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Nowadays, many new threats are posed by e.g. 
multidrug-resistant pathogens (MDR) and infections 
with zoonotic viruses (e.g. SARS-CoV-2). Therefore, 
the search for new therapeutic substances is extreme-
ly important. Particularly valuable are substances of 
natural plant origin, which can not only be a source of 
new drugs but also enhance therapeutic effects through 
synergism and in many cases are safer for the patient 
and the environment [Chrząszcz et al. 2020, Magryś 

et al. 2021]. Many plant species contain biologically 
active substances (BAS), which have enormous poten-
tial as medicinal herb materials (MHM) but have been 
poorly understood and used in broad-sense medicine 
so far [Inoue and Hayashi 2021]. One of such valua-
ble substances are phenolic compounds, which belong 
to secondary metabolites. They play an important role 
in growth, reproduction, and especially protection 
against various biotic and abiotic stresses. In addition 
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ABSTRACT 

The present study of Knautia drymeia and K. macedonica is in line with the current trend of searching 
for new plant species that can potentially be used as medicinal herb materials. A comparative analysis of 
the morphological and anatomical structure of both species was performed together with the distribution 
of polyphenolic compounds, which was correlated with the tissue structure of plant organs. Quantitative 
phytochemical analyses were performed to supplement the biophysical analyses. Both species had a similar 
morphological, anatomical, and histological structure. Polyphenolic compounds were accumulated in the 
parenchyma tissue in an organ-specific mode, mainly in the leaves. The phytochemical analyses revealed 
organ- and species-dependent variations in the polyphenol content. Thus, the highest polyphenol amount 
was observed in the leaves, with equal levels of total polyphenols and phenolic acids in the leaves of 
K. macedonica and K. drymeia, respectively. The present study integrates morphological/histological analyses
with investigations of the biotechnological/pharmaceutical potential of the studied plants and constitutes an
innovative and holistic approach to the current research problem.
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to the biological significance, phenolic compounds 
contribute to the sensory characteristics and colour 
of fruits and vegetables [Balasundram et al. 2006]. 
Importantly, considering the pharmaceutical issue, 
phenolics possess a wide range of biological activities 
considered for medicinal applications, such as anti-in-
flammatory, anti-allergic, anti-bacterial, antioxidant, 
anti-thrombotic, cardioprotective, and many more ef-
fects; thus, phenolic compounds present in plants rep-
resent one of the most valuable substances that can be 
used as a therapeutic agents; at the same time, plants 
are the biggest reservoir of such compounds, which 
have been poorly explored to date, bringing high ca-
pacity for the future development of new drugs [Zhang 
et al. 2022].

The research conducted so far on the determination 
of MHM in plants from the genus Knautia L. has in-
dicated that some species exhibit pharmaceutical/bio-
technological potential. For instance, Knautia arvensis 
has a high level of phenolic compounds [Tawaha et 
al. 2007, Moldoch 2011] with anti-proteolytic com-
pounds [Selje et al. 2007, Hoffmann 2008]. It has also 
been found that various extracts from K. arvensis herb 
exhibit antibacterial, anti-inflammatory, and antiox-
idant, expectorant, diuretic, and analgesic properties 
[Launert 1981, Allen and Hatfield 2004, Kosch 2013]. 
The extract of this species is also a muscle relaxant 
and has a positive effect on blood parameters [Mattalia 
et al. 2013]. Furthermore, it has been reported that  
K. sarajevensis leaves, i.e. another representative of 
the genus Knautia, contain an high level of phenolic 
compounds with antioxidant and antimicrobial activity 
[Karalija et al. 2017, 2018]. 

Although there are a number of studies available, 
the current information about the therapeutic (pharma-
ceutical) potential of numerous Knautia species is still 
to be explored. Considering their biology, the natural 
habitats of Knautia species include meadows, road-
side, bright forests, and forest margins in south-east-
ern Europe and the Mediterranean region [Ehrendorfer 
1976, Rešetnik et al. 2016, Mabberley 2017]. One of 
interesting species are the perennial plants Knautia 
drymeia and K. macedonica which have not been 
analysed in terms of their morphology/anatomy and 
their suitability to be used as MHM. Therefore, to 
characterise the biological parameters together with 
the pharmaceutical potential of K. macedonica and  

K. drymeia, this study was focused on the analysis of 
the morphological, anatomical, and histological struc-
ture of the aboveground and underground shoots of 
both species. Concurrently, the distribution of polyphe-
nolic compounds was correlated with the tissue struc-
ture of individual organs in the studied plants. The re-
search was supplemented by quantitative spectropho-
tometric analyses of the total content of polyphenols 
and o-dihydroxyphenols in the plant organs (rhizome, 
stem, leaf, and flower). These correlative studies of the 
structure and distribution of biologically active sub-
stances of the K. drymeia and K. macedonica species 
constitute a holistic approach, combining the analysis 
of plant anatomy and cytology with biochemical re-
search. The used approach allowed the identification, 
characterisation, and determination of the distribution 
of bioactive compounds in the tissues of the studied 
plant species, at the same time assessing the plants in 
terms of an effective use of their parts for acquisition 
of bioactive substances; the research meets the current 
requirements, to explore valuable natural biological 
resources for medicine as part of the sustainable de-
velopment of society.

MATERIAL AND METHODS

Chemicals and reagents. Arnov’s reagent, hydro-
chloric acid, sodium acetate, aluminum chloride were 
obtained from Chempur (Piekary Śląskie, Poland), 
while Folin-Ciocâlteu reagent was provided by Sigma- 
-Aldrich (Steinheim, Germany). Methanol, sodium 
hydroxide, sodium chloride, and sodium carbona-
te were purchased from Avantor (Gliwice, Poland). 
Reference substances were provided by ChromaDex 
(Irvine, CA, USA). 

Plant material. Knautia drymeia Heuff. and K. ma-
cedonica Griseb. were collected from the Botanical 
Garden of Maria Curie-Skłodowska University in 
Lublin. The plants were grown in brown soils preva-
iling in the Botanical Garden (Index Seminum 
2014 Hortus Botanicus Universitatis Marie Curie-
Skłodowska). The cultivation was carried out in a uni-
variate randomised block design with 4 replications. 
The observations of the developmental phases and 
morphological traits and the collection of research ma-
terial were carried out in 2020 and 2021 (from April to 
September). No herbicides, fungicides, or any chemi-
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cals were used during cultivation, but manual weeding 
methods were used throughout the growing period of 
the plants. Macroscopic images of the plants were ta-
ken with a Nikon D300 photographic camera equipped 
with a 60 mm AF MICRO NIKKOR lens. Fragments 
of stems from nodes of the fourth order and interno-
des between the third and fourth nodes were imaged 
using a Nikon SMZ 74ST stereoscopic microscope, 
and photographic documentation was made with the 
use of the Delta Pix program.

 Light microscopy (LM). Aboveground and un-
derground shoots of K. drymeia and K. macedonica 
were collected for the histological and cytochemical 
studies. The material was sampled randomly from 20 
plants. Hand-made cross-sections of fresh fragments 
of rhizomes (fragments near the aboveground shoot), 
stems (fragments from nodes of the fourth order and 
internodes between the third and fourth nodes), and 
leaves (fragments from the middle part of the leaf bla-
de) were analysed. Peeled sections of the leaf epider-
mis were placed in a drop of distilled water for visu-
alisation using a Nikon eclipse Ni light microscope. 
Photographic documentation was made with a digi-
tal camera and NIS-Elements BP software using the 
Extended Depth of Focus (EDF) module.

Fluorescence microscope (FM). To visualise phe-
nolic compounds in the rhizome, stem, and leaf tissu-
es of K. drymeia and K. macedonica, hand-made sec-
tions were prepared and placed in distilled water; next, 
blue autofluorescence of phenolic compounds was 
observed [Hutzler et al. 1998, Dmitruk et al. 2019, 
Ribeiro and Leitão 2020]. The slides were analysed 
under a fluorescence microscope Nikon eclipse Ni-U 
at an excitation wavelength of 330–380 nm and an 
emission wavelength over 480 nm (UV). Photographic 
documentation was made with a digital camera and 
NIS-Elements BP software with the use of the EDF 
module.

Scanning electron microscope (SEM). Fragments 
of K. drymeia and K. macedonica leaves were collec-
ted for the analysis of the top and bottom of the leaf 
lamina. The samples were fixed in 2.5% glutaralde-
hyde in 0.2 M sodium phosphate buffer (pH 7.4) for 
24 hours, washed in distilled water, and dehydrated 
in increasing concentrations of ethanol: 30%, 50%, 
70%, 90%, 96%, and 100% [Hayat 1981]. The de-
hydrated samples were then dried in a Critical Point 

Dryer (Denton Vacuum, Moorestown, NJ, USA) using 
liquid CO2. Next, the samples were mounted on alu-
minium stubs and sputtercoated with gold (Hummer 
6.2 Sputter Coater, Anatech USA, Union City, CA, 
USA). The samples were analysed under a scanning 
microscope (LEO1430VP) with accelerating voltage 
of 15 kV equipped with a Bruker Ouantax 200XFlash 
EDX Spectrometer System attached to a Zeiss EVO 
50 Variable Pressure SEM at 15 kV, using INCA- 
-Mapping software (Billerica, MA, USA). 

Preparation of extracts. The leaves, stems, flo-
wers, and rhizomes of both species were washed and 
dried in the shade at room temperature (24°C ±0.5°C) 
to achieve constant weight [Polish Pharmacopoeia 
IX]. To obtain extracts, a methanol–acetone–wa-
ter mixture (3 : 1 : 1, v/v/v; 3 × 20 mL) was added 
to 1 g of powdered plant materials, and the sample 
was sonicated for 15 min at a controlled temperature  
(45°C ±2°C). The combined extracts were filtered and 
concentrated using reduced pressure. After freezing, 
they were lyophilised in a vacuum concentrator (Free 
Zone 1 apparatus; Labconco, Kansas City, MO, USA) 
in order to obtain dried residues.

Determination of phenolic compounds. Total 
phenolic acid content (TPAC), total flavonoid content 
(TFC), and total phenolic content (TPC) were deter-
mined using the colorimetric assays described pre-
viously [Chrząszcz et al. 2021]. The absorbance was 
measured using a Pro 200F Elisa Reader (Tecan Group 
Ltd., Männedorf, Switzerland). The results of TPAC 
were expressed as mg of caffeic acid equivalent (CAE) 
per 1 g of dry extract (DE), TPC as mg of gallic acid 
equivalent (GAE) per 1 g of DE, and TFC as mg of 
quercetin equivalent (QE) per 1 g of DE. 

RESULTS

Morphology and anatomy study of Knautia dry-
meia. Knautia drymeia analysed in this study is a pe-
rennial plant overwintering as underground rhizomes. 
Rosettes of lanceolate leaves and an erect stem re-
aching a height of approximately 100 cm appear from 
K. drymeia rhizomes at the beginning of the growing 
season (Fig. 1A). Each stem was characterised by li-
mited growth and ended with a spherical capitulum 
inflorescence having 1.5–3 cm in diameter. The plant 
flowered from July to September. The inflorescence 
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Fig. 1. Morphology of the aboveground parts of Knautia drymeia. A – cultivation in the botanical garden, B – inflorescence with 
some flowers in the anthesis stage (arrow), C – inflorescence with all flowers in the anthesis stage, D – single flower in the anthesis 
stage, stamen (arrow), pistil (arrowhead)

 

was composed of numerous sessile simple flowers 
characterised by non-synchronous and irregular deve-
lopment, i.e. both marginal flowers and those located 
in the central part of the receptacle were in the anthesis 
phase (Fig. 1B). The perianth of the simple flowers 
consisted of small, serrated sepals and four pink corol-
la petals covered by numerous hairs (Fig. 1C, D). The 
flowers were hermaphrodite and had 4 stamens and  
1 superior pistil. All the generative elements of the flo-
wer were light pink. The heads of the mature anthers 
opened along their entire length (Fig. 1D), and mature 
pollen grains were yellow. 

The morphological analysis of a three-year-old  
K. drymeia rhizome showed its oval shape and no 
clear division into nodes and internodes. The rhizo-
me produced adventitious roots and lanceolate leaves 
(Fig. 2A). The outer layer of this organ was covered by 
periderm, under which there was the cortex, phloem, 
cambium, and xylem as well as a relatively large me-
dullary parenchyma visible in the centre (Fig. 2B). In 
this study, detailed analyses of the K. drymeia rhizome 
parts were performed (Fig. 2C, E, G). Biophysical me-
thods with the use of a fluorescence microscope were 
employed to visualise the presence of phenolic com-

pounds in the tissues of this organ (autofluorescence 
of phenolic compounds was employed). The analyses 
showed autofluorescence in the range of blue light in 
the cells of cortex parenchyma, medullary rays, and 
medulla, which indicated the presence of polyphenols 
in these tissues in significant amount (Fig. 2D, F, H). 

The analysis of the aboveground part showed an 
erect, branched K. drymeia stem with leaves arranged 
oppositely (dichotomously) and growing from the no-
des (Fig. 3A, B). The stem between the nodes formed 
the internodes (Fig. 3A, D). The analysis of the histo-
logical structure of the K. drymeia stem nodes sho-
wed that the entire circumference of this organ was 
covered by a single-layer of epidermis. Underneath, 
the assimilation parenchyma, phloem, xylem, and pa-
renchyma-filled medulla layers were visible. A vascu-
lar bundle branch was present at the site where the leaf 
sheath surrounded the stem (Fig. 3C). The anatomical 
analysis of the internode part of the stem showed a 
single-layer of epidermis, assimilation parenchyma 
cells with numerous chloroplasts, a single-layer of 
endodermis, and vascular elements, i.e. phloem and 
xylem, which formed a layer around the entire cir-
cumference of the stem. At the boundary of the xy-
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Fig. 2. Morphology, anatomy, and cytology of Knautia drymeia rhizome. A – rhizome (arrowhead) with roots (arrow) and leaves; 
B–H – cross through the rhizome: B – part of the rhizome: periderm (Pe), cortex parenchyma (CP), phloem (Ph), cambium (black 
arrow), xylem (X), parenchymal medulla (PM); C – fragment of cortex: periderm (Pe), cortex parenchyma (CP), phloem (Ph);  
D – phenolic compounds (arrow) in the cortex; E – part of xylem (X); F – phenolic compounds (arrow) in the xylem; G – fragment 
of parenchymal medulla (PM); H – phenolic compounds in the medulla (arrow). B, C, E, G light microscope; D, F, H fluorescence 
microscope
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Fig. 3. Morphology, anatomy, and cytology of Knautia drymeia stem. A – fragment of a one-year-old stem; B–C – cross through 
the stem in the node part: C – parts of the stalk: epidermis (E), cortex parenchyma (CP), leaf trace (LT), phloem (Ph), xylem (X), 
leaf gap (LG), parenchymal medulla (PM); D–H – cross through the stem in the internode part: D – air channel (AC); E – parts of 
the stem: epidermis (E), cortex parenchyma (CP), endodermis (black arrow), phloem (Ph), xylem (X), sclerenchyma (arrowhead), 
parenchyma (Pa); F–H – cortex from an internode fragment, G–H – phenolic compounds (arrows) in the internode cortex. B, D 
stereoscopic microscope; C, E, F light microscope; G, H fluorescence microscope

lem and the subsequent parenchyma layer, there were 
layers of supporting sclerenchymatic fibres (Fig. 3E).  
A relatively small air channel (1000–2000 µm in dia-
meter) was visible in the centre of the stem (Fig. 3D). 
The autofluorescence-based identification of phenolic 
compounds in the K. drymeia stem internode tissues 
(Fig. 3F) showed the presence of polyphenols in the pa-
renchyma tissue only under the epidermis (Fig. 3G, H). 
In turn, in the node tissue (Fig. 4A, C, E), these sub-
stances were present in the parenchyma of the cortex, 
leaf gap, and medulla (Fig. 4B, D, F). 

The species had simple leaves with an ovoid leaf 
blade with a pointed apex, a tapered base, and a serra-
ted margin (Fig. 5A). The microscopic study showed 
that the epidermis cells on the upper side of the leaf 
blade (adaxial) had a slightly parentimatic polyhedral 
shape with wavy edges (Fig. 5B), while the cells of the 
lower (abaxial) epidermis were puzzle-shaped (Fig. 
5C). Anomocytic stomata of the Amaryllis type were 
distributed on both sides of the leaf blade (Fig. 5B, C, 
F), but they were more numerous in the abaxial epider-
mis. The SEM imaging revealed characteristic linear 
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Fig. 4. Anatomy and cytology of Knautia drymeia stem in the node part. A – cortex: epidermis (E), cortex parenchyma (CP), phlo-
em (Ph); B – phenolic compounds (arrow) in the cortex; C – leaf gap: phloem (Ph), xylem (X), leaf gap (LG), parenchymal medulla 
(PM); D – phenolic compounds (arrow) in the leaf gap; E – parenchymal medulla: parenchymal medulla (PM); F – phenolic com-
pounds in the medulla (arrow). A, C, E light microscope; B, D, F fluorescence microscope
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sculpture of the epidermis cell cuticle (Fig. 5G). Two 
types of trichomes were observed on the upper (Fig. 
5D) and lower (Fig. 5E) sides of the leaf blade: capita-
te trichomes consisting of a unicellular stalk and a fo-
ur-celled head (Fig. 5H), and unicellular non-glandu-
lar trichomes with extensive sculpture (Fig. 5I). The 
cross sections through the leaf blade showed a single
-layer upper and lower epidermis, a palisade meso-
phyll usually composed of one row of slightly elonga-
ted and closely adjacent cells, and a spongy mesophyll 
composed of loosely arranged oval cells (Fig. 6A).  

As in the previous analyses of the rhizome or the stem, 
the leaf was also analysed for the distribution of phe-
nolic compounds. The autofluorescence-based analy-
sis indicated a strong signal in the blue light range in 
the palisade and spongy assimilation parenchyma (Fig. 
6B, C, D), in the parenchyma under the midrib epider-
mis (Fig. 6E), and in the bundle sheath cells (Fig. 6F).

Morphology and anatomy study of Knautia ma-
cedonica. The other analyzed species belonging to 
the genus Knautia was K. macedonica, which has not 
been thoroughly described. It is a perennial plant gro-

 

Fig. 5. Morphology and anatomy of Knautia drymeia leaf. A – macroscopic view; B – peeled sections of the upper leaf epidermis; 
C – peeled sections of the lower leaf epidermis; D – lower side of the leaf blade with visible trichomes; E – upper side of the leaf 
blade with visible trichomes; F – cuticle on the surface of the epidermis; G – leaf stoma; H–I – trichomes. B, C light microscope; 
D–I scanning electron microscope
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Fig. 6. Anatomy of Knautia drymeia leaf. A–D cross through the leaf blade: A – part of the leaf: upper epidermis (EU), palisade 
mesophyll (MP), spongy mesophyll (MS), lower epidermis (EL); B – phenolic compounds (arrow) in the leaf blade mesophyll: 
palisade mesophyll (MP), spongy mesophyll (MS); C – phenolic compounds (arrow) in the palisade mesophyll (MP); D – phenolic 
compounds (arrow) in the spongy mesophyll (MS); E–F – cross through the leaf midrib: vascular bundle (V), bundle sheath cells 
(black arrow), parenchyma (P); F – phenolic compounds (arrows), vascular bundle (V), parenchyma (P). A, E – light microscope; 
B, C, D, F – fluorescence microscope
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wing in compact clumps and reaching a height of ap-
proximately 100 cm (Fig. 7A). Each stem in this spe-
cies ended with a capitulum inflorescence flowering 
from July to September. The inflorescence differed 
from that described above, i.e. the flowers were dark 
pink and they were characterised by a regular cen-
tripetal mode of opening, as the anthesis was initial-
ly observed only in marginal flowers (Fig. 7B). The 
simple flowers were composed of four petals fused to 
half their length, four stamens, and one superior pistil 
(Fig. 7C, D). The generative elements of the flower 
were light pink, and the heads of mature anthers were 
yellow (Fig. 7D). 

The morphological analysis of the K. macedonica 
rhizome showed that, as in the case of K. drymeia, this 
organ was oval, did not exhibit a clear division into 
nodes and internodes, and produced adventitious roots 
and lanceolate leaves at the beginning of the growing 

season (Fig. 8A). The anatomical slides demonstrated 
that the rhizome was covered by a periderm, under 
which there was a cortex parenchyma, a phloem ring, 
a single layer of cambium cells, and a xylem ring. The 
centre was filled with a large medullary parenchyma 
(Fig. 8B). Detailed studies of the K. macedonica rhizo-
me parts (Fig. 8C, E, G) showed blue light autofluore-
scence in the cells of the cortex parenchyma, medulla-
ry rays, and medulla, indicating the presence of poly-
phenols in these cells (Fig. 8D, F, H). Therefore, as in  
K. drymeia, the parenchyma of all layers of the rhizo-
me was found to accumulate phenolic compounds. 

The morphological studies of the aboveground 
parts showed an erect K. macedonica stem divided 
into nodes producing oppositely arranged leaves and 
lateral shoots (Fig. 9A, B). As demonstrated by the 
analysis of the tissues of this part of the plant, the stem 
was composed of an outermost single-layer of epider-

Fig. 7. Morphology of the aboveground part of Knautia macedonica. A – cultivation in the botanical garden; B – inflorescence with 
some flowers in the anthesis stage (arrows); C – inflorescence with all flowers in the anthesis stage; D – single flower in the anthesis 
stage; stamen (arrow), pistil (arrowhead)
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Fig. 8. Morphology, anatomy, and cytology of Knautia macedonica rhizome. A – rhizome (arrowhead) with roots (arrow) and le-
aves; B–H – cross through the rhizome: B – part of the rhizome: periderm (Pe), cortex (C), phloem (Ph), cambium (black arrow), 
xylem (X), parenchyma (P), parenchymal medulla (PM); C – fragment of cortex: periderm (Pe), cortex (C); D – phenolic com-
pounds in the cortex (arrow), parenchyma (P), cortex (C); E – fragment of xylem (X), parenchyma (P); F – phenolic compounds 
(arrow) in the xylem (X), parenchyma (P); G – fragment of rhizome on the border of xylem and medulla: xylem (X), parenchyma 
(P), parenchymal medulla (PM); H – phenolic compounds (arrow) in the fragment of rhizome on the border of xylem and medulla: 
xylem (X), parenchyma (P), parenchymal medulla (PM). B, C, E, G light microscope; D, F, H fluorescence microscope
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mis, an assimilation parenchyma layer, a phloem lay-
er, a xylem layer, and a parenchyma-containing me-
dulla. A vascular bundle branch was visible at the site 
where the leaf sheath surrounded the stem (Fig. 9C). 
At the height of the internode, the stem in the centre 
had an air channel, with a diameter of approximately 
2000 µm (Fig. 9D). Moreover, it was composed of 
the epidermis, an assimilation parenchyma layer with 
numerous chloroplasts, and a single-layer endoder-
mis and phloem-xylem vascular bundles arranged in 
a single ring around the stem circumference. Cells of 
the supporting tissue, i.e. sclerenchyma, were visible 
between the bundles, and parenchyma surrounding 
the air channel (Fig. 9E, F). Phenolic compounds in 

 

Fig. 9. Morphology of the aboveground part of Knautia macedonica. A – cultivation in the botanical garden; B – inflorescence with 
some flowers in the anthesis stage (arrows); C – inflorescence with all flowers in the anthesis stage; D – single flower in the anthesis 
stage; stamen (arrow), pistil (arrowhead)

the internode tissue in the K. macedonica stem were 
present only in the parenchyma tissue located under 
the epidermis (Fig. 9G). In contrast, in the node tissu-
es (Fig. 10A, C, E), polyphenols were detected in the 
parenchyma of the cortex, leaf gap, and medulla (Fig. 
10B, D, F). 

The morphological analyses of the K. macedonica 
leaves showed dimorphism of the leaf blade: the basal 
leaves had a lanceolate blade with a serrated margin, 
whereas the shoot leaves were pinnatisect with an en-
tire margin slightly serrated in the apical zone (Fig. 
11A). Two types of trichomes were present on both 
the upper and lower sides of the leaf blade: capitate 
trichomes composed of a unicellular stalk and a four-
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Fig. 10. Anatomy of Knautia macedonica stem in the node part. A – cortex: epidermis (E), cortex parenchyma (CP); B – pheno-
lic compounds (arrow) in the cortex parenchyma (CP); C – leaf gap: phloem (Ph), xylem (X); D – phenolic compounds (arrow)  
in the leaf gap; E – parenchymal medulla: xylem (X), parenchymal medulla (PM); F – phenolic compounds in the medulla (arrow).  
A, C, E – light microscope; B, D, F – fluorescence microscope

-celled head and unicellular non-glandular trichomes 
with extensive sculpture (Figs 11B–D). Quite exten-
sive linear striation of the epidermal cell cuticle was 
visible as well (Fig. 11E). The epidermis of the upper 
leaf blade was composed of polyhedron-shaped cells 
with straight edges, while the cells on the abaxial side 
had slightly wavy edges. Anomocytic stomata were vi-
sible on both sides of the leaf blade, but they were more 

numerous on the abaxial epidermis (Fig. 11F, G). The 
histological analysis of the leaf showed that the leaf 
blade was composed of a single-layer upper and lower 
epidermis and palisade and spongy mesophyll with 
phloem-xylem bundles typical of leaves (Fig. 12A). 
The autofluorescence-based identification of pheno-
lic compounds in the K. drymeia leaf tissues revealed  
a high blue light signal in the assimilation (palisade 
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Fig. 11. Morphology and anatomy of Knautia macedonica leaf. A – macroscopic view; B–D trichomes on the lower side of the leaf 
blade; E – cuticle on the surface of the upper epidermis; F – peeled sections of the upper leaf blade epidermis; G – peeled sections 
of the lower leaf blade epidermis. B–E – scanning electron microscope; F, G – light microscope

and spongy) mesophyll, indicating high contents of 
polyphenols in the cells of these tissues (Fig. 12B, C, 
D). The midrib consisted of a centrally located phloem
-xylem bundle surrounded by a parenchymal bundle 
sheath and a mesophyll composed of identical oval 
cells. No supporting tissue was observed in the midrib 
(Fig. 12E). The autofluorescence of polyphenols was 
visible in the parenchyma cells of the main midrib 
(Fig. 12F).

Phytochemical study of Knautia drymeia and 
K. macedonica. To characterise the phenolic con-
tent of the K. drymeia and K. macedonica in detail, 
leaves, stems, flowers and rhizomes were analysed 
using quantitative assays of their total polyphenols 
(TPC), phenolic acids (TPAC) and flavonoids (TFC). 
TPC in both studied species was determined using the 
Folin-Ciocâlteu assay, and the results were estimated 
as gallic acid equivalents (GAE). The total flavonoid 
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content was determined using the previously descri-
bed colorimetric method [Chrząszcz et al. 2021], and 
data were expressed as the quercetin equivalents (QE). 
As shown in Table 1 and Figure 13, the K. drymeia 
rhizome contained the smallest amounts of TPC and 
TFC (99.87 and 0.10 mg CAE/g DE respectively), 
compared with the other organs of this species. In 
turn, the content of TPAC was higher in the rhizome 
(81.93 mg CAE/g DE) than in the stems and flowers 
(51.92 and 51.50 CAE/g DE respectively). The quan-
titative analyses showed the TPC content in the stem 
of 101.12 mg CAE/g DE, which was higher than that 
of TPAC and TFC (51.92 and 0.31 mg CAE/g DE, re-
spectively). However, these were moderate values in 

Fig. 12. Anatomy and cytology of Knautia macedonica leaf. A–B cross through the leaf blade: A – part of the leaf: upper epidermis 
(EU), palisade mesophyll (MP), spongy mesophyll ( MS), vascular bundle (arrow), lower epidermis (EL); B – phenolic compounds 
(arrows) in the leaf blade mesophyll: palisade mesophyll (MP), spongy mesophyll (MS); C – phenolic compounds (arrow) in the 
palisade mesophyll (MP); D – phenolic compounds (arrow) in the spongy mesophyll (MS); E–F – cross through the leaf midrib: 
vascular bundle (V), parenchyma (P); F – phenolic compounds (arrows) in the leaf midrib: vascular bundle (V), parenchyma (P). 
A, E – light microscope; B, C, D, F – fluorescence microscope

relation to those determined for the other organs (leaf, 
flower, and rhizome). Subsequent quantitative analy-
ses showed that, in comparison with the stems, rhi-
zomes, and flowers, the leaves contain the highest le-
vels of TPC and TPAC (127.44 and 107.85 mg CAE/g 
DE, respectively), whereas slightly higher TFC values 
were determined in the K. drymeia flowers than in the 
leaves (0.53 and 0.49 mg CAE/g DE, respectively) 
(Tab. 1, Fig. 13). 

In turn, the quantitative analyses of the K. macedo-
nica organs carried out to determine the TPC, TPAC, 
and TFC levels showed low contents of these compo-
unds in the rhizome extracts (95.21, 78.38, and 0.15 mg 
CAE/g DE, respectively), in comparison with the other  
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Fig. 13. Total content of phenolics (TPC), phenolic acids (TPAC), and flavonoids (TFC) in the organs of Knautia drymeia and  
K. macedonica

organs of this plant. In the K. macedonica stem extracts, 
the amounts of TPC (104.98 mg CAE/g DE), TPAC 
(79.27 mg CAE/g DE), and TFC (0.83 mg CAE/g DE) 
were higher, but the highest level of TPC (148.78 mg 
GAE/g DE) was recorded in the leaf extracts of this 
species (Tab. 1, Fig. 13).

DISCUSSION

The analyses presented in this manuscript aimed 
at determining the biological parameters in connec-
tion to the pharmaceutical potential of K. macedonica 
and K. drymeia, i.e. plant species that have never been 
characterized from the biotechnological point of view. 
Knautia drymeia and K. macedonica are perennial 
plants overwintering as underground rhizomes and 
growing in compact clumps [Ehrendorfer 1976, Jäger 
et al. 2017]. The observed morphological features of 
the aboveground organs of both studied species did 
not differ considerably from other plants of this genus 
growing in their natural habitats [Ehrendorfer 1976, 
Jäger et al. 2017]; therefore, the traits described in 
this study do not change in the conditions of tempera-
te continental climate, indicating that K. drymeia and  
K. macedonica maintain their features irrespective of 
the growth conditions. 

In the present report, we have characterized  
K. drymeia and K. macedonica taking into account 
their anatomical and biochemical traits. The initial 
analyses showed that both species have a similar ana-
tomical and histological structure of the aboveground 
and underground shoots. Based on the analysis of the 
histological structure of the K. drymeia and K. mace-
donica stem, it can be concluded that the amount of the 
supporting tissue was inconsiderable in both species, 
which is associated with the similar low height of the-
ir aboveground shoots (about 100 cm high). A much 
larger area of the stem is filled with supporting tissue 
in species with long aboveground shoots, as described 
e.g. in Cephalaria giganthea, whose stem is 250 cm 
high [Chrząszcz et al. 2021]. In turn, the analysis of the 
morphological traits of the leaves of both species reve-
aled extensive cuticle sculpture of the leaf epidermis. 
Such an extensive cuticle sculpture protects the leaf 
against excessive sunlight and transpiration, which 
is important in the dry steppe environment, which is  
a natural niche of the studied species [Solovchenko 
and Merzlyak 2003]. In addition to the anatomical and 
morphological analyses, the research was especially 
focused on showing the correlation of the distribu-
tion of polyphenolic compounds with the morpholo-
gical/histological structure of individual organs in the 
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plants. Phenolic compounds, classified as secondary 
metabolites, usually occur as water-soluble substances 
accumulated in vacuoles, which are regarded as the 
main reservoir of pharmaceutically attractive bioactive 
compounds [Rice-Evans et al. 1997]. The correlative 
analyses revealed that polyphenols were accumulated 
in parenchyma tissue cells, and the amount of these 
substances was organ-specific. Therefore, the biophy-
sical analysis performed with the aid of fluorescence 
microscopy imaging demonstrated that the rhizome 
of K. drymeia and K. macedonica emitted autofluore-
scence in parenchyma cells, but only in its small part, 
compared with the other organs of both species. As in 
the case of the K. drymeia stem, the biophysical analy-
ses of the K. macedonica stem tissues showed that the 
phenolic compounds were accumulated only in paren-
chyma cells, mainly in the stem nodes with a relatively 
lower amount in the internodes. Subsequent analysis 
showed that the two analysed species did not exhibit 
significant differences in the histological and cytoche-
mical structure of the leaves, and the leaves were the 
only organs where polyphenols were accumulated in 
all parenchymal cells. However, the capitate trichomes 
on the leaves did not contain phenolic compounds, in 
contrast to other plant species having this type of tri-
chomes [Muravnik 2021]. Thus, based on the correla-
tive analyses, it can be concluded that leaves may be 
the best material for acquisition of pharmaceutically 
important bioactive substances.

 Next, the quantitative aspect of the polyphenols 
was considered, as the current literature showed that 
the quantitative data regarding polyphenols occurring 
in species of the genus Knautia are limited to only  
a few studies [Fraisse et al. 2007, Karalija 2020]. The 
quantitative spectrophotometric analyses of the total 
content of polyphenols and o-dihydroxyphenols in the 
individual organs provided detailed insight, showing 
differences in the content of polyphenolic substances 
not only between the plant organs but also between 
the studied species. The highest TPC and TPAC values 
were detected in the leaves, with a higher level of TPC 
in K. macedonica leaves and a higher amount of TPAC 
in K. drymeia, which was in line with the above men-
tioned correlative analyses. In turn, the highest content 
of TFC was found in the K. macedonica stem, indica-
ting that this part of plant may be an attractive element 
from the active biocompound perspective. Moreover, 

the quantitative phytochemical analyses of K. macedo-
nica indicated the highest level of TPC in the extracts 
from its leaves in comparison with not only the other 
organs but also K. drymeia leaves, underscoring the 
fact that this species is the most attractive plant from 
the pharmaceutical point of view. 

Concluding, the integrated anatomical and bioche-
mical analyses focused on the correlative studies have 
provided the first insight into the distribution of phe-
nolic compounds in the tissues of the underground and 
aboveground organs of K. drymeia and K. macedoni-
ca. They have shown that the leaves of K. macedoni-
ca contain the highest amounts of biologically active 
substances and are the most attractive plant element 
in terms of their role as a bioactive compound resour-
ce. Additionally, this correlative study of K. drymeia 
and K. macedonica represents a new way of analyses 
carried out with a holistic approach integrating mor-
phological/histological analyses with investigations of 
the biotechnological/pharmaceutical potential of these 
plants, opening the way to concentrate on the most re-
levant plant elements. 
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