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ABSTRACT: Orchidaceae is the largest flowering plant family in the world and
holds significant importance in terms of biological diversity. Many of the species
are found in endemic regions, serving as important indicators for the conservation
of biological diversity. Therefore, research on the morphology, seed and embryo
structures, chemical composition, and taxonomy of orchids is crucial for species
conservation, habitat restoration, and the sustainability of natural habitats. This
research involves comparing the morphometric and chemical contents of seeds
belonging to certain Ophrys L. species and examining interspecies relationships.
The micromorphological features of the seeds were analyzed by using light
microscopy and scanning electron microscopy (SEM), while their chemical
contents were compared by using Fourier transform infrared spectroscopy (FT-IR)
analysis. Seed and embryo morphology, morphometric analysis, and seed coat
chemistry hold diagnostic significance. In species of the Ophrys genus, features like
anticlinal wall structure and periclinal wall reticulation are considered weak
taxonomic characters. FT-IR analysis identifies specific chemical groups in orchid samples, revealing significant differences in
absorbance values and chemical compositions among the different orchid species. Particularly, Ophrys lycia (Lycian Kag Orchid)
shows distinct separation from closely related species at peak points such as 2917 and 2850, 1743, 15185, 1240, and 1031 cm™".
Common peak points in the fingerprint region (1200— 700 cm™") indicate similarity between O. apifera and O. reinholdii subsp.
reinholdii. O. ferrum-equinum, O. mammosa subsp. mammosa, O. fusca subsp. leucadica, O. reinholdii subsp. reinholdii, and O. iricolor
exhibit similar absorbance values in the range of 1500—1000 cm™". These results provide valuable preliminary information about the
structure of orchid seed coats, reticulation presence and pattern, chemical profiles, distribution, and dormancy-germination
processes.
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1. INTRODUCTION traits of endangered orchids will aid in strengthening
conservation efforts. Aytar et al."” conducted a comprehensive
fatty acid analysis in orchid seeds, identifying 30 different
compounds. The most abundant fatty acids were linoleic acid
(27% in seeds and 33% in tubers) and palmitic acid (24% in
flowers). This study highlights both the chemical composition of
seeds and the germination processes, offering valuable biological
insights for the conservation and propagation of orchid species.

The information regarding the chemistry and function of the
seed coat relies on histochemical data obtained using specific
dyes. However, these dyes can inadvertently react with other

Orchids are plants with small and relatively lightweight seeds,
and their lengths vary between 100 ym and 1 mm. On average,
the seed length ranges from 500 to 900 gm.'~* Although the
macroscopic appearances of seeds from different genera are
similar, their diversity is largely attributed to seed coatings.
Mature seeds consist of an undifferentiated, globular embryo
enclosed within a transparent and thin seed coat.” These seeds
lack endosperm, and the occurrence of double fertilization
remains uncertain.” Numerous studies have shown that seed
morphological characteristics can be utilized as taxonomic

characters. 710 macromolecules, leading to potentially misleading interpreta-
Orchids are found in diverse habitats worldwide, leading to

variations in seed germination niches. Seed morphology and Received:  April 1, 2024

seed coat chemical composition provide critical insights into Revised:  July 12, 2024

dispersal mechanisms, taxonomy, orchid evolution, and Accepted: July 15, 2024

adaptations, as well as the physiological attributes of dormancy Published: July 24, 2024

and factors responsible for reinitiating embryo growth.''
Understanding the seed structure, composition, and adaptive
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Figure 1. Ophrys taxa included in the study: (1) Ophrys speculum subsp. speculum, (2) O. iricolor, (3) O. fusca subsp. leucadica, (4) O. lutea subsp.
galilaea, (5) O. apifera, (6) O. sphegodes subsp. herae, (7) O. mammosa subsp. mammosa, (8) O. lycia, (9) O. ferrum-equinum, (10) O. oestrifera subsp.
oestrifera, (11) O. umbilicata subsp. umbilicata, and (12) O. reinholdii subsp. reinholdii (all photos were taken by Dr. I. Gokhan Deniz, one of the authors

of this study).

tions. For instance, certain lipid dyes can react with phenolic
compounds within the tissue.'”'* Despite the uncertainties of
staining techniques, vibrational spectroscopy, in principle,
establishes a direct link among vibrational spectrum, band
positions, intensities, and molecular structures. Fourier-trans-
form infrared (FTIR) spectroscopy, commonly employed in the
chemical analysis of biological materials, offers a rapid and
economical means to investigate plant chemical composition."
Similar to every individual’s fingerprint, the infrared spectrum of
any substance is unique. Hence, utilizing infrared spectroscopy
enables the identification of unknown samples or the
classification of diverse samples.'® Due to distinct chemical
information contained within different orchid species, the FTIR
spectroscopy technique can delineate similarities and disparities
among orchids. This analytical tool facilitates the identification

of major chemical groups and chemical bonds, offering insights
into organic and inorganic biochemical compounds found in
plants and soil.'”'® Dogan et al."” conducted a comparative
analysis of certain plant taxa using FTIR analysis and highlighted
that this method provides reliable data for species differ-
entiation. FTIR-ATR (attenuated total reflection) relies on
attenuated radiation originating from the surface portion of the
sample’s spectrum. The penetration depth of ATR varies
depending on the wavelength of the refractive index of the
utilized crystal and the angle of incidence of the light.”” Durak et
al”' investigated the effects of homogeneous plant material
preparation and sample measurement methods on the results
obtained with ATR-FTIR spectroscopy. The research demon-
strated that both sample preparation and measurement
methodologies significantly influence the ATR-FTIR spectra.

https://doi.org/10.1021/acsomega.4c03130
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Additionally, Liu et al.”* conducted studies revealing differences
in plant cell walls using ATR-FTIR spectroscopy.

The assessment of terrestrial temperate orchid seeds
encounters limitations with FTIR spectroscopy. The testa
layer comprises cell walls, lignins, tannins, lipids, suberins, and
polyphenolic deposits. The accumulation of these compounds
establishes the testa layer as a significant barrier against water
uptake.”>** Particularly, the lignification process and other
polyphenolic deposits within the testa layer can generate broad
and intricate bands in the FTIR spectrum, introducing
uncertainties into analyses. Furthermore, in the case of using
the FTIR-ATR technique, factors such as the thickness of the
testa layer and sample penetration can influence sample
analysis.'' Therefore, the analysis of terrestrial temperate orchid
seeds through FTIR spectroscopy may face certain limitations
and challenges. Nevertheless, when used in conjunction with
other analytical techniques and with the selection of appropriate
sample preparation methods, this method is believed to offer
valuable insights into the chemical composition of orchid
seeds.”>*°

Ophrys L. (Bee orchids) is a taxonomically challenging genus
represented by approximately 45 species ranging from
Scandinavia to North Africa, Europe to Iran and Turkmenistan,
with the literature containing several hundred taxa.”’~*’ While
some species have relatively stable character combinations, the
majority exhibit extensive morphological diversity. Based on this
diversity and morphological variations observed along the
distribution range of species, numerous new taxa have been
described. While the eighth volume of the Flora of Turkey and
the East Aegean Islands lists 27 species of Ophrys L., the recent
literature has approximately doubled this number with updated
information. According to the latest data published in the
lustrated Flora of Turkey, the Ophrys genus is represented in
Turkey by 29 species (+ 33 subspecies, 3 varieties, 10 hybrid
species, 3 hybrid subspecies).’”® The pseudocopulatory mech-
anism associated with pollinators in the genus and the extensive
morphological variation among species pose challenges to
classification. While characteristics of sepals and petals are
among the distinguishing features at the species level, the most
significant distinguishing characters belong to the labelum.

The aim of this study is to compare the morphological
characteristics of seeds and the chemical composition of seed
coats of Ophrys species and to obtain taxonomic and
physiological data in addition to morphological distinguishing
characters. Sample evaluation is conducted through the analysis
of absorbance peaks. Each peak in the spectrum corresponds to a
biochemical component, and differences in peak intensities are
examined to distinguish between samples. Thus, the importance
of FTIR spectroscopy in plant taxonomy and understanding the
chemical composition of orchids is highlighted. This method
can provide more information about chemical differences
among Ophrys species and contribute to understanding their
taxonomic and evolutionary processes.

2. EXPERIMENTAL SECTION

2.1. Collecting Orchid Seeds and Assessment on Seed
Micromorphometric. Seeds of Ophrys sphegodes subsp. herae
(M.Hirth & H.Spaeth) Kreutz, Ophrys apifera Huds., Ophrys
lycia Renz & Taubenheim, Ophrys lutea subsp. galilaea
(H.Fleischm. & Bornm.) Sod, Ophrys speculum subsp. speculum
Link, Ophrys iricolor Desf., and Ophrys umbilicata subsp.
umbilicata Desf., Ophrys reinholdii subsp. reinholdii Spruner ex
Fleischm., Ophrys fusca subsp. leucadica (Renz) H.Kretzschmar,

Ophrys ferrum-equinum Dest., Ophrys mammosa subsp. mammo-
sa Desf,, and Ophrys oestrifera subsp. oestrifera M.Bieb. were
collected during the seed maturation period from Samsun,
Antalya, and Mugla province (Figure 1). Herbarium records are
listed in Table 1. All seeds were obtained through natural

Table 1. Herbarium Records Containing Ophrys Species

species herbarium number
Opbhrys sphegodes subsp. herae AKDE-7989
Ophrys apifera AKDE-8168
Opbhrys lycia AKDE-8078
Ophrys lutea subsp. galilaea OMUB-8800
Ophrys speculum subsp. speculum OMUB-8801
Ophrys iricolor OMUB-8799
Ophrys umbilicata subsp. umbilicata AKDE-9005
Ophrys reinholdii subsp. reinholdii AKDE-9822
Ophrys fusca subsp. leucadica AKDE-8156
Ophrys ferrum-equinum AKDE-9447
Ophrys mammosa subsp. mammosa AKDE-7996
Opbhrys oestrifera subsp. oestrifera OMUB-7727

pollination in 2018. The seeds extracted from capsules were
naturally dried at room temperature for a few weeks and
subsequently stored in glass vials in a refrigerator.

Thirty seeds from each orchid species were measured to
determine seed size (length and width) and embryo size (length
and width) using a modified light microscope (DM4000 B;
Leica), a motorized specimen stage for automatic sampling (Bio
Precision MAC 5000 controller system; Ludl Electronic
Products. Hawthorne. NY), and a CCD color video camera
(Optronics Micro Fire. Goleta. CA).

Seed, embryo, and air space volume were calculated as follows
as described by”'

embryo volume: Ev
= (4/3) x (22/7) x (EL/2) x (EW/2)* (1)

seed volume: Sv =2 x ((SW/2)* x (SL /2) x (1.047))
)
air — space volume: ASV = (SV — EV X 100)/Sv 3)

where SW is the seed width, SL is the seed length, EW is the
embryo width, and EL is the embryo length.

2.2. Scanning Electron Microscope Imaging. The dry
seeds were carefully dissected and then mounted onto stubs
using double-sided carbon tape for electron microscopy
imaging. To enhance conductivity and provide a better imaging
surface, the samples were coated with a thin layer of gold—
palladium (12.5—-15 nm) using an SEM coating system
(SC7620). The examination and imaging processes were
conducted using a JEOL JMS-7001F scanning electron
microscope (SEM) at a voltage range of 5—15 kV.** Various
aspects such as seed shape, seed coat reticulating, and cell wall
edge structure were thoroughly evaluated and analyzed based on
the obtained SEM electron micrographs.

2.3. FT-IR Analysis of Seed Coats. The embryos and inner
seed coats were removed with a needle using a stereo-
microscope. No chemical treatment was applied and allowed
only the outer seed coat surface analysis. Attenuated total
reflection-Fourier transform infrared (ATR-FTIR) analyses
were performed using a Spectrum 400 spectrophotometer
(PerkinElmer, Waltham, MA, USA) equipped with a DTGS

https://doi.org/10.1021/acsomega.4c03130
ACS Omega 2024, 9, 33773—-33788


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c03130?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 2. Principal Seed Characters of the 12 Ophrys Species

seed cell number on
species name seed color shape longitudinal axis
Opbhrys sphegodes subsp. herae  light brown fusiform 4-6
Ophrys apifera yellowish fusiform 5=7
brown
Ophrys lycia yellowish fusiform 4-6
brown
Ophrys lutea subsp. galilaea dark brown clavate 4-6
Opbhrys speculum subsp. dark brown clavate 5-7
speculum
Ophrys iricolor dark brown fusiform 4-6
Ophrys umbilicata subsp. light brown fusiform 3-6
umbilicata
Opbhrys reinholdii subsp. light brown clavate 4-6
reinholdii
Opbhrys fusca subsp. leucadica ~ brown fusiform 4-6
Ophrys ferrum-equinum light brown clavate 4-S
Ophrys mammosa subsp. light brown fusiform 5=7
mammosa
Opbhrys oestrifera subsp. dark brown clavate 4=S

oestrifera

differences between chalazal and medial  reticulation of periclinal

region cell cell wall
absent straight/anastomosed
present straight/anastomosed
present straight/anastomosed
present straight/anastomosed
present straight/anastomosed
present inclined/anastomosed
present straight/anastomosed
present straight, inclined
anastomosed

present straight/anastomosed
present inclined/anastomosed
present straight/anastomosed
present straight/anastomosed

(deuterated triglycine sulfate) detector. In general, a scan/
spectrum was obtained with a resolution of 4 cm™" in the range
of 4000—400 cm™."" Samples were analyzed without any prior
processing. Peak frequencies were determined by using the
PerkinElmer Spectrum One FTIR software. Secondary peaks
and absorbance values determined and calculated with the
PerkinElmer Spectrum Quant Program)

2.4, Statistical Analysis. In this research, the use of
ANOVA and Duncan tests is crucial for understanding the
statistical analysis of micromorphological differences among
seeds. The ANOVA (analysis of variance) test was employed to
assess whether there are statistically significant differences in
seed features among the various species. This test is particularly
useful when comparing the means of three or more groups, as it
helps determine if at least one group’s mean is different from the
others. The importance of using ANOVA lies in its ability to
handle multiple groups simultaneously, thus providing a
comprehensive overview of the data’s variance and ensuring
that any observed differences are not due to random chance.

After establishing that there are significant differences with the
ANOVA test, the Duncan test was used as a pairwise post-hoc
test to pinpoint exactly which species’ seed features differ from
each other. The Duncan test helps to identify specific pairs of
groups that have significant differences in their means. This test
is particularly valuable because it controls for type I errors (false
positives) when making multiple comparisons, thus providing
more precise results regarding interspecies differences.

Both tests were conducted using the SPSS package program
for Windows (version 21),* which is a widely used statistical
software that facilitates robust data analysis through user-
friendly interfaces and advanced statistical functions. This
combination of ANOVA and the Duncan test ensures a
thorough and accurate analysis of the micromorphological
differences among seeds, making the results reliable and
meaningful for further interpretation and application.

FTIR peak intensity and area were measured using the
OMNIC software after spectra normalization. Statistics and
curve fitting were done using the Origin software.”*

For the graphical representation of seed dimensions and FTIR
analysis results with species-specific clustering. Principal

component analysis (PCA) was conducted using Past program
Version 4.03.

3. RESULTS AND DISCUSSION

3.1. Seed Micromorphological Evaluation. In the
taxonomic differentiation of the Ophrys genus, the sizes of the
floral parts are significant distinguishing features among
generative characters. Species and their close relatives are
evaluated within groups based on characteristics such as the
number and shape of lip divisions, color, presence of shoulders,
pattern shape, structure of the connective, and whether there is
additional appendage at the tip of the lip. Within the same group,
flower tissue colors are as prominent as sizes among species.
Typically, reaching a conclusion on species diagnosis is achieved
by the presence of characteristics such as the posture and size of
sepals and petals, petal shape and indumentum, type of
indumentum on the outer edges of the lip, and the number of
flowers, supporting these characters.’” The diversity in relevant
morphological characteristics within the genus is so extensive
that, along with the formation of hybrid individuals among
species through pollination mechanisms, taxonomy has become
almost intricate in recent times. One of the most influential
factors in this complexity is the publication of individuals with
characteristics within the morphological boundaries of taxa from
one region to another as new taxa in the scientific world.
Researchers evaluating species within groups can classify this
group under a single species name with a holistic approach, while
they can also divide it into dozens of taxa, each indicating a new
name and taxon, even with the slightest variation in character.
For these reasons, effective distinctions and a holistic approach
to new characters that can be used in the taxonomy of the genus
are needed.

In this study on the seed morphology and seed coat chemistry
of the genus, the focus has been on the differences in the smallest
units that perpetuate the species. According to SEM micro-
graphs, the structure of the anticlinal and periclinal walls of seed
coat cells can be considered to have weak taxonomic character
within the Ophrys genus. However, previous studies have
considered it a relatively significant character among different
genera or species within the same genus.”*’

https://doi.org/10.1021/acsomega.4c03130
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Figure 2. SEM images of seeds and testa cells are as follows: (A1) General seed image O. apifera, (A2) Testa cell image of O. apifera, (B) O. ferrum-
equinum, (C) O. fusca subsp. leucadica, (D) O. iricolor, (E) O. lutea subsp. Galilaea, (F) O. lycia. The scale bar for general seed images (A1, B1, C1, D1,
E1, F1) is 100 ym and for testa cell images (A2, B2, C2, D2, E2, F2) is 10 um.

The anticlinal wall structure in the seed coat, presence and
orientation (vertical/inclined) of reticulation in the periclinal
walls, and the presence of anastomosis in the reticulation were
evaluated based on SEM images and are presented in Table 2.
The presence of reticulation in the periclinal cell walls of all
Ophrys species studied was observed in the SEM images. In
seeds of O. ferrum-equinum and O. iricolor, periclinal cell walls
were inclined, reticulated, and anastomosed, whereas in O.
reinholdii subsp. reinholdii, both vertical and inclined reticulated
and anastomosed cells were notable. In species other than these
three, the reticulation is vertical and anastomosed. The anticlinal
cell walls of seeds belonging to all species are flat.

The examined species exhibited a range of variations in seed
shape, spanning from fusiform to clavate. In certain species with
fusiform-shaped seeds, the central region displayed greater
width than the ends due to the embryo’s positioning. Variations

were observed in several characteristics of the anticlinal walls of
the chalazal pole cells, with the basal cells appearing short and
polygonal, while the medial cells were elongated (Figures 2 and
3).

The conducted one-way analysis of variance (ANOVA)
revealed significant variations in the morphological data of the
measured seeds among the 12 studied species. To determine the
specific changes among species groups with significant differ-
ences, Duncan’s test was applied, and the results are presented in
Table 3.

Seed length significantly varied based on species (F (11, 348)
=51.563, p =0.000). The longest seeds were found in O. apifera,
whereas the smallest seed length was observed in O. umbilicata
subsp. umbilicata. Seed width also showed significant differences
based on species (F (11, 348) = 27.046, p = 0.000). The widest
seeds were in O. apifera, while the narrowest seeds were in O.

https://doi.org/10.1021/acsomega.4c03130
ACS Omega 2024, 9, 33773—-33788
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Figure 3. SEM images of seeds and testa cells are as follows: (G1) General seed image O. mammosa subsp. mammosa, (G2) Testa cell image of O.
mammosa subsp. mammosa, (H) O. oestrifera subsp. oestrifera, (1) O. reinholdii subsp. reinholdii, (J) O. speculum subsp. speculum, (K) O. sphegodes subsp.
herae, and (L) O. umbilicata subsp. umbilicata. The scale bar for general seed images (G1, H1,11,J1, K1, and L1) is 100 ym, and for testa cell images

(G2, H2, 12, J2, K2, and L2) it is 10 ym.

umbilicata subsp. umbilicata. The seed length/width ratio
exhibited significant variations among species (F (11, 348) =
6.624, p = 0.000). The largest seed length/width ratio was
measured in O. reinholdii subsp. reinholdii, while the smallest
ratio was in O. lutea subsp. galilaea.

Regarding seed volume values, there were significant
differences based on species (F (11, 348) = 38.483, p =
0.000). O. speculum subsp. speculum had the largest seed volume,
whereas O. umbilicata subsp. umbilicata possessed the smallest
seed volume. In terms of embryo morphological assessment, the
embryo length significantly varied among species (F (11, 348) =
44.255, p = 0.000). The species with the longest embryo was O.
apifera, whereas the shortest embryo was observed in O.
umbilicata subsp. umbilicata. Embryo width also showed
significant differences based on species (F (11, 348) = 37.948,

p = 0.000). The narrowest embryo belonged to O. umbilicata
subsp. umbilicata, while the widest embryo was found in O.
apifera.

Upon analyzing the embryo length/width ratio, significant
changes were detected among species (F (11, 348) = 2.535,p =
0.004). The species with the highest ratio was O. oestrifera subsp.
oestrifera, and the lowest ratio was observed in O. lycia.
Concerning embryo volume, significant differences were found
among species (F (11, 348) = 45.953, p = 0.000). When
comparing species, O. umbilicata subsp. umbilicata had the
lowest embryo volume, while O. apifera had the highest volume.
The analysis of the seed volume/embryo volume ratio revealed
significant changes in measurements among species (F (11, 348)
=34401,p= 0.000). The species with the highest volume ratio
was O. speculum subsp. speculum, whereas the lowest ratio was

https://doi.org/10.1021/acsomega.4c03130
ACS Omega 2024, 9, 33773—-33788
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Table 4. Loadings of Seed Morphological Data on PC1 and PC2

seed morphological data

positive loadings

PC1  the percentage of gap, seed volume/embryo volume, seed volume

PC2  seed volume/embryo volume, seed volume, embryo volume, seed length/width ratio

negative loadings

embryo width, seed width, seed length, embryo length/width ratio
(L/W), embryo length, embryo volume, seed length/width ratio
(L/w)

the percentage of gap

(L/W), seed length, embryo length, embryo width, embryo length/width ratio (L/W),

seed width

'Ophrys cestrifera subsp. cestrifera

Ophrys spifers

@Ophry remholdn subsp. reinholdii

PC2

Ophrys fusca subsp. leycidica
hrys lycid

14 hrys incolor

@Ophrys speculum subsp. speculum

€0phrys mammosa subsp mammosa
Ophrys sphegodes subsp. herac® @Qphrys umbilicats subsp umbilicata

@Ophrys ferrtm-equinum

Ophrys lutea subsp. galilaea

= T T
-20 15 -10 -5 0

PC1

Figure 4. PCA plot illustrating the species-dependent variations in seed measurements.

observed in O. lutea subsp. galilaea. Lastly, considering the void
percentage, significant differences were observed among species
(F (11, 348) = 13.966, p = 0.000). O. speculum subsp. speculum
exhibited the highest void percentage, while the lowest void
percentage was found in O. oestrifera subsp. oestrifera.

When the morphological measurements of the obtained seeds
are compared with various studies in the literature containing
similar measurements, it is found that the seed measurements of
the species are similar to those in some studies in the literature,
while they differ from others. Indeed, it is observed that different
studies of the same species in the literature also yield different
results. For instance, in Aybeke,9 the measurements of O.
sphegodes and O. apifera seeds indicate smaller seeds compared
to our findings, while it was determined that our measurements
for O. mammosa and O. oestrifera are similar to each other.
Similarly, in another study, while the measurements of O. lutea
seeds correspond to our findings, the measurements of O.
speculum and O. iricolor seeds Deniz et.”” are smaller than our
measurements. In another study, the measurements of O. fusca,
O. speculum, and O. sphegodes seeds match our measurements;
however, while our measurements for O. apifera seeds are higher
than the measurements in this study, it was observed that our
measurements for O. lutea seeds”” are lower. We believe that the
differences may be attributed to variations in the time of seed
collection, maturity status of the seeds, ecological differences in
the areas where the plants were collected, and the precision of
the measurements taken.

3.2. PCA Results. Principal component analysis (PCA) is a
statistical technique used to reduce the dimensionality of
multivariate data and identify the primary variables (principal
components). PCA creates new variables (principal compo-
nents) that maximize the variance in the data, making it easier to
visualize patterns and relationships within the data sets. PCA is
particularly effective for understanding and interpreting data sets
with high correlations among the variables.’® According to the
results of PCA, orchid species located within the same ellipse
possess seed characteristics more similar to those of other
species. O. speculum subsp. speculum, O. mammosa subsp.
mammosa, and O. ferrum-equinum have shown distinct position-
ing from other species due to their similar seed characteristics
and have been clustered on the positive side of the PC1 axis.
Although the remaining species are located on the negative side
of the PC1 axis, considering the PC2 axis, O. oestrifera subsp.
oestrifera, O. apifera, and O. reinholdii subsp. reinholdii are
clustered on the positive part of the axis, while other species are
grouped on the negative part of the PC2 axis. PC1 explains
92.8% of the total variance in the quantitative data followed by
PC2 with 5.4%, resulting in a cumulative variance of 98.2%
(Table 4, Figure 4). The key quantitative characteristics
contributing to the formation of observed clusters in PCA
were percentage of gap, seed volume/embryo volume, and seed
volume. Additionally, significant quantitative characteristics in
this study included embryo width, seed width, seed length,
embryo length/width ratio (L/W), embryo length, embryo
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Figure 5. (A) Spectra of all analyzed Ophrys species in the range of 4000—400 cm™" and (B) expended spectra of all analyzed Ophrys species in the

range of 1800—400 cm™ L

volume, and seed length/width ratio (L/W). The contributions
of the measured variables to PCA are presented in the table
below.

The main characteristics providing the initial differentiation in
terms of morphological variation are observed to be the volume
of seeds, percentage of void space, seed volume/embryo volume
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ratio, and length/width ratio. When evaluated in this aspect, it is
noteworthy that O. speculum, which is located in the first
separated group and has extreme positive values in both PC1
and PC2 correlations, is considered the most primitive species in
terms of morphological development. The presence of a bright
blue pattern resembling a mirror spread across the entire surface
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Table S. Characteristic FT-IR Bands of Ophrys Seed Coats

wavenumber
(em™) chemical assignment source
3600—-3100  O—H and C—H stretching vibration polysaccharides
3329 O—H stretching vibration (Hydrogen cellulose and
bonded) lignin
2917 and -CH, stretching vibrations (aromatic polysaccharides,
2850 methoxy groups and methylene and lipids, and lignin
methyl groups)
1743 C==0 stretching vibration of carboxyl hemicellulose
and acetyl group
1601 aromatic skeleton vibration lignin
1516 COO- stretching hemicellulose
1443 C—H plane deformation cellulose
1371 asymmetric CH, bending cellulose and
lignin
1318 CH, wagging cellulose and
lignin
1239 in plane OH bending cellulose and
lignin
1185 C—O stretching of ester groups cellulose and
hemicellulose
1102 aromatic C—H deformation of syrgnl lignin
units
1030 O—H stretching of primary alcohols polysaccharides,
cellulose, and
lignin
833 C—H out of plane deformation lignin

of the labelum and long soft hairs on the lip edges in the flowers
of this species places it in a morphologically isolated position
with characters not seen in any other Ophrys species on the
Earth.”” It is quite intriguing that the same isolative conditions
are observed in the seeds of the species. Indeed, O. speculum,
considered the most primitive species morphologically within
the Ophrys species of the Mediterranean region and having the
widest distribution range among all species, also possesses the
largest seeds. The species has the most extreme values within the
study, with a seed volume of 5.06 yim, the highest seed volume/
embryo volume ratio of 15.82 (with a moderately sized embryo
dimensions of 0.34), and a void space percentage of 92.23. When
evaluated in this aspect, a gradual decrease in the seed size can be
observed with increasing development. Another data supporting
this view is observed in O. apifera, with PC1 having positive and
PC2 having negative values. Considering the morphological
features of the taxa within the scope of the study, according to
the Illustrated Flora of Tiirkiye, O. apifera, which has attached lip
tips and pointed connectives, is the most primitive species of the
groups with attached lip tips and pointed connectives (excluding
O. speculum and O. fusca group species).’” Interestingly, after O.
speculum, the largest seeds in terms of the relevant numerical
values belong to O. apifera. In all subsequent species, a gradual
decrease in the seed size is observed with increasing develop-
ment.

The emerginate shape of the labelum at the tip and its lack of
appendage, the fragmented form of the labelum with three lobes
at the edges, and the blunt shape of the connective at the tip
bring O. speculum, the most primitive species in the study,
morphologically closer to the species in the O. fusca group.™ O.
fusca ssp. leucadica, O. lutea ssp. galilea, and O. iricolor, included
in the study, are species within this group and exhibit all three
main characters prominently. The fact that all three taxa are
placed in the same group in the PCA obtained from studies of
seed morphology supports this character integrity. Among these
species, O. fusca is interpreted to carry more ancestral characters.

In addition to a similar pattern structure, the yellow and wing-
like bands formed at the edges and tip of the labelum indicate a
more developed morphology. As corroborated, the taxon with
the smallest volume values for both seed and embryo is
identified as O. lutea ssp. galilea

Another pair of species that are morphologically brought
closer together by seed morphological measurements within the
genus is O. mammosa and O. ferrum-equinum. Scientific names
such as O. mammosa, O. ferrum-equinum, O. argolica, and closely
related taxa have often been subject to taxonomic transfers
among each other. Essentially, the shoulder structure seen in O.
mammosa, the pattern spread across the entire labelum in the
shape of the letter H, and the brownish lip character are not
observed in the other two species. This morphological difference
has also supported the separation of O. mammosa from O.
ferrum-equinum in terms of seed morphology evaluated in this
study. These two species are close enough to be placed in the
same group in PCA yet sufficiently distant to highlight their
differences. A similar difference to O. mammosa is observed in O.
sphegodes. According to some taxonomic views, the seed
characters of O. mammosa and O. sphegodes, which are evaluated
under the same species name and have been subject to
taxonomic transfers under these names, clearly indicate two
species that are morphologically distinct from each other. In the
taxa of O. sphegodes found in Tiirkiye (ssp. herae and ssp.
caucasica), the stigma cavity entrance at the base of the lip ranges
from yellowish-green to orange or brick red; the lip varies from
light to dark brown; the false eyes range from yellowish-green to
black. On the other hand, in O. mammosa, the stigma cavity
entrance at the base of the lip ranges from purplish to blackish;
the lip ranges from purplish to blackish-purple; the false eyes are
whitish-lilac to black. Additionally, O. sphegodes ssp. herae
evaluated in the study, the flowers are smaller than those of O.
mammosa.”’

The priority of the name O. sphegodes, alongside its common
morphological characteristics, has been a subject of discussion in
some literature studies, leading to the publication of names that
are mostly considered at the species level as subspecies of O.
sphegodes. However, the seed morphological measurements do
not support the taxonomic view previously published as that of
O. sphegodes ssp. mammosa but rather indicate two clearly
distinct taxa. In addition to the common character integrity
within the genus O. sphegodes, the data obtained in this study
have shed light on the taxonomic position of O. lycia. O. lycia is a
highly localized endemic species specific to the Kas district of
Antalya (Tiirkiye). Recent detailed field studies conducted as
part of conservation efforts have shown that its surface
distribution is limited to four villages.”” Considering the
distributions of the species, stable taxonomic characters suggest
that the species has transitional characters between O. mammosa
and O. argolica and may be of hybrid origin. The data obtained
from seed measurements indicate the closeness of the species to
O. sphegodes compared to O. mammosa (Figure 3). Indeed, the
recent literature shows that the name O. lycia is considered
under O. sphegodes as O. sphegodes ssp. lycia.”” When the
taxonomy of the genus is evaluated, it is observed that color
characters are as stable and dominant as structural characters.
The floral covers and colors of O. lycia resemble those of O.
argolica, while its pattern structure is similar to O. sphegodes and
O. mammosa. No fragmentation is observed in the lips of the
species, and there is no shoulder structure. The labelum, sepals,
and petals are in shades of purplish-pink. Besides these
characteristics observed in regional examples of O. argolica,
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Absorbance ( 10‘3)

Frequency (cm'l)

Figure 6. (A) Second derivative spectra of all samples with absorbance unit. (B) Detection of shifts in frequencies and determination of absorbance
differences on the second derivative in the range of 29202915 cm™, (C) 2855—2848 cm™, (D) 1748—1740 cm™", (E) 1637—1630 cm™", (F) 1606—
1602 cm™, (G) 1517—1513 cm™, (H) 1270—1260 cm™", (1) 1250—1240 cm™, (J) 1205—1200 cm ™", (K) 1170—1160 cm™, (L) 1036—1032 cm™,

(M) 875—870 cm™, (N) 836—830 cm™".

the pattern structure is in the shape of the letter H, as in O.
sphegodes and O. mammosa. Additionally, in these two species,
shades of yellowish-green dominate in the lips, sepals, and petals.
Based on these morphological differences, the recent literature
has published the name at the species level as O. lycia.”

These distinguishing characteristics are also supported by the
morphological seed measurements obtained in the present
study. The results of the FTIR analysis presented in this study
also support the evaluation of O. lycia at the species level.

3.3. FTIR Analysis of Seed Coats. FTIR spectra of
seedpods of 12 species belonging to the genus Ophrys are
shown in Figure S. The presence of various functional groups
through the absorption bands of the phytocompounds of the
seedpods is shown in Table 5.

Orchids are composed of many biochemical materials such as
cellulose, hemicellulose, lignin, polysaccharides lipids, proteins,
and other biofragments, which are visible at infrared spectra.*®
The observed peaks between the 3600 and 3100 cm ™" region are
attributed to the characteristic peaks of O—H and C—H

https://doi.org/10.1021/acsomega.4c03130
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stretching vibrations.” Especially the broad peak at 3329 cm™,

commonly found in every plant species, is labeled as the
stretching vibration of hydroxyl groups in polysaccharides. This
peak is essential evidence for inter- and intramolecular hydrogen
bond vibration of cellulose and lignin in samples.””*" The
vibrations found at 2917 and 2850 cm™' belong to the
asymmetrical and symmetrical —CH, stretching vibrations of
aromatic methoxy groups and methylene and methyl groups in
polysaccharides, lipids, and lignin compounds.”’42 A weak peak
at 1743 cm™ is assigned to the unconjugated C=0 stretching
vibration of carboxyl and acetyl groups in hemicellulose moiety
of samples.””*’ Likewise vibration detected at 1639 cm™
represents the C=O0 asymmetric vibration sourced from pectin,
cellulose, and some alkaloids. At 1601, 1516, and 1443 cm™),
observable peaks are labeled as aromatic skeleton vibration of
lignin groups, COO— stretchin§ of hemicellulose, and C—H
plane deformation of celluloses.”™* The bands seen at 1371,
1318, and 1239 cm ™" are assigned as asymmetric CH, bending,
CH, wagging, in plane OH bending of phenolic groups, and CH
deformation, respectively.***” The peak at 1155, 1102, and 1030
em™! are associated with C—O stretching of ester groups,
aromatic C—H deformation of signal units, and O—H stretching
of primary alcohols of cellulose and lignin.**** The observable
peak seen at 833 is labeled as C—H out-of-plane deformation of
lignin groups.'">® All infrared bands and peaks are in good
agreement with the literature studies.

In FTIR spectroscopy, secondary peaks refer to smaller or less
prominent peaks observed in addition to the primary absorption
peaks. These peaks can arise from various factors such as
vibrations of side groups within the molecule, the presence of
different functional groups, secondary interactions between
molecules (e.g, hydrogen bonding), and the presence of
additives or contaminants in the sample. Secondary peaks
provide more detailed information about the molecular
structure and accurately identifying these peaks aids in a better
understanding of the molecule’s chemical structure and
interactions.”’ As stated in previous studies in the literature
and this work, infrared spectroscopy has many purposes for
usage in many scientific works.””*> One of the usages is finding
the functional groups located in samples by detecting frequency
values in the spectrum. Determination of functional groups gives
essential information (i) about the chemical contents, (ii) about
structural knowledge, and (iii) about the number of analytes by
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calculating peak areas. Likewise, infrared spectroscopy can prove
the similarity of samples that are investigated. However, the
number of chemical components in samples, such as plants such
as orchids, causes the escalate the number of vibrations and
makes the spectra more difficult to examine. In addition to this
problem, some peaks that can give important evidence about
structural, chemical, and quantitative information can be
invisible in complex spectra. This problem can be solved by
obtaining the second-order (derivative) spectrum from the zero-
order spectrum.”*

In this study, it is obviously clear that infrared spectra of all
Ophrys genus are nearly the same because they have similar
vibration frequencies. These data can give the idea that all
investigated samples are of the same type, and structure and can
contain the same amount of biomolecules. In response to this,
when the second-order spectra of samples are examined, the
observed differences in absorbance values at similar and several
different frequency values indicate that the samples are different.
These important differences in spectra are given in some regions
with changes in frequency and absorbance in Figure 6.

Although the differences were figured out in second derivative
spectra, due to the number of analyzed samples, spectra were
converted to simple graphs to explain Figure 5 more clearly. For
this purpose, the calculated absorbance values from second-
order spectra can be used as a fingerprint for examining the
differences and similarities in analyzed samples, as shown in
Figures 7 and 8.

It is obviously seen that Figures 6 and 7 show and prove the
variability in samples more explainable. From the two figures, it
is observed clearly that O. lycia has almost different absorbance
value for each frequency according to other species, which
proves that O. lycia differs totally from other samples. When
Figure 7 is analyzed in detalil, it is seen that O. oestrifera subsp.
oestrifera is a different species, but it may be close to O. lycia. O.
umblicata subsp. umblicata is another sample that is
distinguished clearly by its absorbance values at 1600—1000
ecm™. O. apifera also has different absorbance values in the
region 2950—1600 cm™". Although these data prove that this
species may be different, the fact that the peaks in the fingerprint
region are common with species O. reinholdii subsp. reinholdii
show that these two species can be in the same type. The
absorbances values in region 1500—1000 cm ™" are very close to
each other for species O. ferrum-equinum, O. mammosa subsp.
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mammosa, O. fusca subsp. leucadica, O. reinholdii subsp.
reinholdii, and O. iricolor, which may prove that these species
are close to each other. Especially three species O. ferrum-
equinum, O. mammosa subsp. mammosa, and O. iricolor have
almost the same absorbance value for each investigated
frequency. Ophrys speculum subsp. speculum has slightly different

33785

absorbance values from others makes it a different species. When
all figures examined carefully, it was observed that O. sphegodes
subsp. herae is one of the different species and can be a closer
type with O. speculum subsp. speculum. Although O. lutea subsp.

galilaea is considered to be in the same class as some species for
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each frequency value, the small difference in absorption values
indicates that this species may be in a separate class.

Fourier-transform infrared (FTIR) spectroscopy is a powerful
analytical tool commonly used in the chemical analysis of
biological materials. This method offers a fast, eco-friendly, and
cost-effective option for examining plant chemical composi-
tions.” When used in conjunction with leaf surface measure-
ments, FTIR spectroscopy holds great promise for assisting in
the identification of plants at the genus and (sub)species levels.
This analytical method allows for the identification of major
chemical groups and chemical bonds, providing information
about the biochemical compounds present in the sample.
Additionally, FTIR spectroscopy aids in the identification of the
main organic components of plant materials and characterizes
the inorganic compounds found in plants and soil.***’

The results of our study show that especially the three species
O. ferrum-equinum, O. mammosa subsp. mammosa, and O. iricolor
have almost the same absorption values at each investigated
frequency. Additionally, it is clearly observed that O. lycia has
absorption values at each frequency that are almost different
from those of the other species, proving that O. lycia is entirely
different from the other samples. These data can be used in
conjunction with morphological data for taxonomic character
separation. FTIR spectroscopy has been successfully used in a
series of studies aimed at distinguishing different species in plant
biology. For example, it has been successfully used in studies on
cell wall mutant plants,®®*” cell wall composition and
structure,”’ mechanical properties and molecular dynamics of
plant cell wall polysaccharides,’’ and determination of fruit
content in processed foods.”> Recent studies have shown that
FTIR has great taxonomic value at the species and subspecies
levels in the Hypericum and Triadenum genera and reflects
phylogenetic relationships among higher plant species.”” In
previous studies, Gorgiilii et al.** used FTIR to characterize and
distinguish species in the Acantholimon, Ranunculus, and
Astragalus genera, suggesting that FTIR could be used as a
new method to distinguish plants at the genus level and even
based on chemical structural differences. FTIR has also been
successfully used to determine the level of species growing under
different environmental conditions. In another study, Barsberg
et al.’ demonstrated that ATR-FT-IR spectroscopy can
distinguish C-lignin from G/S-lignin, thus allowing for the
monitoring of accumulations in orchid seed coats in the days
following pollination. This method has particular value for the
outer seed coat layer. Additionally, it can distinguish other
molecular components in seed coats and demonstrate the
varying seed coat chemistry among the species. The preference
for C-lignin and the predicted linear extended polymer
conformations suggest that the seed coat may form an optimal
hydrophobic film or barrier in the interaction with lipid
components. This is fundamentally different from the expected
more complex amorphous polymers of G/S-lignin. This
arrangement of C-lignin has been found to enhance the overall
barrier properties and durability of the seed coat.

5. CONCLUSIONS

This study aimed to compare the morphometric and chemical
contents of seeds from specific Ophrys species, examine
interspecies relationships, and achieve specific objectives. The
findings underscore the significant role of morphological and
chemical analyses in taxonomic classification. Particularly, it
highlights the inadequacy of relying solely on morphological
characteristics to determine taxonomic positions and empha-

sizes the effectiveness of chemical analyses in revealing
differences among species. Future studies should encompass a
broader range of species, integrate genetic analyses, and explore
ecological and physiological factors. This approach could lead to
a deeper understanding of orchid seed biology and enable more
precise taxonomic classification. Future research should broaden
the scope to include a wider range of species, particularly
endemic species and geographical variations. This could
contribute to a better understanding of taxonomic diversity
and the development of strategies for conservation of
biodiversity conservation. Additionally, integrating genetic
analyses can deepen the investigation of interspecies relation-
ships and evolutionary connections, complementing morpho-
logical and chemical data in supporting taxonomic classification.
Studies focusing on ecological and physiological factors are
crucial for providing comprehensive insights into the life cycles,
habitat preferences, and adaptations of orchids. This knowledge
is essential for effectively directing conservation efforts and
habitat restoration effectively. In conclusion, the findings of this
study provide a solid foundation for further research on orchid
seed biology and taxonomy. This foundation represents a
significant step toward scientific advancements and contribu-
tions to the sustainability of natural ecosystems.
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