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Chitosan exhibits variable effects on pine (Pinus sylvestris L.) and alder 
(Alnus glutinosa L.) growth and secondary metabolism

Milana Šilanskienė (1), 
Vaida Sirgedaitė-Šėžienė (1), 
Doroteja Vaitiekūnaitė (1), 
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Chitosan is a naturally abundant biopolymer that has been studied as an alter-
native means to elicit beneficial responses in plants, such as enhanced plant 
growth and improved defense response. Most studies focus on agriculture and 
horticulture, but few have investigated forest trees. Based on chitosan’s suc-
cess as a biostimulant, we hypothesized that trees such as pine (Pinus sylves-
tris L.) and alder (Alnus glutinosa L.) may also be positively affected by it. We 
evaluated vegetative growth parameters and secondary metabolites (pheno-
lics, antioxidant indicators), pigments of seedlings grown in sterile in vitro and 
non-sterile  ex vitro conditions to determine if various concentrations of chi-
tosan solubilized in different solvents and stored in different conditions would 
significantly impact trees at various stages and conditions of growth. Results 
showed that in  in vitro conditions, chitosan had a mainly positive effect on 
pine germination and growth, but a mainly negative effect on pine secondary 
metabolism (SM) indicators. In vitro grown alder’s SMs were positively affected 
in all measured parameters, but chitosan had no effect on growth. Overall, ex 
vitro results indicated that chitosan has no effect on pine growth and varied 
impact on its SM indicators. Similarly, the effect on growth parameters and SM 
indicators was varied in alder. Results on how chitosan storage can affect its 
impact on tree growth showed that storage conditions had a significant impact 
on both pine and alder. Based on our data, future studies must carefully evalu-
ate all possible variables to optimize chitosan use in silviculture.
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Introduction
Chitosan  is  a  biopolymer  derived  from 

chitin,  a  naturally  occurring  substance 
found in the exoskeletons of crustaceans, 
insects and fungi cell walls (Hidangmayum 
& Dwivedi  2022,  Islam et  al.  2023).  It  has 
been studied for its potential use in agricul-
ture  and  horticulture  due  to  its  various 
beneficial properties, such as its ability to 
enhance plant  growth and improve plant 
defence  mechanisms,  helping  combat 
pests and diseases (Nunes et al. 2014, Has-
san & Chang 2017, Li et al. 2020, Sajid et al. 
2020,  Hidangmayum & Dwivedi 2022,  Ingle 
et al. 2022).

As  chitosan  is  a  natural  and  biodegrad-

able substance, it can be used as an alter-
native  to  synthetic  pesticides  and fertiliz-
ers.  Thus, its use can reduce the environ-
mental  impact  of  agricultural  practices 
(Hassan  &  Chang  2017,  Hidangmayum  & 
Dwivedi  2022,  Ingle  et  al.  2022).  Chitosan 
shows promise in this area as a sustainable 
means for enhancing plant growth and im-
proving plant health in agriculture and hor-
ticulture  (Hassan  &  Chang  2017,  Li  et  al. 
2020).

In the past chitosan has been shown to 
improve plant growth by stimulating root 
development  and  increasing  nutrient  up-
take (Soltys et al. 2008,  Wang et al. 2017, 
Song et al.  2022).  This can lead to higher 

yields  and  better-quality  crops.  A  study 
conducted on strawberry plants lead to the 
conclusion  that  chitosan  application  im-
proved  plant  height,  leaf  number,  fresh 
and  dry  weight;  these  parameters  in 
groups treated with chitosan were signifi-
cantly  higher than the control  treatment. 
Fruit  quality  also  showed  similar  trends 
(Abdel-Mawgoud et al. 2010). Chitosan has 
also  been found to  enhance the  defense 
mechanisms  of  plants  helping  fight  back 
various pests and diseases, as well  as im-
prove fruit yield (Sajid et al. 2020). Kuyyog-
suy et al. (2018) reported that chitosan en-
hanced rubber trees’  resistance to  Phyto-
phthora palmivora fungal pathogen by re-
ducing disease severity. In addition, antiox-
idant  enzyme  (catalase,  peroxidase,  etc.) 
production  was  enhanced  (Kuyyogsuy  et 
al. 2018). Overall, chitosan use shows pro-
mise, however, there are fewer studies in 
regard to forestry and its use in forest tree 
growth improvement and protection (Sol-
tys  et  al.  2008,  Silva-Castro  et  al.  2018a). 
For example, a study found that chitosan 
induces  a  biochemical  response  in  pine 
when it is used as an elicitor, and that this 
response lowers the pinewood nematode 
population by sixfold after just 28 days. Au-
thors  linked this  outcome with  enhanced 
production of antioxidative chemicals, such 
as  catalase,  carotenoids,  phenols,  etc. 
(Nunes  et  al.  2021).  The  activation  of 
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plants’ secondary metabolism and the pro-
duction of phenols, flavonoids, carotenoids 
and other antioxidative biomolecules have 
long been linked with the enhancement of 
plants’ defensive systems (Witzell & Martín 
2008, Shalaby & Horwitz 2015).

It is important to note that there are dif-
ferent types of chitosan that vary in their 
properties, including, most notably, degree 
of  deacetylation  and  molecular  weight. 
These  intrinsic  properties  have  been 
shown to affect on how chitosan interacts 
with plants (Nunes et al. 2014,  Islam et al. 
2023,  Stasinska-Jakubas  et  al.  2023).  The 
degree of  deacetylation refers  to the ex-
tent to which chitin has been deacetylated 
to produce chitosan (Islam et al. 2023). The 
higher  the  degree  of  deacetylation,  the 
more positively charged amino groups are 
present on the chitosan molecule. This can 
affect  its  solubility,  antimicrobial  activity, 
and  ability  to  interact  with  other  mole-
cules.  The  molecular  weight  of  chitosan 
refers to the size of the chitosan molecule, 
which  can vary  depending on the  source 
material and production method. Chitosan 
of a certain molecular weight may be more 
effective in some applications, such as in-
ducing plant defense mechanisms (Nunes 
et  al.  2014)  or  improving  plant  growth 
(Luan et al. 2006). Overall, since the prop-
erties of chitosan can impact its effective-
ness  in  different  applications,  it  is  impor-
tant  to  consider  the  specific  application 
and  desired  outcomes  when  selecting  a 
specific type of chitosan to use.

Based on the above evidence we chose 
chitosan derived from  Tenebrio molitor L. 
mealworm for our studies. Beetle chitosan 
is  sourced  more  sustainably  than  that  of 
crustaceans  and  has  fewer  impurities.  It 
has lower molecular weight and higher de-
gree of deacetylation, which suggests that 
it may dissolve better in water, which is de-
sirable  in  plant  application  (Islam  et  al. 
2023).  Considering  the  scarcity  of  studies 
using chitosan on forest trees, we hypothe-
sized that chitosan derived from T. molitor 
solubilized in different solvents, and stored 
in  different  conditions  may  affect  tree 

seedlings differently in terms of secondary 
metabolism  and  more  importantly,  as 
there  are  few  if  any  studies  about  this, 
their vegetative growth parameters.

Materials and methods

Seed preparation
Pinus  sylvestris L.  and  Alnus  glutinosa L. 

seeds were used for this experiment. Both 
were gathered in a dedicated seed planta-
tion in Lithuania. For  in vitro experiments 
seed  surface  sterilization  was  done  in  a 
laminar  flow  hood  under  aseptic  condi-
tions.

Pine seeds were placed in a 20 ml sized 
syringe  with  a  few  drops  of  Tween  80 
(polyoxyethylene  sorbitan  monooleate) 
detergent. The syringe was filled with 30% 
H2O2 to cover the seeds entirely. The seeds 
were incubated in the mixture for  3  min-
utes  lightly  shaking  the  syringe  a  few 
times. The mixture, except seeds, was ex-
pelled  from  the  syringe  and  the  syringe 
was filled with sterilized dH2O. The syringe 
was then shaken a few times and the wa-
ter  then expelled.  The rinsing with water 
was repeated three more times. Afterward 
the  seeds  were  placed  in  a  sterile  con-
tainer.

Similarly, alder seeds were placed in a 20 
ml syringe, however a few pine seeds were 
added first  to  fill  the gap of  the syringe, 
since alder seeds are smaller than the sy-
ringe opening. Ethanol (96%) was used to 
cover the seeds in the syringe and after 20 
s,  the  ethanol  was  expelled.  The  seeds 
were then rinsed three times with dH2O as 
described previously. Then a few drops of 
Tween 80 were added and 30% H2O2 was 
used  to  cover  the  seeds  completely.  The 
mixture  was  incubated  for  80  minutes, 
gently shaking the syringe every so often. 
Afterward, the seeds were rinsed with wa-
ter five times as previously described. Then 
Tween 80 and 30% H2O2 were added again 
and again incubated for 80 minutes. Then 
the rinsing steps were repeated and after 
that the seeds were stored in a sterile con-
tainer.

Preparation of chitosan
T.  molitor larvae  where  defatted  using 

hot oil screw press machine. Defatted lar-
vae were boiled twice for 1 h in 1 M NaOH 
solution to remove proteins and remaining 
fat, then neutralized in 1 M HCl. Resulting 
chitin was washed twice with boiling wa-
ter. Then chitin dried at 75 °C and was later 
deacetylated in 40% NaOH solution at 110 °C 
for  90  minutes  and  the  reaction  was 
quenched with ice. Solids were separated 
from the liquid  using the  oil  screw press 
machine and washed in boiling water until 
pH 8.0 was reached. To increase bulk den-
sity of the end product it was dissolved in 
1% acetic acid, evaporated to dryness at 75 
°C  and  ground  in  a  rotary  grinder.  This 
treatment  increased  bulk  density  of  the 
product from 0.12 to 0.69 g cm-3. Deacety-
lation  degree  (DDA)  of  the  chitosan  was 
determined by transmission infrared spec-
troscopy using PerkinElmer Spectrum Two® 

FT-IR spectrometer and PerkinElmer Spec-
trum IR® software in KBr pellets as follows 
(Dimzon & Knepper 2015 – eqn. 1):

(1)

where  DDA% is  a  deacetylation degree of 
chitosan,  and  A1652 and  A3450 are  absorb-
ances at specified wavenumber.

Preparation of chitosan solutions
During  the  experiment  two  concentra-

tions of chitosan were used: 2 g l-1 and 10 g 
l-1.  For  the  first  and  second  experiments 
three  solvents  were  utilized:  distilled  wa-
ter, 1% acetic acid (VWR, USA) and neutral-
ized 1% acetic acid (Rinaudo 2006). NaOH (1 
M)  was  used  for  neutralization  (Sigma 
Aldrich,  USA).  NaOH  solution  was  slowly 
pipeted into the acetic acid solution until it 
reached the desired pH. Chitosan powder 
was mixed with the different solvents (Tab.
1).  After  shaking  the  bottle,  the  solution 
was put into a thermal shaker (Adolf Küh-
ner AG, Switzerland) for 3-4 h, at 1 g and 35 
°C.

As  for  the  third  experiment,  3  different 
storing  conditions  for  chitosan  powder 
were  used:  (i)  23  °C  and  35%  humidity 
(room) for 4 months; (ii) 4 °C and 65% hu-
midity  (fridge)  for  4  months;  (iii)  freshly 
prepared powder. Distilled water and 0.1% 
acetic acid (pH 3.85) were used as solvents. 
The same chitosan concentrations of 2 g l-1 

and 10 g l-1 were tested.

Seedling growth conditions
Each group in the experiment consisted 

of 30 individual tree seedlings (3 indepen-
dent experiments, 10 replicates per experi-
ment). All in vitro trials were conducted on 
standard  composition  McCown  Woody 
plant medium (Duchefa Biochemie, Nether-
lands) with 4 g l-1 of gelrite (Duchefa Bio-
chemie)  and  20  g  l-1 of  sucrose  (Duchefa 
Biochemie)  added.  The  pH  was  a  consis-
tent 5.6 ± 0.1. Temperature in the growth 
chamber was kept at 25/20 °C under a 16/8 
h  photoperiod  (tube  fluorescent  lights  – 
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Tab. 1 - Solutions used for the experiments one (in vitro) and two (ex vitro).

No.
Chitosan

concentration
(g l-1)

Solvent used pH

1 0 dH2O - Control group 5.85

2 2 dH2O 5.85

3 10 dH2O 5.85

4 0 Acetic a. (C2H4O2), 1 % 2.85

5 2 Acetic a. (C2H4O2), 1 % 2.85

6 10 Acetic a. (C2H4O2), 1 % 2.85

7 0 Acetic a. (C2H4O2), 1 % + NaOH, 1 M (20:3 v/v) 5.85

8 2 Acetic a. (C2H4O2), 1 % + NaOH, 1 M (20:3 v/v) 5.85

9 10 Acetic a. (C2H4O2), 1 % + NaOH, 1 M (20:3 v/v) 5.85
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Osram, Germany, white light, irradiance 30 
μmol m-2 s-2).

Sterile seedlings from  in vitro conditions 
were adapted to non-sterile ex vitro condi-
tions where trials were conducted in seed-
ling trays with individuals seed chambers. 
Peat-based  seed  pellets  (Jiffy,  Estonia) 
were used for ex vitro trials. Otherwise, the 
ex  vitro  trials  were  conducted  under  the 
same conditions.

Experimental treatments
The seed treatments for the first experi-

ment (in vitro) took place under sterile con-
ditions in a laminar flow hood. Freshly pre-
pared chitosan solutions were poured into 
Petri dishes and kept under UV light for 20 
mins (Petri dishes uncovered). Then steril-
ized tree seeds were put into their respec-
tive solutions and soaked for 1 h, and then 
transferred into 20 mm diameter test tubes 
(1 seed per tube) and grown for 1 month.

As for the second experiment (ex vitro), 
untreated tree seeds were put into 20 mm 
diameter test tubes and grown for 1 month 
in vitro. Then Scots pine seedlings were ex-
tracted from the tubes and put into a jar 
filled with sterile distilled water and strati-
fied  in  the  fridge  overnight.  Black  alder 
seedlings were extracted and only 20 mm 
of shoots without leaves were left (roots 
were  cut  off)  that  were  transferred  into 
jars with sterile distilled water and placed 
into  the  fridge  overnight.  The  next  day 
pine seedling roots and whole alder shoots 
were soaked in their respective freshly pre-
pared chitosan solutions for 20 mins, then 
planted into peat pellets and grown for 6 
weeks.

The third experiment (different chitosan 
storing conditions) was similar to the sec-
ond one. First, untreated Scots pine seeds 
were  planted  in  20  mm  diameter  test 
tubes.  After  a  month  seedlings  were  ex-
tracted from the tubes and put into a jar 
filled with sterile dH2O and put into fridge 
overnight.  Afterwards,  seedlings  were 
soaked  in  varied  chitosan  solutions  and 
transferred  into  peat  pellets  to  grow  for 
one month.

Growth evaluation
After the studied period,  the vegetative 

growth  parameters  for  each  individual 
seedling were evaluated. Root length and 
fresh  weight,  lateral  root  number,  shoot 
length and fresh weight, largest leaf width 
for  alder  seedlings  and  largest  needle 
length for pines were measured.

Secondary metabolite tests

Extract preparation
Out  of  each  replicate  (10  individuals)  1 

sample (either leaves or needles) of 0.5 g 
was collected and processed as previously 
described (Sirgedaite-Šeziene et al.  2023). 
Three samples per pool of 30 plants were 
taken. Briefly, the samples were homoge-
nized, and 75% methanol was used for ex-
traction  (thermal  shaker,  24  h).  Filtered 

samples were used for analyses of antioxi-
dant  activity,  pigments  and  phenolics. 
Three technical replicates per each sample 
were measured for all SMs.

Total phenol content
Total  phenol  content  (TPC)  was  deter-

mined by using a modified method (Single-
ton 1988, Striganavičiute et al. 2021). Brief-
ly,  100  µl  of  the  methanol  extract  was 
mixed with 2.5 ml of dH2O and a 100 ml of 
Folin-Ciocalteu  reagent  and  thereafter  in-
cubated for 6 minutes. Then 5 ml of Na2CO3 

was added and incubated for 30 minutes in 
the dark. After this, the sample absorbance 
was measured and TPC was extrapolated 
based  on  previously  published  formulas 
(Striganavičiute et al. 2021).

Total flavonoid content
Total flavonoid content (TFC) was deter-

mined  by  using  a  method  previously  de-
scribed  by  Striganavičiute  et  al.  (2021). 
Briefly,  1  ml  of  the methanol  extract  was 
mixed with 0.3 ml 5% NaNO2  and after a 5 
min  incubation  0.5  ml  of  2%  AlCl3 was 
added. The mixture was incubated for ad-
ditional  6  minutes  and  then  0.5  ml  1  M 
NaOH was added. Afterwards, the sample 
absorbance was measured and TFC was ex-
trapolated based on previously  published 
formulas (Striganavičiute et al. 2021).

Antioxidant activity assays
Total free radical scavenging activity was 

estimated by using 2,2-Diphenyl-1-picryl-hy-
drazyl-hydrate (DPPH) following the meth-
odology described by Sirgedaite-Šeziene et 
al. (2023). Briefly, the reaction mixture con-
taining 100 µl of the ethanol extract, an ad-
ditional 400 µl of 75% methanol and 1 ml of 
0.1 mM DPPH solution (in 100% methanol) 
was mixed and measured at 515 nm. Radi-
cal  scavenging  activity  was  calculated 
based on Trolox equivalent as thoroughly 
described  by  Sirgedaite-Šeziene  et  al. 
(2023).

Similarly,  free radical  scavenging activity 
by using 2,2’-Azino-bis(3-ethylbenzothiazo-
line-6-sulfonic  acid  (ABTS)  was  estimated 
following the methodology previously de-
scribed  (Sirgedaite-Šeziene  et  al.  2023). 
Briefly,  ABTS radical  cation was  prepared 
from ABTS stock solution (56 mg of ABTS 
in  50  ml  of  dH2O)  and  200  µl  of  70  nM 
K2S2O8 16 hours in advance. After 16 h the 
solution  was  diluted  with  dH2O  until  it 
reached 0.7  ±  0.2  absorbance at  734 nm. 
Then  50  µl  of  the  methanol  extract  was 
mixed with 2 ml of the ABTS solution and 
incubated  in  the  dark  for  10  mins.  Ab-
sorbance was measured and based on pre-
viously  published  formulas  and  models, 
radical  scavenging activity  was  calculated 
(Sirgedaite-Šeziene et al. 2023).

Photosynthetic pigment content
The amount of chlorophyll a, b and carot-

enoids was determined based on a modi-
fied methodology first presented by Wett-
stein (Wettstein 1957, Striganavičiute et al. 

2021). Briefly, samples were collected and 
homogenized with CaCO3 in 100% acetone. 
Filtered  samples  were  immediately  used 
for  pigment  analysis.  The  formulas  and 
models  used  were  thoroughly  described 
previously (Striganavičiute et al. 2021).

Statistical analysis
Data  from  3  independent  experiments 

(i.e.,  30  replicates)  were  pooled  to  make 
one  group  for  the  analysis.  Means  and 
standard errors were calculated using the 
software  Microsoft  Excel®.  Data  was  fur-
ther processed using SPSS® (IBM, version 
28.0.1.1.)  Kruskal-Wallis  H test  for  analysis 
of  ranks was chosen as a  non-parametric 
alternative  to  one-way  ANOVA.  Post-hoc 
Dunn’s  test  (α =  0.05)  was  conducted to 
determine pairwise differences (Jové et al. 
2011, Becker et al. 2020).

Results

In vitro experiments
Chitosan treatment impact on Scots pine 

vegetative  growth  parameters,  germina-
tion percentage and radical scavenging ac-
tivity  are provided in  Fig.  S1  (Supplemen-
tary material).  Results showed that acetic 
acid (1%) and neutralized acetic acid alone 
and  with  2  g  l-1 of  dissolved  chitosan  in-
creased pine germination rate by ~30% (Fig. 
S1a). Root parameters (Fig. S1b) were not 
significantly  influenced  by  chitosan  solu-
tions  compared  to  the  control  group. 
Shoot  length  was  positively  affected  in 
pines  treated  with  2  g  l-1 of  chitosan  dis-
solved in neutralized acid by ~10% (Fig. S1c). 
While needle length was positively affected 
by 10 g l-1 of chitosan in both 1% acetic acid 
and  neutralized  acid  by  up  to  ~10%  (Fig. 
S1d).  DPPH  radical  scavenging  activity  of 
extracts  significantly  increased  in  pines 
treated with 10 g l-1 of chitosan dissolved in 
dH2O and neutralized acid (by up to ~115%), 
while ABTS radical scavenging activity was 
not  significantly  affected  by  any  treat-
ments  (Fig.  S1e).  As  shown  in  Fig.  1,  chi-
tosan treatment had no positive effect on 
Scots pine seeds under  in vitro conditions 
in  terms  of  SMs  and  photosynthetic  pig-
ments.  While  slightly  elevated  SM  levels 
were  seen in  groups  with  1  %  acetic  acid 
and 2 g l-1 of chitosan solution, neutralized 
acetic  acid  and  10  g  l-1 of  chitosan,  they 
were  statistically  non-significant.  As  for 
chlorophylls,  results  followed  the  same 
trend – chitosan treatment had no positive 
effect –, on the contrary it was negative.

As for total phenolic and total flavonoid 
content  (Fig.  2a),  chitosan  powder  dis-
solved in distilled water, gave the best re-
sults  – TPC significantly  increased by 60% 
and  TFC  increased  by  75%  when  chitosan 
concentration was 2 g l-1. Overall, the opti-
mal  concentration  for  all  3  solvents  (dis-
tilled water, 1% acetic acid and neutralized 
acetic acid) was 2 g l-1. It should be noted 
that 1% acetic acid solvent alone (without 
chitosan)  also  had  a  positive  outcome  – 
TPC increased by 42% and TFC by 31 %, com-
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pared to the control group. Antioxidant ac-
tivity increased in all experimental groups 
with acetic acid as a solvent – DPPH radical 
scavenging  activity  of  extracts  increased 
by at least 80% in all groups and ABTS – by 
70% (Fig. 2b). Once again, 2 g l-1 of chitosan 
dissolved in water gave the best results  – 
DPPH radical scavenging activity increased 
by almost 250%,  compared to the control 
group.  Not  many  significant  differences 
were seen in groups with neutralized ace-
tic acid (except for DPPH radical scaveng-
ing activity with 2 g l-1 of chitosan, where 
values  increased  by  ~85%).  Concentration 
of chlorophyll  a increased in three tested 
groups: 2 g l-1 of chitosan in water, acetic 
acid  and  neutralized  acid  (Fig.  2c).  The 
amount  of  chlorophyll  b significantly  in-
creased in  all  tested groups  treated with 
chitosan by at least 25%, regardless of sol-
vent  used  (Fig.  2d).  Solvents  alone  like 

acetic  acid  and neutralized acetic  acid  in-
creased concentration of  carotenoids  sig-
nificantly  as  well  (Fig.  2e).  In  vitro black 
alder growth was not notably affected by 
chitosan.  Neither  germination  rate  (Fig. 
S2a  in  Supplementary  material),  root, 
shoot nor leaf width were affected signifi-
cantly (Fig. S2b, Fig. S2c, Fig. S2d).

Ex vitro experiments
ABTS  radical  scavenging  activity  in-

creased significantly in 5 studied groups by 
at least 55%: 10 g l-1 of chitosan, dissolved in 
all three solvents, as well as in 2 g l -1 of chi-
tosan, dissolved in acetic acid and neutral-
ized acetic acid (Fig. 3). This may indicate 
that  chitosan,  regardless of  solvent used, 
can  increase  radical  scavenging  activity 
(ABTS) in Scots pine seedlings after direct 
treatment to their roots. Meanwhile, in al-
most all groups the DPPH radical scaveng-

ing  activity  decreased.  Significantly  so  in 
dH2O and 1% acetic acid with 10 g l-1 of chi-
tosan,  and  with  neutralized  acetic  acid 
alone.  Fig.  S3a  (Supplementary  material) 
shows  that  TPC  significantly  increased  in 
three groups up to ~30%: 2 g l-1 of chitosan 
in 1% acetic acid, 2 g l-1 and 10 g l-1 of chi-
tosan  in  neutralized  acid,  but  TFC  levels 
have  significantly  dropped  in  treatments 
with  neutralized  acid  alone  and  chitosan 
dissolved in water (2 g l-1, ~30%). As for pho-
tosynthetic  pigments  (Fig.  S3b,  Fig.  S3c, 
Fig.  S3d  in  Supplementary  material),  no 
positive impact was observed, but chloro-
phyll  b levels  were  negatively  affected in 
two  groups:  10  g  l-1 of  chitosan  in  water 
(~15%) and 2 g l-1 of chitosan in neutralized 
acid (~10% – Fig. S3c in Supplementary ma-
terial). Similarly, in the group treated with 2 
g l-1 of chitosan in neutralized acid, carot-
enoid content was also significantly nega-
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Fig. 2 - Differences in the 
amount of total phenolic 
content (TPC) and total 
flavonoid content (TFC) 
(a), DPPH and ABTS radical 
scavenging activity of 
extracts (b), chlorophylls a 
(c), b (d) and carotenoids 
(e) of in vitro grown Alnus 
glutinosa from the control 
group,  % ± RSE (n = 30). 
Three technical replicates 
for each sample were 
done. Significance of differ-
ences was tested by  
Kruskal-Wallis H test for 
ranks and post hoc Dunn’s 
test for pairs (*: p < 0.05).
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ry Fig. 1 - Differences in the 
amount of total phenolic 
content (TPC) and total 
flavonoid content (TFC) (a), 
chlorophylls a (b), b (c) and 
carotenoids (d) of in vitro 
grown Pinus sylvestris 
seedlings from control 
group (seeds treated with 
water), % ± RSE (n = 30). 
Three technical replicates 
for each sample were done. 
Significance of differences 
was tested by Kruskal-Wallis 
H test for ranks and post-
hoc Dunn’s test for pairs (*:  
p < 0.05).
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tively impacted (~10% – Fig. S3d).
Both  shoot  and  root  length  were  mea-

sured, as well as leaf width, and the total 
leaf number was counted. Results indicate 
that two solutions gave positive outcome 
for shoot length and leaf width – 10 g l-1 of 
chitosan, dissolved in water and in 1% acetic 
acid (Fig.  4a,  Fig.  4c).  However,  only  leaf 
width  was  significantly  affected.  Root 
length  was  affected  negatively  in  three 
groups: 2 g l-1 of chitosan in water and neu-
tralized acid, and 10 g l-1 of chitosan in neu-
tralized acid (Fig. 4b). Total leaf count was 
negatively affected by 1% acetic acid as sol-
vent with 2 g l-1 of chitosan; this negative 
impact decreased when 10 g l-1 of chitosan 
was present,  likely  showing that  chitosan 
can mitigate negative impacts from other 
variables (Fig. 4d). TPC, TFC together with 
ABTS radical scavenging activity were neg-
atively affected by both concentrations of 
chitosan,  dissolved  in  dH2O  (Fig.  4e,  Fig.
4f). As for TPC and DPPH radical scaveng-
ing  activity,  their  concentrations  were  al-
most alike, both improved by 1% acetic acid 
alone and with 2 g l-1 of chitosan. The best 
results were seen in a group with neutral-
ized acetic acid and 10 g l-1 of chitosan (TPC 
increased by 80%, DPPH radical scavenging 
activity  by  ~130%  –  Fig.  4e,  Fig.  4f).  It  is 
noteworthy  that  ABTS  radical  scavenging 
activity significantly increased in all groups 
(with and without chitosan) with 1% acetic 
acid. Chlorophyll  a, b  and carotenoid con-
centrations increased in trees treated with 
2 g l-1 of chitosan dissolved in distilled water 
(Fig. S4 in Supplementary material). These 
3 parameters significantly decreased by at 
least 20% both in 1% acetic acid alone and in 

trees treated with 10 g l-1 of chitosan mixed 
with neutralized acid.

Different chitosan storage conditions
Concentration of synthesized chlorophyll 

a increased  significantly  in  two  studied 
groups: 0.1% acetic acid with 2 g l -1 of chi-
tosan, kept in a fridge, and dH2O with 10 g 
l-1 of freshly made chitosan (Fig. 5a). Chlo-
rophyll  b concentrations  significantly  in-
creased in the same two groups, as well as 
in the group with dH2O and 10 g l-1 of chi-
tosan stored in the fridge (Fig. 5b). Overall, 
chlorophyll  a and  carotenoids  were  af-

fected more negatively than positively re-
gardless of chitosan and solvents used (Fig.
5a,  Fig. 5c). As for SMs (Fig. S5 in Supple-
mentary  material),  both  TPC  and  TFC  in-
creased  by  40%  or  more  in  pines  treated 
with 10 g l-1 of fresh chitosan powder dis-
solved in 0.1% acetic acid. TPC was also sig-
nificantly  positively  affected  in  the  other 
five studied groups up to ~60%: 2 g l -1 of chi-
tosan, kept in the fridge and in the room, 
dissolved in 0.1% acetic acid, 10 g l-1 of chi-
tosan in water and at both studied concen-
trations of fresh chitosan with water as a 
solvent.
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Fig. 3 - Differences in the amount of DPPH and ABTS radical scavenging activity of  
extracts of ex vitro adapted Pinus sylvestris seedlings from the control group, % ± RSE 
(n = 30). Three technical replicates for each sample were done. Significance of differ-
ences was tested by Kruskal-Wallis H test for ranks and post-hoc Dunn’s test for pairs 
(*: p < 0.05).

Fig. 4 - Differences in shoot 
(a) and root (b) length, leaf 

width (c) and total leaf 
count (d), in the amount of 

total phenolic content 
(TPC) and total flavonoid 
content (TFC) (e), DPPH 

and ABTS radical scaveng-
ing activity of extracts (f) 
of ex vitro adapted Alnus 

glutinosa from the control 
group, % ± RSE (n = 30). 

Three technical replicates 
for each sample were 

done. Significance of differ-
ences was tested by 

Kruskal-Wallis H test for 
ranks and post-hoc Dunn’s 
test for pairs (*: p < 0.05).
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The results show that for TPC and TFC the 
use  of  solvent  had  a  huge  impact:  0.1% 
acetic  acid  impacted SMs negatively,  and 
dH2O had a positive or neutral impact, com-
pared to the control group (Fig. 6a).  This 
indicates  that  black  alder  (broadleaved 

tree) is more sensitive to acid used as a sol-
vent than the Scots pine (conifer).  As for 
photosynthetic  pigments,  results  varied. 
Chlorophylls  a and  b were affected more 
negatively  by  dH2O  with  chitosan,  stored 
both in a fridge and at room temperature, 

while freshly prepared chitosan had less of 
a  negative  impact  on  these  parameters 
(Fig. 6b, Fig. 6c). Carotenoid concentration 
was  negatively  affected  in  groups  with 
acetic  acid  as  a  solvent,  and positively  in 
groups with water as  a  solvent (Fig.  6d). 
Overall,  chitosan storage conditions while 
showing  some  significant  variations  were 
not the main variable that determined chi-
tosan effectiveness in improving the differ-
ent  parameters;  instead,  more  attention 
must be paid to the solvent and chitosan 
concentration used.

Discussion
A number of studies published in the last 

few decades showed the beneficial effect 
chitosan can have on plants (Abdel-Maw-
goud et al.  2010,  Chakraborty et al.  2020, 
Yu et al.  2021,  Debnath et al.  2022,  Pong-
prayoon et al. 2022,  Riseh et al. 2022). Chi-
tosan has been shown to affect growth in 
wheat  in  terms  of  increase  in  shoot  and 
root length, and similar to our results with 
pine, chitosan-primed wheat seeds also ex-
hibited  better  germination  rate  (Hameed 
et  al.  2013).  Comparatively,  more  studies 
promote  chitosan  as  an  effective  agent 
that could be used for induced resistance 
in plants.  The researchers found that  chi-
tosan treatments increased the total phe-
nol content and total flavonoid content in 
mint (Mentha piperita L. – Salimgandomi & 
Shabrangi 2016) and other secondary me-
tabolites in Mexican mint (Stasinska-Jaku-
bas et al. 2023). The previously mentioned 
study on wheat resulted in chitosan nega-
tively affecting total phenol content, how-
ever vastly increasing the amounts of cer-
tain  antioxidative  enzymes,  such  as  cata-
lase,  peroxidase  and  superoxide  dismu-
tase, among others (Hameed et al. 2013).

Most plant-chitosan studies employ agri-
culturally important or fast-growing herba-
ceous  species.  However,  the  few  studies 
with  woody  plants  also  reported  similar 
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Fig. 5 - Differences in the 
amount of chlorophylls 

a (a), b (b) and 
carotenoids (c) of Pinus 

sylvestris seedlings from 
the control group, % ± 

RSE (n = 30), depending 
on chitosan powder 

storage conditions and 
solvent used. Three 

technical replicates for 
each sample were done. 

Significance of differ-
ences was tested by 

Kruskal-Wallis H test for 
ranks and post-hoc 

Dunn’s test for pairs (*: 
p < 0.05).

Fig. 6 - Differences in the 
amount of total phenolic 

content (TPC) and total 
flavonoid content (TFC) 

(a), chlorophylls a (b), b (c) 
and carotenoids (d) of 

Alnus glutinosa seedlings 
from the control group, % ± 
RSE (n = 30), depending on 

chitosan powder storage 
conditions and solvent 

used. Three technical repli-
cates for each sample were 
done. Significance of differ-

ences was tested by 
Kruskal-Wallis H test for 

ranks and post-hoc Dunn’s 
test for pairs (*: p < 0.05).
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beneficial  trends  due to  chitosan applica-
tion. For example, researchers applied chi-
tosan  to  the  Washington  navel  orange 
trees and found that it had an insignificant 
effect  on  growth  parameters,  but  im-
proved pigment, sugar content, phenolics, 
hormones, and varied micronutrients in the 
plants,  overall  positively  affecting  fruit 
quality  (Hussien  et  al.  2016).  Our  results 
also  showed  that  chitosan  had  a  much 
more prevalent impact on secondary me-
tabolism than on growth. Another study in-
vestigated  how  chitosan  can  impact 
drought-affected  Buddhist  pine  (Podocar-
pus  macrophyllus [Thunb]  Sweet),  finding 
that chitosan application enhanced starch 
allocation to roots, where simultaneously, 
antioxidant  activity  was  up-regulated  (He 
et al. 2020). A recent study on Rosa roxbur-
ghii  Tratt.  revealed  that  chitosan-treated 
plants had up to ~92% efficacy in controlling 
powdery  mildew  – a  pathogen  causing 
yield  losses  up to  40%.  Total  phenol  con-
tent,  total  flavonoid  content  and  chloro-
phyll  were also positively affected by chi-
tosan application, as were the amounts of 
superoxide dismutase and polyphenol oxi-
dase (Zhang et al. 2022). The results of our 
study  showed  that  alder  grown  in  vitro 
hugely  benefited  from  chitosan  applica-
tion. All measured secondary metabolites, 
TPC, TFC, chlorophyll and antioxidative ac-
tivity indicators were positively affected, as 
compared to the study on Rosa roxburghii. 
For example, during our trials a ~250% in-
crease in radical scavenging activity (DPPH 
radical  scavenging activity  assay) was ob-
served.  Comparatively,  ex  vitro  results 
were  far  more  ambiguous.  Radical  scav-
enging increased up to ~140% as measured 
by both DPPH and ABTS assays, and so did 
TPC, but different concentrations and the 
solvents used had a variable effect on pig-
ments and TFC.

Pines (genus Pinus) are the most often in-
vestigated  trees  in  relation  to  chitosan 
among woody plants.  Several  studies  de-
monstrated  the  positive  effects  chitosan 
application  can  have  on  pine  tree  resis-
tance  to  various  pathogens  and  growth. 
Application of chitosan on Pinus radiata D. 
Don and Pinus patula Schiede trees induced 
resistance  to  Fusarium  circinatum fungus. 
For  P.  radiata this  resistance  was  depen-
dent on the inoculum concentration, and in 
certain conditions chitosan application was 
shown  to  reduce  disease  incidence  on 
seedlings by 60% (Reglinski et al. 2004, Fit-
za  et  al.  2013).  Pinus  sylvestris was  also 
shown to  benefit  from chitosan under  F.  
circinatum infection. The treatment signifi-
cantly improved seedling survival rates and 
total phenol content as well as radical scav-
enging activity (Silva-Castro et al. 2018b). In 
the current study, Scots pine was also sig-
nificantly affected by chitosan.  In vitro tri-
als  showed  an  overall  negative  effect  of 
chitosan on pine’s secondary metabolism. 
While  ex  vitro  experiments  resulted  in  a 
varied  response,  i.e.,  TFC,  chlorophyll  b, 
carotenoids,  and radical  scavenging activ-

ity (DPPH) decreased, and TPC and antioxi-
dant activity as measured by ABTS assay in-
creased. In regard to growth parameters, it 
was  previously  reported  that  chitosan-
treated  P.  sylvestris seedlings  had  en-
hanced shoot length, shoot mass and root 
collar diameter compared with non-treated 
plants (Soltys et al.  2008).  Another study 
also reported enhancements  on  P.  sylves-
tris growth by using commercial chitosan-
based products  (Aleksandrowicz-Trzcinska 
et  al.  2015).  Our  research  demonstrated 
that  chitosan  may  also  increase  shoot 
height as well as needle length. However, 
this effect was only observed  in vitro and 
only in pines, as opposed to alders. The ef-
fect on alder growth parameters was vari-
able.  Ex vitro shoot and root length,  and 
leaf  number  were  all  negatively  affected, 
while biomass and leaf width showed posi-
tive  increases  only  in  certain  conditions. 
The only other study on  Alnus glutinosa - 
chitosan interaction describes biofertilizer 
use that  was beneficial  to seedling shoot 
and  root  length  and  weight.  While  these 
results were promising, chitosan was only 
a part of the biofertilizer formula, thus the 
positive  effect  the  biofertilizer  cannot  be 
exclusively  attributed  to  chitosan  alone 
(Bedkowski & Buraczyk 2020).

Based on both the above evidences and 
our  results,  we can hypothesize  that  chi-
tosan has two main mechanisms of action. 
One  is  linked  with  the  plant’s  defensive 
pathways  while  the  other  with  direct 
growth promotion. Based on our findings, 
both  mechanisms  were  not  activated  at 
the same time, and either one or the other 
was favoured. Overall, growth was not af-
fected for the alders grown in vitro, though 
the secondary metabolic parameters have 
increased.  Chakraborty et al. (2020) noted 
this  exact  phenomenon  and  compiled  a 
compelling list of examples in their review 
on  the  subject,  enumerating  several  spe-
cific  ways  this  may have taken place:  os-
motic  pressure  regulation,  enzyme  and 
plant hormone activation. All these lead to 
improved nutrient and water uptake, thus 
boosting growth (Chakraborty et al. 2020, 
Riseh et  al.  2022 and references therein). 
The  other  mechanism  is  related  to  the 
plant defense, where chitosan may directly 
act  as  an  antimicrobial  molecule, eliciting 
various  signals  and  regulatory  processes, 
though the exact  mechanism of  action is 
still being debated.

In  our  experiment  we  tested  how  chi-
tosan at different concentrations and solu-
bilized  in  different  solvents,  as  well  as 
stored  in  different  conditions  can  exhibit 
varied  efficacy  as  a  biostimulant.  The  im-
pact  of  chitosan  on  plants  can  vary  de-
pending on the concentration of chitosan 
used as was noted with tomatoes (Amer-
any  et  al.  2022,  Hern  et  al.  2022),  peach 
(Sajid et al.  2020) and strawberry (Abdel-
Mawgoud et al. 2010). Our results also con-
firmed those reported previously. Interest-
ingly, we noted that the way chitosan was 
stored and the solvent used for its prepara-

tion  also  had  a  significant  impact  on  the 
tested tree seedlings. Likely, the choice of 
solvent can influence the molecular charac-
teristics of chitosan (Yang et al. 2007). In-
deed,  we  observed  that  neutralizing  the 
acidic  solvent  was  overall  beneficial  to 
plants.

Overall, it is important to carefully evalu-
ate all the variables before using chitosan 
for  growth  promotion  of  tree  seedlings. 
Based on our results, we can surmise that 
different tree species will likely react differ-
ently  to  chitosan  application.  Moreover, 
chitosan may also elicit different responses 
when  applied  at  different  stages  of  the 
tree’s development.  Nonetheless,  we rec-
ommend including chitosan as an effective 
biostimulant for enhancing the in vitro and 
ex vitro A. glutinosa secondary metabolism, 
specifically  radical  scavenging  activity,  as 
well as for improving P. sylvestris growth in 
vitro.
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Supplementary Material

Fig.  S1 -  Differences  between germinated 
seeds (a), in root (b), shoot (c) and needle 
length (d), total antioxidant activity DPPH 
and  ABTS  (e)  of  in  vitro  grown  Pinus 
sylvestris seedlings  from  control  group 
(seeds treated with water). 

Fig.  S2 -  Differences between germinated 
seeds (a), in root (b) and shoot (c) length, 
leaf width (d) of in vitro grown Alnus gluti-
nosa seedlings  from  the  control  group 
(seeds treated with water). 

Fig. S3 - Differences in the amount of total 
phenolic content (TPC) and total flavonoid 
content (TFC) (a), chlorophylls  a  (b),  b (c) 
and  carotenoids  (d)  of  ex  vitro  adapted 
Pinus sylvestris seedlings from the control 
group. 

Fig.  S4 -  Differences  in  the  amount  of 
chlorophylls a (a), b (b) and carotenoids (c) 
of  ex  vitro  adapted  Alnus  glutinosa 
seedlings from the control group. 

Fig. S5 - Differences in the amount of total 
phenolic content (TPC) and total flavonoid 
content (TFC) of  Pinus sylvestris seedlings 
from the control group depending on chi-
tosan powder storage conditions and sol-
vent used.
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