
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=tnzb20

New Zealand Journal of Botany

ISSN: (Print) (Online) Journal homepage: www.tandfonline.com/journals/tnzb20

Phylloremediation of pyrene and anthracene by
endophytic fungi inhabiting tea leaves (Camellia
sinensis (L.) Kuntze) in Sri Lanka

Lanka Undugoda, Kasun Thambugala, Sagarika Kannangara, Jayantha
Munasinghe, Nadeeka Premarathna & Nadeema Dharmasiri

To cite this article: Lanka Undugoda, Kasun Thambugala, Sagarika Kannangara, Jayantha
Munasinghe, Nadeeka Premarathna & Nadeema Dharmasiri (20 Sep 2023): Phylloremediation
of pyrene and anthracene by endophytic fungi inhabiting tea leaves (Camellia sinensis (L.)
Kuntze) in Sri Lanka, New Zealand Journal of Botany, DOI: 10.1080/0028825X.2023.2258829

To link to this article:  https://doi.org/10.1080/0028825X.2023.2258829

Published online: 20 Sep 2023.

Submit your article to this journal 

Article views: 111

View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=tnzb20
https://www.tandfonline.com/journals/tnzb20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/0028825X.2023.2258829
https://doi.org/10.1080/0028825X.2023.2258829
https://www.tandfonline.com/action/authorSubmission?journalCode=tnzb20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=tnzb20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/0028825X.2023.2258829?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/0028825X.2023.2258829?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/0028825X.2023.2258829&domain=pdf&date_stamp=20 Sep 2023
http://crossmark.crossref.org/dialog/?doi=10.1080/0028825X.2023.2258829&domain=pdf&date_stamp=20 Sep 2023


RESEARCH ARTICLE

Phylloremediation of pyrene and anthracene by endophytic
fungi inhabiting tea leaves (Camellia sinensis (L.) Kuntze) in
Sri Lanka
Lanka Undugoda a, Kasun Thambugala b,c, Sagarika Kannangara d,
Jayantha Munasinghe e, Nadeeka Premarathna e and Nadeema Dharmasiri a

aDepartment of Biosystems Technology, Faculty of Technology, University of Sri Jayewardenepura, Pitipana,
Homagama, Sri Lanka; bGenetics and Molecular Biology Unit, Faculty of Applied Sciences, University of
Sri Jayewardenepura, Nugegoda, Sri Lanka; cCenter for Biotechnology, Department of Zoology, University of
Sri Jayewardenepura, Nugegoda, Sri Lanka; dDepartment of Plant and Molecular Biology, Faculty of Science,
University of Kelaniya, Kelaniya, Sri Lanka; eDepartment of Mathematics, Faculty of Science, University of
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ABSTRACT
Polyaromatic hydrocarbons (PAHs) released from vehicular emissions
and oil refineries deposit on the phyllosphere, compromising the
quality of leaf-based food products by posing many health issues.
Nevertheless, the tea phyllosphere harbours a variety of endophytes
that are highly effective at degrading polyaromatic hydrocarbons,
anthracene, and pyrene. The present study attempts to analyse the
pyrene and anthracene degrading capability of phyllosphere
endophytic fungi that inhabit Camellia sinensis (L.) Kuntze leaves.
The frequency of occurrence of endophytic fungi in different leaf
tissue layers was examined using light and scanning electron
microscopy (SEM). The best pyrene and anthracene degrading
strains were selected based on the High-Performance Liquid
Chromatography (HPLC) results, and further kinetic assays. Light
microscopy and SEM observations highlighted a heterogeneous
endophytic fungal distribution among leaf tissue layers; the upper
epidermis had the highest fungal distribution compared to other
leaf layers. HPLC results revealed that Phyllosticta capitalensis,
Colletotrichum gloeosporioides, Colletotrichum siamense,
Pseudopestalotiopsis chinensis, and Daldinia eschscholtzii, have higher
pyrene and anthracene degradation respectively and their PAH
degradation kinetics follow the first-order kinetic model. The best
anthracene and pyrene degrader, P. capitalensis showed the lowest
half-life. The present investigation highlights the potential of
P. capitalensis, the best pyrene and anthracene degrader that can
remediate PAHs deposited on the phyllosphere of tea leaves.
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Introduction

Polyaromatic hydrocarbons (PAHs) are ubiquitous environmental pollutants derived
from the combustion of gasoline, diesel-like carbonaceous fuel materials in vehicles
and oil refineries (Kavouras et al. 2001; Liu et al. 2001). Current PAH concentration
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in urban air is significantly high due to many anthropogenic activities: daily increasing
vehicular emissions and oil refinery combustion (Fang et al. 2004; Lammel et al.
2015). Polyaromatic hydrocarbons with a molecular weight range between 128 and
276 Da were identified as one of the priority pollutants by the US Environmental Protec-
tion Agency. Of them, pyrene and anthracene are considered hazardous compounds due
to their high carcinogenicity and genotoxicity to all living beings (Ren et al. 2017a).

PAHmolecules are deposited in a variety of ground-level open spaces and in the phyllo-
sphere (Venkataraman et al. 1994). PAH pollutants remain on the phyllosphere due to the
leaf structure’s thick waxy epicuticle and inner cuticle layer (Wagrowski and Hites 1998;
Forster et al. 2004; Sharma et al. 2016). PAH deposition on the phyllosphere of tea
leaves generates health issues since tea is an infusion of its leaves (Ishizaki et al. 2010;
Drabova et al. 2012; Ciemniak et al. 2019). Since tea cultivation sites do not have any
cover crops or leaf cover above bush level, tea leaves are directly exposed to air pollutant
depositions (Kuroda and Hara 1999; Ziegenhals et al. 2008). These contaminants may
affect tea yield and quality and pose a health threat to tea consumers (Zachara et al.
2018). Further, the presence of PAHs was detected in some processed teas and fresh tea
leaves worldwide, indicating the accumulation of PAHs in the environment (Lin et al.
2006; Vinas et al. 2007). It has also been assessed whether the tea infusion prepared
from tea leaves contains any PAHs (Pincemaille et al. 2014). Black tea delivered from
China had PAH values of 9650, 8800, and 1162 g/Kg (Fiedler et al. 2002; Lin and Zhu
2004; Lin et al. 2005), whereas dried black tea delivered from German supermarkets had
PAHs content ranging between 14 and 89 g/Kg. The phyllosphere of tea leaves is an excel-
lent niche for diverse bacterial and fungal species that stabilise the chemical composition of
tea leaves (Mei et al. 2009). Furthermore, the tea phyllosphere is a collection of endophytic
and epiphytic microorganisms that make symbiotic relations to maintain a favourable
chemical environment in the phyllosphere (Thambugala et al. 2021). These microorgan-
isms can resist the stress conditions created by PAH contaminants in the phyllosphere
and show great potential for biocontrol against some plant pathogenic fungi (Thambugala
et al. 2022). As an adaptation, they can degrade PAH compounds by utilising them as their
sole carbon source. For instance, the fungal species isolated from the phyllosphere of orna-
mental plants collected from the urban areas in Sri Lanka showed significant degradation
abilities in phenanthrene and naphthalene (Undugoda et al. 2016a). Even though much
research was conducted on phylloremediation of PAH compounds, no such research
was carried out to investigate the PAH degrading capabilities of phyllosphere endophytic
fungal species inhabiting the leaves of Camellia sinensis (L.) Kuntze.

The present research attempt was to analyse the pyrene and anthracene degradation
abilities of tea phyllosphere endophytic fungi in Sri Lanka. Moreover, the distribution
of endophytic fungi in the different tissue layers of the tea leaves was examined. Further-
more, a kinetic assay was conducted to evaluate the degradation pattern of each fungus
and to analyse their first-order kinetic models.

Materials and methodology

Fungal samples

Colletotrichum gloeosporioides (MZ160522), Colletotrichum siamense (MZ160504), Daldi-
nia eschscholtzii (MZ160510), Phyllosticta capitalensis (MZ160517) and
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Pseudopestalotiopsis chinensis (MZ160509) which were isolated from the leaf tissues of tea
plants in three regions (Kandy, Kegalle, and Nuwara Eliya) of Sri Lanka (Thambugala et al.
2021) were taken to investigate their capabilities in degrading pyrene and anthracene.

Determination of the distribution pattern of the endophytes in tea leaf tissues

Freehand sections of the leaves, which were used to isolate phyllosphere fungal consor-
tium were taken to assess the presence of fungal endophytes in the internal leaf tissue
layers. Thin leaf cross sections were stained using a drop of cotton blue, and a drop of
glycerol (50%) was used to mount the specimens. The leaf specimens were then observed
under mid-power (x10) and high-power (x40) of a bright field compound microscope
(Carl Zeiss, Germany). The percentage distribution of endophytes in each of the particu-
lar leaf tissue layers were calculated using the below formula.

Percentage distribution of fungal endophytes in a particular leaf tissue

= Number of particular leaf tissue with fungal endophytes
Total number of tissues observed

Endophytic fungal observations through SEM

A critical point dryer was used to dry the leaves after they had been surface disinfected
(Pamphile et al. 2008). The samples were coated with a thin layer of gold (at 27 oC,
50 mA, 260 seg) and placed vertically in stubs using the adhesive tape conductors of
the SEM. The fragments were first seen at low magnification using an SEM, and then
the magnification was gradually increased to 50x and 100x using an emission field of
5 kV and at a distance of 7 mm.

Determination of pyrene and anthracene degradation ability of phyllosphere
fungi

Screening of pyrene and anthracene degradation ability of fungi using the plate
assay
Each fungus underwent three days of starvation after being placed on Bacto Bushnell
Hass (BBH) agar medium. A BBH agar plate was divided into 25 squares and inoculated
with an isolated fungal strain after the starvation period, followed by the addition of
pyrene and anthracene at a concentration of 100 ppm. The control samples were pre-
pared without adding anthracene and pyrene to the BBH medium. Finally, the
number of squares out of 25 that had colony growth was counted after seven days of incu-
bation at 28 °C.

Confirmation of pyrene and anthracene degradation ability of fungi using HPLC
analysis
Fifty millilitres of BBH broth medium, including 100 ppm of pyrene and anthracene, was
added to one millilitre of starved fungal broth, and the mixture was cultured for six days
at 28 °C. After rotary evaporation to concentrate the sample, the culture solution was
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filtered through a 0.2 m nylon syringe filter. The filtrate was then extracted using an
acetone: hexane (1:1) solvent combination. A UV detector with an HPLC was used to
evaluate the rotary evaporated residue after it had been reconstituted in 1 mL of aceto-
nitrile (HPLC grade, assay 99.8%). At a flow rate of 1.0 mL/min, acetonitrile: water
(90:10) combination was used as the mobile phase for pyrene and anthracene, and the
UV detector was set at 254 nm for compound identification.

Determination of pyrene and anthracene degradation kinetics of the best
degraders

Determination of degradation rate according to the different PAH substrate
concentrations
Fifty millilitres of mineral salt medium containing pyrene and anthracene as the only
carbon sources were inoculated with 1 millilitre of the fungal suspension (Undugoda
et al. 2016b). The well-developed fungal cultures were used to create samples with
pyrene and anthracene concentrations of 100, 150, 200, 250, 300, 350, and 400 mg/L.
After that, samples were stored for seven days at 28 °C and 200 rpm in a shaking incu-
bator. Then, each fungal strain’s rate of degradation was examined.

Analysis of substrate consumption

Daily, an HPLC analysis was used to evaluate the remaining PAH concentration follow-
ing the fungal breakdown of various PAH concentrations. Using an HPLC (Waters 600,
Waters, Milford, MA, USA) fitted with a 4.6 150-mm reverse-phase C18 column and
methanol/water (90:10) as the mobile phase at a flow rate of 0.8 mL/min, the residual
PAH were extracted using acetonitrile and then measured. Chromatography was
carried out at 40 oC with a 245 nm detection wavelength.

Degradation kinetic assay

To analyse PAH degradation kinetics, first-order equations; Alexander (1999), Kuo and
Lotse (1973), and Lafleur (1980), were used.

First-order equation,

Ct = Co e−kt

Ct – PAH concentration at time (days) t
C0− initial PAH concentration
k – reaction rate constant (1/day)
t – time (days)
Half-life calculations were done using the below equation,

T1
2

= ln 2
k

The parameters governing PAH degradation model were identified using single linear
correlations and equations of regression. The following three indications were used to
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find the equation suitable to describe PAH degradation: (i) the coefficient (R2), (ii) the
standard error, and (iii) the residuals.

Statistical analysis

Following one-way ANOVA for HPLC analyses, Tukey’s pairwise comparison test was
used to evaluate the mean values. The SPSS statistics software was used to conduct the
statistical analysis and P < 0.05 was used to define statistical significance.

Results and discussion

Phyllosphere endophytic fungal distribution in leaf tissue layers

In agreement with Garcia et al. (2012), who studied heterogeneous endophytic fungal
colonisation in the leaf tissue layers of Sapindus Saponaria, light microscopy and SEM
observations of the present study also highlighted a heterogeneous endophytic fungal dis-
tribution among tea leaf tissue layers, upper epidermis, lower epidermis, palisade intra-
cellular, palisade intercellular, spongy intercellular, and spongy intracellular layers
(Figure. 1). Further, the light microscopic and SEM observations revealed that the
highest percentage of endophytic fungal distribution is in the upper epidermis (85%)
compared to the other tissue layers (Figure 2 and 3). Simultaneously, SEM observations
also confirmed that the presence of the highest endophytic fungal mycelia in the upper
epidermis, which is next to the phylloplane. Ren et al. (2017b) found that most phyllo-
sphere fungi are leaf endophytes mostly colonised in the upper epidermis. The fungal dis-
tribution in the lower epidermis was significantly lower than in the upper epidermis.

Figure 1. Percentage distribution of endophytic fungi in Camellia sinensis leaves collected from
upcountry areas.
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Meanwhile, the second highest distribution was observed in the intercellular spaces of the
spongy mesophyll layer, followed by the intercellular spaces of the palisade layer.
However, the SEM observations of Duran et al. (2005) indicated that most of the endo-
phytic fungal hyphae were abundant on the palisade parenchyma’s surface cells in the
Citrus limon leaves. Compared to the intracellular levels, the intercellular spaces of the
spongy and palisade layers showed higher fungal distributions than the intracellular
levels. Similarly, Gomez-Vidal et al. (2006) found that the endophytic fungi in palm
leaves (Phoenix dactylifera L.) showed higher fungal colonisation in the intercellular
spaces of different tissue layers. Furthermore, they have observed vast disseminated colo-
nisation of the endophytic fungi throughout the leaves in the palisade parenchyma, scler-
enchyma, adaxial epidermis, and vascular bundle. Moreover, the finding of Kuldau and
Bacon (2008) delineated a higher endophytic fungal colonisation in the intercellular
spaces of leaf tissue layers of the family Poaceae due to the higher organic and inorganic
nutrient availability.

The mean of five replicates is represented for each data point. By Tukey’s multiple
comparison test, means in the same row that shares the same letter (s) do not differ sub-
stantially (p > 0.05).

Pyrene and anthracene degradation capability of endophytic fungi

Regulation 835/2011 of the European Communities set new limits on foodstuffs
containing both benzo[a]pyrene and a total of four PAHs (chrysene, benzo[b]fluor-
anthene benzo[a]pyrene, and benzo[a]anthracene). Benzo[a]pyrene levels are limited
to 10 ng/L under EU Directive (98/83/CE), while benzo[k]fluoranthene, benzo[b]fluor-
anthene, benzo[g,h,i]perylene, and indeno[1,2,3-cd]pyrene levels are limited to
100 ng/L. Tea leaves in the field can be contaminated by pyrene and anthracene in
two ways; one is because pollutants in the air can be deposited on the leaves, and

Figure 2. Light microscopic view of the distribution of endophytic fungi in different leaf layers of
Camellia sinensis leaves.
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the second way is during the tea leaves processing PAH pollutants can be mixed
due to many combustion steps (Phan Thi et al. 2020). However, according to our
experiment results, the tea leaves were analysed just after the plucking and the
average value of pyrene concentration is 2 µg/Kg, and anthracene concentration is
1 µg/Kg. Thambugala et al. (2021) revealed that the endophytic fungal diversity of
Camellia sinensis inhabiting Kandy, Nuwara Eliya, and Kegalle districts in
Sri Lanka is dominated by Colletotrichum gloeosporioides (MZ160522), Colletotrichum
siamense (MZ160504), Daldinia eschscholtzii (MZ160510), Phyllosticta capitalensis
(MZ160517) and Pseudopestalotiopsis chinensis (MZ160509). Simultaneously, research
findings showed that five fungal strains were the best in vitro pyrene and anthracene
degraders. Among them, P. capitalensis showed the highest pyrene (97%) and anthra-
cene (89%) degradation capabilities, followed by two Colletotrichum spp., which
showed more than 80% of pyrene and anthracene degradation (Figure 4).
Even though Xie et al. (2020) revealed that Colletotrichum spp. were inhabited in
the endophytic microbiota in Camellia sinensis, no research findings show
their pyrene and anthracene degradation. Phyllosticta capitalensis exhibited the
highest frequency of occurrence (Thambugala et al. 2021) and in this study, it
showed the best pyrene and anthracene degradation abilities. The higher occurrence
of Phyllosticta capitalensis may be due to their excellent adaptation to
degrade the PAH depositions on the tea phyllosphere, leading them to survive in
the niche.

Figure 3. SEM view of the distribution of endophytic fungi in different leaf tissue layers of Camellia
sinensis leaves. Upper epidermis, B – Pallisade layer, C–Spongy layer and D – Lower epidermis.
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Pyrene degradation kinetics of five endophytic fungal species

The plot of the natural logarithm of pyrene versus time showed a linear correlation coeffi-
cient value of more than 0.95 which revealed the degradation pattern fitted to the Monod
first order kinetic equation that is lnCt = −kt + A, where Ct is the pyrene concen-
tration at time t, t represents time, k is the first-order rate constant and A is a constant.
The lowest half-life was shown by P. capitalensis which was 3.02 days compared to the
other microorganisms. Colletotrichum. gloeosporioides had a half-life which was 4.45
days (Table 1). These findings further revealed when the biodegradation rate constant
is getting high, their half-life time is getting reduced. In fact, the highest pyrene degra-
dation rate constant is shown by P. capitalensis, with a determination coefficient (R2)
of 0.98. Secondly, the highest pyrene degradation kinetics was shown by
C. gloeosporioides with a degradation rate constant of 0.1559 per day. The other three
fungal endophytes isolated from the fresh leaves of Camellia sinensis showed a half-life
ranging from 9–14 days, and their degradation rate constants are quite similar.

The analysis results of the remaining pyrene concentration in the medium for eight
days of incubation by each fungal species are shown in Figure 5A. All five fungal
strains degrade pyrene slowly until the second day, and afterward, a rapid reduction of
pyrene level could be seen because of the increment of degradation rate. These results
revealed that after the second day, fungal strains moved onto exponential growth of
their growth curve and utilised pyrene as their sole carbon source. This exponential
growth continued until the fifth day of incubation, and after that, we observed less
pyrene degradation due to the microbial movement into the stationary phase

Figure 4. Pyrene and anthracene degradation % of endophytic fungi.

Table 1. Pyrene degradation kinetic of endophytes in tea phyllosphere.
Pyrene degrading strain First-order kinetic equation Rate constant k (per day) Half-life (Days) R2

P. capitalensis c pyr = −0.2296t + 4.984 0.2296 3.02 0.98
C. gloeosporioides, c pyr = −0.1559t + 4.875 0.1559 4.45 0.98
C. siamense c pyr = −0.0743t + 4.727 0.0743 9.33 0.97
P. chinensis c pyr = −0.0664t + 4.715 0.0644 10.76 0.97
D. eschscholtzii c pyr = −0.0671t + 4.710 0.0671 14.35 0.95
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(Figure 5A). Phyllosticta capitalensis had the highest pyrene degradation (80%) due to the
lowest half-life time and the highest rate that leads to more than 50% degradation within
three days of incubation. However, after the fifth day P. capitalensis reached the station-
ary phase of their growth curve, maintaining an almost constant degradation pattern. All
endophytes maintained more than a 10% degradation rate. Additionally, P. capitalensis
can degrade high pyrene concentrations, such as 100 mg/L – 450 mg/L. At the highest
pyrene concentration (450 mg/L), 42% of pyrene degradation was observed without tox-
icity. Furthermore, C. gloeosporioides showed a second higher degradation rate when
exposed to different pyrene levels. Other remaining three fungal strains, C. siamense,
D. eschscholtzii and P. chinensis had low degradation rates even at 100 mg/L of pyrene
concentration (Figure 5B). After 350 mg/L concentrations, these three fungal strains
showed the lowest degradation rate; reaching 450 mg/L, it was almost below 10%. This
may be due to exceeding the minimum tolerating capacity of pyrene to these fungal
species. Sack et al. (1997) revealed that wood-decaying fungi Kuehneromyces mutabilis
and Trametes versicolor showed the pyrene degradation ability. Furthermore, the
white-rot fungus Pleurotus ostreatus could degrade pyrene and anthracene very well
(Bezalel conyr. 1996). The indigenous fungi Penicillium simplicissimum,
P. janthinellum, P. funiculosum, and P. terrestre isolated from the soil samples collected
from the gasworks sites showed higher pyrene degradation ability (Saraswathy and Hall-
berg 2002). Furthermore, the findings of Al-Hawash et al. (2021) revealed that Ceriporia
lacerata RF-7 isolated from the contaminated soil of the Rumaila oil field had a higher
pyrene degradation ability. Although much research was conducted to show endophytic
bacteria’s pyrene and anthracene-like PAH degradation capability, phyllosphere endo-
phytic fungal-related degradation studies are minimal.

Anthracene degradation kinetics of phyllosphere fungal endophytes

Phyllosticta capitalensis was able to degrade more than 80% of anthracene within eight
days of the incubation period. After the third day of degradation, it shows a rapid
decline in the anthracene concentration remaining in the medium by revealing the

Figure 5. A. Different concentrations of pyrene degradation rates of endophytic fungi, B.100 mg/L of
pyrene degradation with the incubation time.
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rapid degradation of anthracene. Most of these endophytic fungi increment in the degra-
dation rate after the third day of degradation (Figure 6A). Until the sixth day, endophytic
fungi continued their degradation rate and then came into the stationary phase. The
finding of Krivobok et al. (1998) revealed that Cunninghamella blakesleeana, Bjerkandera
adusta, Cryphonectria parasitica, Ceriporiopsis subvermispora, C. elegans, and Oxysporus
sp. isolated from soil samples showed higher anthracene degradation ability. Further-
more, the ligninolytic fungi (Phanerochaete chrysosporium, Irpex lacteus, and Pleurotus
ostreatus) and three non-ligninolytic fungi were found in the cork itself. Aspergillus
niger,Mucor racemosus and Penicillium simplicissimum were able to degrade anthracene
in the contaminated cork bar (Jove et al. 2016). However, there is no finding to convince
the anthracene degradation ability of endophytic fungal species to inhabit the tea phyllo-
sphere. The anthracene degradation rate of P. capitalensis is higher than that of other iso-
lated endophytic fungal species from the phyllosphere of fresh tea leaves (Figure 6A).
After the 300 mg/L concentration, all fungal species showed a sudden drop in their
degradation rate. Furthermore, until 450 mg/L concentration all fungal species showed
more than a 20% degradation rate. However, P. capitalensis showed more than 30%
degradation even at 450 mg/L concentration.

The results in Table 2 revealed that the high coefficient of determination values of each
fungal species in their pyrene degradation convinced their anthracene degradation kin-
etics to fit the first-order kinetic model well. These findings further revealed when the
biodegradation rate constant is getting high, their half-life time is getting reduced. In
fact, the highest anthracene degradation rate constant is shown by P. capitalensis, and
it had the highest pyrene degradation rate constant (0.2261) and the lowest half-life,
3.07 days under the coefficient of determination (R2) of 0.97. Secondly, the highest
anthracene degradation kinetics was shown by C. gloeosporioides with a degradation
rate constant of 0.1405 and a half-life of 4.93 days. The other three fungal endophytes
isolated from the fresh leaves of Camellia sinensis showed a half-life ranging from 7-
11, and their degradation rate constants are quite similar.

Phyllosticta capitalensis showed the highest degradation rate in pyrene and anthra-
cene, as well as their degradation rates being similar to each other. Moreover, the half-
life of anthracene degradation of P. capitalensis is also similar to the half-life of pyrene

Figure 6. A. Different concentrations of anthracene degradation rates of endophytic fungi, B. 100 mg/
L of anthracene degradation with the incubation time.
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degradation. The previous finding of Thambugala et al. (2021) showed that P. capitalensis
had the highest frequency of occurrence in the fresh tea phyllosphere. The higher abun-
dance of these endophytic fungi revealed an excellent adaptation to the phyllosphere
niche, and since those tea cultivation sites are situated close to the roads, these plants
are exposed well to the depositions of vehicular emissions (Zachara et al. 2018). Since
most of these vehicular emissions are PAHs, these endophytic fungal species were able
to degrade pyrene and anthracene-like PAHs efficiently.

The best degrader P. capitalensis was able to degrade anthracene and pyrene efficien-
tly. Tea is a globally popular beverage that needs to be in good condition. However, daily
increasing vehicular emission leads to higher PAH deposition on fresh tea leaves, and
even after the tea leaf processing, some PAH amounts remain as it is. Therefore, P.capi-
talensis can be used as an efficient bioremediator to clean the deposited pollutants on
fresh tea leaves in the future.

Conclusion

Light microscopy and SEM observations highlighted a heterogeneous endophytic fungal
distribution among leaf tissue layers, upper epidermis, lower epidermis, palisade intra-
cellular, palisade intercellular, spongy intercellular, and spongy intracellular layers. In
the present study, out of the isolated fungi, Colletotrichum gloeosporioides
(MZ160522), Colletotrichum siamense (MZ160504), Daldinia eschscholtzii
(MZ160510), Phyllosticta capitalensis (MZ160517) and Pseudopestalotiopsis chinensis
(MZ160509) showed higher pyrene and anthracene degradation capabilities compared
to other isolates. Out of the five fungal isolates, P.capitalensis showed the highest
pyrene (0.229) and anthracene (0.2261) degradation rates. Furthermore, P. capitalensis
showed the lowest half-life and highest degradation constant. The anthracene and
pyrene degradation abilities of isolated endophytes are best fitted to the first-order
kinetic model with more than 0.95 determination coefficient value. Overall, the best
pyrene and anthracene degrader P. capitalensis can be used to remediate PAH pollutants
deposited on the phyllosphere of fresh tea leaves.
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Table 2. Anthracene degradation kinetic of endophytes in tea phyllosphere.
Degrading strain Degradation kinetic equation Rate constant k (per day) Half-life R2

P. capitalensis Cant = −0.2261t + 5.0164 0.2261 3.07 0.97
C. gloeosporioides, Cant = −0.1405t + 4.8494 0.1405 4.93 0.95
C. siamense Cant = −0.0931t + 4.7815 0.0931 7.44 0.95
P. chinensis Cant = −0.0847t + 4.7746 0.0847 8.18 0.95
D. eschscholtzii Cant = −0.0659t + 4.7245 0.0659 10.51 0.97
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