 137018 | 1361.30 CH; bending
124193 123711 123518 122650 124097 | 124000 | 123904 126025 | 123325 C—0 stretching
114185 114551 - - 114455 | 114647 | 114433 1153226 | - O-C-0 ATVREHELric
stretching
1016.30 101341 101823 1046.1% 101437 | 101245 | I00B.:S 101727 | 10220% | w=C-0-C), v (C-C)
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Table 2
SELECTED FTIR DATA OF THE FERNS (LEAVES)
Species No sample | CHyCH: | 1600-1300 cm'! 700-900 cm
Asplenium scolopendrium 1 2.61 1733.62 distinct 22827
160063 proeminent
Asplenium trichomanes 2 297 1734.66 distinet 82827, 806.09, T63.67
1600.63 proeminent
Asplenium trichomanes- 3 2.8 1736.36 distinet 233.00, 804.17, 73395
FAMOSUM 1604 48 proeminent
Athyrium filbe-feming 4 3.02 1733.69 distinet 761.74
1601.39 proeminent
Dryapieris affinis 5 276 1733.62 distinct 211.28 761.74
1604 48 proeminent
Dryaopieris filbe-mas ] 2.95 1733.62 distinct 204.17, 764 .62
1594 24 proeminent
FPolvpodium vulgare 7 5.09 1734.66 distinct 206.09, 762.70
160236 proeminent
FPolystichum lobatum 8 312 1733.62 distinet 208.99, 760.78
1597.73 proeminent
FPhegopteris connectilis 9 2.28 1734.66 distinct 70838 73981
1601.39 proeminent

aculeatum (8) appear two peaks at 1260 and 1237, 1239
cm? respectively.

Table 3 presents the three selected regions for spores of
ferns. The outer surface of fern spores is the sporoderm,
which consists of the perispore, exospore and endospore.
The exospore and the perispore are composed of
sporopollenin and other materials and the endospore is of
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a pectocellulosic nature [13]. The spores contain reserve
substances of the lipid and protein groups [14].

A difference between spores and leaves is a higher ratio
of CH, to CH, for the spores. These observations suggest
slightly higher aromaticity for the leaves, perhaps related
to some chemotaxonomic differences. IR spectra also
suggest that aromatic components are removed from
spores during storage.
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Table 3
SELECTED FTIR DATA OF THE SPORES

Species No sample | CHJCH: 1600-1800 cm! 700-200 emT
Asplenium scolopendrium 1 34 174533 distinct aromatic bands - traces
1600.63 proeminent
1* 3.33 174430 distinct aromatic bands - traces
Athyriuwm filbe-femina 4’ 320 1742.37 distinct 202.24, 766.56
1606.41 proeminent
4 337 1743.33 distinct 24049, 810.92, 763.37
1603.32 proeminent
Dryopteris affinis & 3 173048 distinct 85045, 809.95, 770.42
5 3.59 174333 distinct 85045, 808.02
Fhegopteris connectilis 97 345 1736.38 distinct 35043, 81092, 77910
1602.36 proeminent

The chemometric analysis. Principal Component Analysis
(PCA)

All spectra were characterised by a similar profile. No
visual differences were observed between the MIR spectra
of fern samples analysed. Chemometric analysis allow the
differentiation of ferns.

The Principal Component Analysis (PCA) is a well
established analysis technique which works by finding the
correlation between a set of variables and then creating a
new set of uncorrelated variables named principal
components (PCs). The spectral reproducibility is important
for creating a robust classification model. Generally, the
use of spectra derivatives with Savitzky-Golay algorithm
as a chemometric pre-processing technique is widely
reported in most classification based on FTIR spectroscopy
[15]. The region from 1765 to 4000 cm* was not included
in the analysis due to interference from the diamond ATR
crystal and remaining water in the samples. For the
selected regions (aromatic bands, oxygenated groups and
aromatic bands): 700-900 cm?* 1600-1750 cm* and 2800-
300 cm?, the results of PCA analysis are presents in figures
2-5.

Examining the space defined by the first and second
PCsas shown in figure 2, samples tend to group themselves
in two separate areas/groups. From the selected regions
mentioned above the species Asplenium scolopendrium

Scornes

/
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(1), Asplenium trichomanes-ramosum (3) and Dryopteris
affinis (5) are separated from the rest of the ferns, they are
located on the right of the graph (fig. 2), which indicates
the possibility of separation at genus level. This result
confirms the smaller CH,/CH, ratio for species 1, 3 and 5,
calculated after deconvoluting of the aliphatic stretching
region (2800-3000 cm). The first three principal
components (PCs) represent 87% of the total variance (PC1
= 58%, PC2= 26% and PC3 = 3%). The differences might
be determined by certain secondary metabolites
synthesized in the leaves of the tested species, such as the
ecdysteroids [16], which are molecules with an important
role in the defense against insects [17].

For the ferns 1, 4 and 5, their spores (S1, S4, S5 and
refrigerated Sf1, Sf4, Sf5) the first three principal
components (PCs) represent 98% of the total variance (PC1
= 71%, PC2= 24% and PC3 = 3%). This indicates that
these three components were sufficient to provide a clear
separation between the groups.

In figure 3, the spores (in the right of the graph) are
separated from their ferns, as a result of the content of
different biochemical components [14]. This result
confirms the higher CH,/CH, ratio for spores (table 3)
compared to the ferns (table 2) calculated after
dec?nvoluting of the aliphatic stretching region (2800-3000
cm?).

Fig. 2. 2-D scores obtained from PCA of
FTIR spectra of ferns 1-8 for the first two PCs
based on the FTIR regions: 700-900 cm*!

PC-1(58%
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Conclusions

ATR-FTIR spectra coupled with chemometric analyzes
can be efficiently used to discrimination fern species.

The use of chemometrics tools for evaluation of
fingerprints reduced expense and analysis time. The
proposed method can be adopted for routine discrimination
and evaluation of the phytochemical variability in different
fern species. Each species of fern produces difference
secondary metabolic products, which are used as the main
criteria for taxonomic identification of fern. This technique
is less complicated and economically wise than TLC, HPLC
or LC-MS, which are generally used in chemotaxonomy of
fern. It will be developed to simplify chemotaxonomy of
fern in the future.

Fern spores have a reduced viability, but different
conservation methods can extend it. We recommend
further research for establish whether the loss of certain
compounds during the conservation period affects their
viability.
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