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ABSTRACT

The sensitive of lignin localization and its content in leaves of Phragmites australis to change in the water balance
of soil was established by using the cytochemical method, laser confocal microscopy, scanning electron
microscopy and biochemical method. We investigated leaves of young plants Ph. australis (stage of vegetative
growth), which used as a source of vitamins and to treat colds in medicine. The results were received by the
comparison of the data in leaves of Ph. australis of the water-aquatic and terrestrial plants grown in nature. It was
found that the decrease in soil moisture leads to an increase in the content of lignin in the epidermis and tissues of
the conductive bundles of leaves of terrestrial plants. We assume that the increased of lignin content in the
epidermis of leaves of terrestrial plants indicates that the leaves of both air-water and terrestrial plants of the reed

can be used as a source of lignin for medical purposes.
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INTRODUCTION

It is known that plant material serves humanity not only
for food, but has long been used in medicine. This also
applies to a lignin polymer containing phenolic
hydroxyls groups characterized by an antioxidant
property.™ @ Lignin is a biopolymer that has attracted the
attention of many researchers because of its unique
properties. Lignin 's degradability, biodegradability, high
reactive potential, non-toxicity and cost-effectiveness of
lignin has led to use it in various applications and
industries. Lignin also use in the medical field due to its
antibacterial and antioxidant properties, slow release of
materials, reinforcement fillers, thermoplastic polymers
and other biomaterials.!**!

Lignin is complex biopolymer of aromatic alcohols,
which is synthesized in secondary cell walls. Lignin is
highly branched and composed of cross-linked units,
three  monolignols: p-hydroxyphenyl, guaiacyl, and
syringyl phenylpropanoid units.® Lignin synthesis is
depending from tissue type, organ and species. This
biopolymer can to reduce speed of cell growth and
participates in adaptation of plant to the stress, changing
structure of cellular wall matrix, providing impassibility
of water and solutions through walls. Besides, it was
revealed that the change at tissue and cellular levels is
accompanied by the increase of cellulose and lignin in
plant grown under drought stress.”'® Researchers in
many laboratories studies of participation of cell wall
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polysaccharides, including of lignin, in plant growth and
development, especially in drought conditions. *2 With
regard to changes in lignin content in plants under
influence of environment, but the data are opposite.***!
A decrease or increase in lignin content has been found
in various experiments. It is possible; this depends on the
plant species and growth phase used for the study. For
example, a study of 50 miscanthropic genotypes showed
the plasticity of the cell wall during drought, including
changes in the content of cellulose, hemicelluloses and
lignin, and found that changes in polysaccharide content
were accompanied by a decrease in cell wall mass in
stems and leaves. %!

In nature, there are known plant species that can grow
normally in water and in terrestrial soil. One of these
species is Phragmites australis (Cav.) Trin. ex Steud,
helophytes, which is characterized by a wide
geographical distribution amplitude."*® and by using in
in  agriculture, building industry and energy
technologies.™ 2@ Vegetative organs (leaves, roots) and
seeds of Phragmites australis is also used medicinally in
the treatment of colds and bacterial-viral diseases.”
This species grows both on the banks of rivers and lakes
and far from water, in the field or in the mountains.
Researchers found that the density and size of vascular
bundles and the synthesis of sugars decreased and
osmotic content changed in order to increase of water
content in reeds growing in the mountains.’! We suggest
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that in the mechanism of tolerance of Phragmites
australis plants growing in water and on drought soil is
involved lignin, which can regulate the water transport
by apoplast. Therefore, the aim of our work was to carry
out a comparative analysis of the presence, distribution
and content of lignin in the leaves of Ph. australis plants
growing in water and soil with reduced moisture.

MATERIALS AND METHODS

Plant material and growth condition

Phragmites australis above-water leaves and leaves of
terrestrial plants were used for study. Plants were
harvested at the vegetative stage of plant growth on June
20-21, 2019. Air-water plants grew in water along-shore
of the Venetian Strait (left Shore of Dnepr River, in
Kiev, Ukraine) on the depth of 40-50 cm. Terrestrial
plants grew near several 10-15 meters far from the shore
in a sandy soil. The sun illumination (photosynthetic
photon fluency rate (PPFR) on the adaxial surface of
above-water leaves was 1470 umol quantum.m?.s™ and
on the surface of leaves of terrestrial plants was equal to
870 pmol quantum.m?.s*, accordingly. PPFR was
measure by the means of the Light Meter LI-250 (USA,
LI-COR). The temperature of water was + 24°C and the
temperature of air was + 27° C. 12-13 plants of each
ecotype were used for the biochemical investigations, for
the microscopic investigations we used by three plants
for each ecotype.

Laser confocal microscopy

The cytochemical method accordingly to Smith et al.!?*!
was used for the study of both distribution lignin and
relative content of this biopolymer in walls. The live
samples leaflets were stained for 7-10 min in 0.001%
solution of auramine-O (sigma) dissolved in water,
intensively washed with H,O, then in 0.05 M phosphate
buffer, post fixed in the solution of 1.0%
paraformaldehyde in 0.05 M phosphate buffer, pH 7.2 at
+ 4°C; then the samples were examined with laser
scanning confocal microscope LSM5 (Zeiss, Germany).
For  detection of complex auramine-O-lignin
fluorescence a laser was excited at 543 nm, the
fluorescence emission detected at 598 nm wave length
using an x 10, x 20 and x 40 objectives and the Pascal
program. Chlorophyll auto fluorescence was excited at
440 nm and fluorescence emission detected at 660 nm.
Three replications of cytological study of leaves were
made.

Biochemical analysis

To determine the moisture content of the soil on which
the terrestrial and air-water plants grew, the soil samples
were taken at a depth of approximately 35-40 cm from
the surface. Standard biochemical method was used to
determine of the relative water content of the soil. This
method based on drying the soil specimens in a
thermostat at a temperature of 105°C to constant
weight.”® The soil humidity of air-aquatic plants was
79.3 £ 2.1%, and the soil humidity of terrestrial plants
was 43.3 = 1.7%. Content of lignin, was determined in 9-
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11 leaves using the standard protocols as described by
Arasimovich and Ermakov.”! The dry samples were
used for the biochemical study. Three replications of
each biochemical analysis were made. A value of
biochemical results was expressed as the mean and
standard errors. Statistical significance of relative content
of lignin in cells was determined using a Studen’s test
(P< 0.05).

Scanning electron microscopy

The middle part of leaf blade from seven air-water and
seven terrestrial plants were fixed in the solution of 3%
paraformaldehyde and 1% glutaraldehyde (1 : 1, v) in
0.05 M phosphate buffer, (pH 7.4 for 3 h at 4° C). Fixed
samples were washed in the identical buffer, dehydrated
in alcohol by the standard protocol."#! Then the
samples were critical point dried, mounted on aluminium
stubs, coated with gold, and visualized in Japan scanning
electron microscope (JSM 6060 LA at 30 kV).

RESULTS

Investigation of lignin in cell walls of leaf cross
section.

Leaves of air-aquatic plants. Analysis of lignin on the
sections of leaves of reed air-aquatic plants in the
presence of a specific fluorescent indicator of auremine-
O showed a bright yellow fluorescence in the cell walls
of adaxial and abaxial epidermis, in vessels and bundle
sheath of vascular bundles and in sclerenchyma (Fig. 1 a,
b, c). Lignin fluorescence was virtually undetectable in
mesophyll cells (Fig. 1 d, d’*). The fluorescence intensity
of the auremine-O-lignin complex was different in the
tissues (Fig. 1 b', ¢’, d'; Fig. 2, a). It was revealed that
maximum frequency for lignin in the vascular bundles
was 99601 (pixels, yellow line) at intensity and
maximum the auto chlorophyll fluorescence was 803994
pixels, respectively (Fig. 1, i).

The content of lignin in the leaves of the air-aquatic
plants was amount to 139 + 6.1 mg/g DW.

Leaves of terrestrial plants. Similarly, cytochemical
analysis of the complex auremine-O-lignin in leaves of
Phragmites australis terrestrial plants showed yellow
fluorescence of lignin in cell walls of epidermis and
vascular bundles (Fig. 1, e, f, g, h). There were some
differences in fluorescence intensity of lignin in cell
walls of adaxial and abaxial epidermis, vessels and
bundle sheath of vascular bundles. The level of
fluorescence intensity of lignin is presented on the graph
(Fig. 2 a) and histograms (Fig. 1 f, g and h").
Luminescence intensity changes in leaves of terrestrial
plants: 1.6 and 1, 3 times increased in cell walls of upper
and lower epidermis, double — in walls of vessels, 1.3-1.5
— in walls of bundle sheath, and 1.2 — in sclerenchyma
and bullifor cells. It was revealed that the maximum
amount of fluorescence for lignin of leaves of terrestrial
plants was double more (218821 pixels, yellow line) at
intensity (Fig. 1, j), the maximum amount of auto
fluorescence of chlorophyll in conductive bundles was
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less (770814 pixels) than that in air-water plants (Fig. 1,
)2

The content of lignin in the leaves of the terrestrial plants
was amount to 155 + 5.3 mg/g DW.

Investigation of lignin in cell walls of leaf epidermis
surface.

Leaves of air-aquatic plants. To identify the types of
epidermal cells, in which lignin is localized, early we
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examined the ultrastructure of leaf surface by a scanning
electron microscopy. We gave a detailed description of
the ultrastructure in our early work.”® The study of the
ultrastructure of the upper and lower surface of leaves P.
australis growing in water showed that on adaxial and
abaxial surface clearly distinguish two zones: the zone of
stomata and the convex vault zone deprived of stomata
(over veins) (Fig. 3, a, b).

Profile

Profile

j

Figure 1: Micrographs of cytochemical fluorescence of lignin in leaf cells of P. australis. Cytochemical
fluorescence of lignin in leaves of air-water (a-c) and terrestrial (e—h) reeds. Localization of lignin has yellow
fluorescence, auto fluorescence of chlorophyll - red. Fig. b’, ¢', d*, f', g' and h' —histograms of fluorescence
intensity of lignin (yellow line) and chlorophyll auto fluorescence intensity (red line). Ordinate —Fluorescence
intensity, relative units; abscissa — Distance (mm), which was scanned on the figure b, ¢, d, g and h. This distance
is shown as white line on the figure b, c, d, f, g and h. On figures i and j —absolute frequency of pixels for lignin
(yellow graph) and for auto fluorescence of chlorophyll (red graph). Bars = 100 pm.
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Figure 2: Fluorescence intensity of the auremine-O-lignin complexes in leaf cells of Phragmites australis air-
water and terrestrial ecotype: a — in the cross sections of leaves, b — in cells of upper and lower surfaces of leaf

blade.
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Figure 3: The structure of the
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adaxial (a, ¢) and abaxial surfaces (b, d) of leaves Phragmites australis air-water

(a, b) and terrestrial (c, d) plants, the stage of vegetative growth. Micrographs of cytochemical fluorescence of
lignin in cells of upper (e, f) and lower (g, h) surfaces of leaves of air-water (e-h) and terrestrial (i-k) plants.
Localization of lignin has yellow fluorescence, auto fluorescence of chlorophyll — red. Fig. f', h* and k' —
histograms of fluorescence intensity of lignin (yellow line) and chlorophyll auto fluorescence intensity (red line).
Ordinate — Fluorescence intensity, relative units. Abscissa — Distance (um), which was scanned on the figure f,
h and k. This distance is shown as white line on the figure f, h and k. Bars: fig. a-d, g = 100 um; fig. e, iand j =

50 pm.
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The trichomes are situated in stomata zone.
Cytochemical analysis of lignin in cells of upper (Fig. 3,
e, f) and lower (Fig. 3, g, h) epidermis of leaves of air-
aquatic plants of the reed showed a bright yellow
fluorescence of the auremine-O-lignin complex in the
periclinal and anticlinal cell walls of stomata and cells of
convex vault zone over veins of upper epidermis and
lower epidermis. The level of luminescence intensity is
presented in Figure 2 b. The maximum amount of
fluorescence for lignin in the adaxial epidermal cell was
near 35241pixels, for abaxial epidermal cell — 37551
pixels, respectively.

Leaves of terrestrial plants. The study of the
ultrastructure of the upper and lower surface (Fig. 3, ¢, d)
of leaves P. australis growing on in a sandy soil showed
that on adaxial and abaxial surface clearly distinguish
two zones: the zone of stomata and the convex vault
zone deprived of stomata (over veins). The trichome are
revealed in stomata and convex vault zones.
Cytochemical analysis of lignin on the upper (Fig. 3, i)
and lower (Fig. 3, j) leaf surfaces of terrestrial cane
plants showed yellow fluorescence of lignin in the cell
walls of stomata and convex vault zone. The level of
luminescence intensity is presented in Figure 2 b. The
analysis of lignin luminescence intensity showed that
relative content of lignin in walls of abaxial epidermis
was more than that in cell walls of upper epidermis. The
maximum amount of fluorescence for lignin in the
adaxial epidermal cell was near 21332 pixels, for abaxial
epidermal cell — 45731 pixels, respectively.

DISCUSSION

Thus, in the presented cytochemical research it has been
shown that lignin is found in the cell walls of leaves of P.
australis air-water and terrestrial plants in certain types’
tissues. Lignin is observed in epidermis and vascular
bundles, whereas it is very poorly in single mesophyll
cells. However, the content of this polymer in epidermis
and vascular bundles was reliable more in terrestrial
ecotype leaves. Besides, the lignin shows the great
intensity of fluorescence in cells of abaxial epidermis in
comparison with that in adaxial epidermis cells
regardless of ecotype plant. We observed lignin in cell
walls as continuous layer, which recently were described
in Populus sieboldii x P. grandidentata vessels,?”
sclerenchyma fibrils and sclereids of Arundo donax and
Phragmites karka leaf, % in trichoma’s and in epidermis
internode of Hordeum vulgare.”

Lignin is the most important secondary metabolites
synthesized by phenylalanine/tyrosine  metabolism
during the differentiation of distinct cell types in usual
conditions and in response to environmental changes.[’*%
It is the second biopolymer that accounts for 30% of the
organic carbon content of the biosphere and participates
in the adaptation of the plant to change the water regime,
altering the structure of the cell wall matrix, providing
the passage of water and aqueous solutions through the
cell walls of vessels.) It is known that many cell types
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can to synthesize lignin, including elements of
conductive bundles, where lignin protects the hydro-
mineral composition of cell juice from leaking and
counteracts the effects of gravity in sclerenchyma and
vascular tissue. Lignin also maintains the mechanical
strength of the central axis of the organ from wind and
rain, and participates in the mechanical anti-gravity
support of vegetative organs and lignin is capable to
reinforcement tensile strength of cell wall.!"*3

The presence of lignin in the cells of bundle sheath of
vascular bundle is like to that in differentiated tissues of
xylem and phloem. As a complex phenolic polymer,
lignin increases the cell wall stiffness of conductive
bundles, increasing the hydrophobic plant walls, it is
protects plants from invasion of various pathogenic fungi
and microorganisms into leaf and stem cells.B The
differences of the relative content of lignin in different
epidermal cells which we revealed in Ph. australis leaves
can be explained by the next. It is known that peroxidase
and laccase enzymes are involved in lignin synthesis.
These enzymes are key enzymes, involved in the
polymerization of lignin monomers.1**3¢!

Besides, plant protection during drought occurs not only
at the cell level, but also at the molecular level.
Researchers note increased enzyme activity of CoA
reductase (cinnamoyl-CoA reductase, CCR and cinnamyl
alcohol dehydrogenase and the expression of relevant
genes.*¥ Taking above noted and our results, we can to
suppose that enhanced synthesis of lignin in the leaves of
Phragmites australis terrestrial plants is due to activation
of the respective enzymes. The phenomenon of an
increase in the content of lignin in the leaves of the dry
reeds, which grew under conditions of relative drought of
the soil, is noteworthy. Extreme drought, like high salt
stress, usually occurs at the same time and causes
osmotic stress, which causes plant cells to lose water or
even die, significantly inhibiting plant growth and
development.®®3! |t is lignin that can decrease the flow
of water by cells, which occurs with the complete or
partial cessation of transpiration, which helps to support
the osmotic balance of cells and cell integrity.®!

The number of authors®?2“°! reported that all vegetative
and generative organs of Eucalyptus and Phragmites
australis grown in tropics and subtropics are used in
Chinese medicine, particularly in the treatment of
diseases as bacterial meningitis, mouse hepatoma,
melanoma, an arthritis, bronchitis, cancer, cholera,
cough, diabetes and many other diseases. In addition to
lignin and phenols, this species of plant also contains
large amounts of amorphous and crystalline silicon in the
leaves, as we recently reported.’? Silicon is known to be
a unique chemical element that reflects ultraviolet
light,Y making it possible to also use Fragmites
australis leaves in the development of special cosmetic
sun care products and sunglasses by analogy with other
plant species.”! Based on the results of our experimental
investigations and data of above-noted literature, the next
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conclusions could be made; leaves of Ph. australis in
vegetative stage, which grows both on the banks of rivers
and lakes, and on the dry land of Ukraine, are a
convenient material for use in medicine and
pharmacology.

Thus, we found that regardless of the conditions of plant
growth, reed leaves in the vegetative phase of plant
growth contain a fairly large amount of lignin (up to 10%
in dry weight and 30% - in recalculation for fresh
weight). Taking into account the fact that the leaves of
the queue, which grows both on the banks of rivers and
lakes, and on the dry land, are a convenient material for
use in medicine and pharmacology.

CONCLUSION

The cytochemical, laser confocal microscopic and
biochemical study revealed that content and distribution
of lignin in epidermis and conductive bundles of leaves
in Phragmites australis in vegetative stage growth
dependent from soil moisture on which this species
grown.

ACKNOWLEDGEMENTS

This work has been supported by Department of Cell
Biology and Anatomy of Institute of Botany of National
Academy Sciences of Ukraine.

Competing Interest: The author declared no potential
conflict of interest with respect to the research,
authorship and/or publication of this article.

REFERENCES
1. Pan X, Kadla JF, Ehara K, Gilkes N, Saddler JN.
Organosolv ethanol lignin from hybrid poplar as a

radical scavenger: Relationship between lignin
structure, extraction conditions, and antioxidant
activity. Journal of  Agricultural and Food

Chemistry, 2006; 54(16): 5806-13.

2. Spiridon J. Biological and pharmaceutical
applications of lignin and its derivatives: A mini
review. Cellulose Chemistry and Technology, 2018;
52(7-8): 543-50.

3. Azadfar M, Gao AH, Bule MV, Chen S. Structural
characterization of lignin: A potential source of
antioxidants guaiacol and 4-
vinylguaiacol. International Journal of Biological
Macromolecules, 2015; 75: 58-66.

4. Vinardell MP, Mitjians M. Lignins and Their
Derivatives with Beneficial Effects on Human
Health. International Journal of Molecular Sciences,
2017; 18(6): 1219.

5. Witzler M, Alzagameem A, Bergs M, Basma El
Khaldi-Hansen, Klein SE, Hielscher D, Kamm B,
Kreyenschmidt, Tobiasch E, SchulzeM ID. Lignin-
Derived Biomaterials for Drug Release and Tissue
Engineering. Molecules, 2018; 23: 1-22.

6. Fengel D, Wegener G. Wood Chemistry,
Ultrastructure, Reaction. Walter de Gruyter, Berlin,
1984; 611.

www.ejbps.com

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

European Journal of Biomedical and Pharmaceutical Sciences

Barros J, Serk H, Granlund I, Pesquet E. The cell
biology of lignification in higher plants. Annals of
Botany, 2015; 115(7): 1053-74.

Monties B. (1998) Novel structures and properties of
lignins in relation to their natural and induced
variability in ecotypes, mutants and transgenic
plants. Polymer Degradation and Stability, 1998; 59:
53-64.

Frei M. Lignin: characterization of a multifaceted
crop component. The Scientific World Journal,
2013; Article ID 436517: 1-15.

Tim Vander Weide, Huxley LM, Hawkins S,
Sembiring E, Farrar K , Dolstra O, Visser R G F,
Trindale L. Impact of drought stress on growth and
quality of Miscanthus for biofuel production. GCB
Bioenergy, 2017; 9: 770-82.

Le Gall H., Philippe F., Jean-Marc Domon, Gillet F.,
Pelloux J., Rayon C. Cell Wall Metabolism in
Response to Abiotic Stress. Plants, 2015; 4: 112-66.
Moura JCMS, Bonine CAV, de Oliveira Fernandes
Viana J, Dornelas MC, Mazzafera P. Abiotic and
biotic stresses and changes in the lignin content and
composition in plants. Journal of Integrative Plant
Biology, 2010; 52: 360-76.

Hu Y, Li WC, Xu Y, Li G, Liao Y, Fu F-L.
Differential expression of candidate genes for lignin
biosynthesis under drought stress in maize leaves.
Journal of Applied Genetics, 2009; 50: 213-23.
Jiang Y, Yao Y, Wang Y. Physiological response,
cell wall components, and gene expression of
switchgrass under short-term drought stress and
recovery. Crop Science, 2012; 52: 2718-27.
Rakszegi M, Lovegrove A, Balla KL, Bedo Z, Veisz
O, Shewry PR. Effect of heat and drought stress on
the structure and composition of arabinoxylan and b-
glucan in wheat grain. Carbohydrate Polymers,
2014; 102: 557-65.

Emerson R, Hoover A, Ray A, Lacey J, Cortez M,
Payne C. Drought effects on composition and yield
for corn stover, mixed grasses, and Miscanthus as
bioenergy feedstocks. Biofuel, 2014; 5: 275-91.
Clevering OA, Lissner J. Taxonomy, chromosome
numbers, clonal diversity and population dynamics
of Phragmites australis. Aquatic Botany, 1999; 64:
185-208.

Packer JG, Meyerson LA, Skalove H, Pysek P,
Kueffer Ch. Biological flora of the British Isles:
Phragmites australis. Journal of Ecology, 2017; 105:
1123-62.

Kobbing F., Thevs N., Zerbe S. (2013/14) The
utilization of reed (Phragmites australis): a review.
Mires and Peat, 2013(14); Article 01, 13: 1-14.
Wichtman W, Couwenberg J. (2013/14) Reed as a
Rebewable Resource and other aspects of
Paludiculture. Mires and Peat, 2013(14); 13: 1-2.
Article 00.1-2

Burkill HM. The useful plants of West Tropical
Africa. 2nd Edition. Volume 2, Families E-I. Royal
Botanic Gardens, Kew, Richmond, United
Kingdom, 1994; 636.

27


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5486042/

Nedukha.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

Shun-Cang Zhang, Shan Lin, Ao Shen, Hui Chen,
Fei Wang, Hu-yin Huai. Traditional knowledge on
“Luchai” Phragmites australis (Cav.) Trin. Ex Steud.
And Arundo donax L.) and thei dynamics through
urbanization in Yangzhou area, East China. Indian
Journal of Traditional Knowledge, 2016; 15(4):
580-6.

Tewksbury L, Casagrande R, Blossey B, Héfliger P,
Schwarzlédnder M. Potential for Biological Control
of Phragmites australis in North America. Biological
Control, 2002; 23: 191-212.

Liang Chen, Weihua Jiang, Lei Jiang,Ting Chen,
Xiaoming Xu. A comparative analysis of leaf
anatomical and photosynthetic characteristics of
Phragmites australis from two different habitations.
Life Science Journal, 2013; 10: 1022-29.

Smith CA, Skvirsky RC, Hirsch A. Histochemical
evidence for the presence od a suberinlike
compound in Rhizobium-induced nodules of the
nonlegume Parasponia rigida. Canadian Journal of
Botany, 1986; 64(7): 1474-83.

Arasimovich V, Ermakov A. The determination of
polysaccharides and lignin, in Methods of
Biochemical Study of Plants. Ed. Ermakov A.
Agropromizdat, Leningrad, Russia, 1987; 142-72.
(In Russ.).

Biicking H, Heyser JB. Subcellular
compartmentation of lelements in non-mycorrhizal
and myecorrirhizal roots of Pinus sylvstris an X-ray
microanalysis study. Il. The distribution of calcium,
potassium and sodium. New Phytologidt, 2000; 145:
321-31.

Nedukha OM. Leaf blade micromorphology and the
silicon content in Phragmites australis (Poaceae) are
correlated with water balance in the environment.
Journal of Plant Physiol and Pathology, 2018; 6(2):
1-11.

Sato T, Takabe K, Fujita M. Immunolocalization of
phenylalanine ammonia-lyase and cinnamate-4-
hydroxylase  in  differentiating  xylem  of
poplar. Comptes Rendus Biologies, 2004; 327:
827-36.

Shakoor SA, Bhat MA, Soodan AS. Taxonomic
demarcation of Arundo donax L. and Phragmites
karka (Retz.) Trin.ex Steud (Arundinoideae,
Poaceae) from phytolith signatures. Flora, 2016;
224:130-53.

Begovici., Ravlici E, Lepedus H, Leljak-Levanic D,
Cesar V. The pattern of lignin depositin in the cell
walls of internodes during barley Hordeum vulgare
L. development. Acta Biologica Cracoviensia. Ser.
Botanica, 2015; 57/2: 55-66.

Ralph J, Lundquist K, Brunow G, Lu F, Kim H,
Schatz PF, Marita JM, Hatfield RD, Ralph SA,
Christensen JH. Lignins: Natural polymers from
oxidative coupling of 4-hydroxyphenyl-propanoids.
Phytochem. Reviews, 2004; 3: 29-60.

Gibson LJ. The hierarchical structure and mechanics
of plant materials Journal of the Royal Society
Interface, 2012; 9: 2749-66.

www.ejbps.com

34.

35.

36.

37.

38.

39.

40.

41.

European Journal of Biomedical and Pharmaceutical Sciences

Schuetz M, Benske A, Smith RA, Watanabe Y,
Tobimatsu Y, Ralph J, Demura T, Ellis B, Samuels
AL. Laccases direct lignification in the discrete
secondary cell wall domains of protoxylem. Plant
Physiology, 2014; 166(2): 798-807.

Shafi A, Chauhan R, Gill T, Swarnkar MK,
Sreenivasulu Y, Kumar S, Kumar N, Shankar R,
Ahuja PS, Singh AK. Expression of SOD and APX
genes positively regulates secondary cell wall
biosynthesis and promotes plant growth and yield in
Arabidopsis under salt stress. Plant Molecular
Biology, 2015; 87(6): 615-31.

Berthet S, Demontcaulet N, Pollet B, Bidzinski P,
Cezard L, Bris PL, Borrega N, Herve J, Blondet E,
Balzergue S, Disruption of LACCASE4 and 17
results in tissue-specific alterations to lignification
of Arabidopsis thaliana stems. Plant Cell, 2011;
23(3): 1124-37.

Fan L, Linker R, Gepstein S, Tanimoto E,
Yamamoto R, Neumann PM. Progressive inhibition
by water deficit of cell wall extensibility and growth
along the elongation zone of maize roots is related to
increased lignin metabolism and progressive stelar
accumulation of wall phenolics. Plant Physiology,
2006; 140(2): 603-12.

Chaves MM, Flexas J, Pinheiro C. Photosynthesis
under drought and salt stress: Regulation
mechanisms from whole plant to cell. Annals of
Botany, 2009; 103(4): 551-60.

Agarwal, PK, Shukla PS, Gupta K, Jha B.
Bioengineering for salinity tolerance in plants: State
of the art. Molecular Biotechnology, 2012; 54(1):
102-23.

Gordobl O, Oberemko A, Saulis G, Baublys V,
Labidi L. In vitro cytotoxicity studies of industrial
Eucalyptus kraft lignins on mouse hepatoma,
melanoma and Chinese hamster ovary cells.
International Journal of Biological Macromolecules,
2019; 135: 353-61.

Seong J Cho, Taechang An, Geunbae Lim. Three-
dimensionally  designed anti-reflective silicon
surfaces for perfect absorption of light. Chemical
Communications, 2014; Is 99: 1-4.

28


https://www.sciencedirect.com/science/article/pii/S0141813019320136#!
https://www.sciencedirect.com/science/article/pii/S0141813019320136#!
https://www.sciencedirect.com/science/article/pii/S0141813019320136#!
https://www.sciencedirect.com/science/article/pii/S0141813019320136#!
https://www.sciencedirect.com/science/article/pii/S0141813019320136#!
https://www.sciencedirect.com/science/journal/01418130
https://www.sciencedirect.com/science/journal/01418130/135/supp/C
https://pubs.rsc.org/en/results?searchtext=Author%3ASeong%20J.%20Cho
https://pubs.rsc.org/en/results?searchtext=Author%3ATaechang%20An
https://pubs.rsc.org/en/results?searchtext=Author%3AGeunbae%20Lim

