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Foliar endophytes in trees varying greatly in age
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Abstract Temple trees, including the gymnosperm
Platycladus orientalis and the angiosperm Styphnolobium
Jjaponicum, have been planted in China for thousands of
years. Tree age thus varies widely from young to ancient
trees. Foliar endophytes of P. orientalis and S. japonicum
were surveyed in this exploratory study that was based on
isolation into culture and sequencing of fungi from trees
varying in age from 10 to 5000 years (P. orientalis) and
from 10 to 1700 years (S. japonicum). Sequenced endo-
phytes of P. orientalis and S. japonicum belonged to 24
and 16 fungal genera, respectively. Principal components
analysis showed that 14 components were necessary to
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explain 90% of the variance in endophyte community
structure in P. orientalis. In S. japonicum eight compo-
nents were needed for 90%. It is against that backdrop of
complex etiology in community structuring, that the rela-
tive frequencies (abundances) of 17 of the 24 endophytes
from P. orientalis and 9 of the 16 from S. japonicum were
significantly correlated with tree age. There were two
major trends. Abundant fungal genera [Fusarium +
Alternaria =74.57% (P. orientalis) and 81.24%
(S. japonicum)] tended to decline linearly with tree age.
Most of the rare fungal genera, in contrast, increased in
relative abundance linearly with tree age. Diversity (H')
and richness (Margalef) of endophyte communities in
foliage thus increased as the trees aged. Relative abun-
dances of pathogenic endophytes, or latent pathogens,
(Pestalotiopsis funerea and Amyloporia subxantha in
P. orientalis; Collectotrichum gloeosporioides and
Botryosphaeria dothidea in S. japonicum) also increased
linearly as the trees aged.Since leaf age does not vary with
tree age in the deciduous S. japonicum, nor in the ever-
green P. orientalis, ‘tree age’ currently lacks a mechanistic
explanation for its apparent importance among common
foliar endophytes.

Keywords Platycladus orientalis - Styphnolobium

Jjaponicum - Sophora - Mycobiome - Tree age

Introduction

Long-lived trees are symbols of longevity, as individuals
may be hundreds or even thousands of years-old in some
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species. Roots, leaves and seeds harbor largely, tissue-
specific communities of fungi (Cregger et al. 2018;
Newcombe et al. 2018), Thus, it would seem reasonable
to think that the age of those specific tissues also matters.
On the other hand, leaf endophytes might not vary with
tree age since the age of the leaf tissue varies little, even as
trees bearing them get older. Only in Welwitschia mirabilis
of the Namib Desert does leaf age match the age of the
individual (Chabot and Hicks 1982). This disparity be-
tween leaf age and individual age for all other long-lived
plants might have implications for trees’ foliar
mycobiome. These unsettled expectations for ‘tree age’
as a potentially important factor in foliar endophyte com-
munities point to the need for exploratory research.

For over a millennium Chinese have planted long-
lived trees in the gardens of temples, on sites of historical
and cultural significance, or in their surroundings (Wang
etal. 2011). Some old trees draw large crowds of visitors
in fall when they are losing their leaves (e.g., a 1400 year-
old ginkgo tree next to the Avalokitesvara Temple in the
Zhongnan Mountains). Shaanxi Province, in central Chi-
na, boasts many ancient plantings of long-lived cypress
trees (Platycladus orientalis (L.) Franco) and Chinese
scholar trees (Styphnolobium japonicum (L.) Schott) in
imperial palaces, temples, urban parks, and gardens,
along the sides of street, and in tourist destinations. The
forest near the Mausoleum of the Yellow Emperor, on the
southern margin of the Loess Plateau, is an outstanding
example of one such site. The planting of ancient
P. orientalis in this site constitutes one of the oldest,
largest, and best-conserved forests in China. It comprises
more than 80,000 trees, of which over 30,000 are more
than 1000 years- old. One of these trees, said to have been
planted by the Yellow Emperor himself, may be the
largest and oldest individual of its species in the world
at 5000 years-old (Feng and Han 2009).

Huge, old trees are also home to many different
organisms. We focus here on foliar endophytes (Sun
et al. 2012; Petrini 1991) that make up the foliar
mycobiomes of P. orientalis and S. japonicum. Both
are native to China and their endophyte communities are
relatively unstudied. In this paper, we collected leaf
samples from old trees of varying age in the Yellow
Emperor’s Mausoleum as well as two other sites of
historical and cultural significance: Yangjian Mausole-
um (about 1400 years ago), and Zhougong Temple
(about 3200 years ago). The latter two sites are de-
scribed in more detail below. In this exploratory study
we first report on the taxa of fungi found in the
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mycobiomes of the foliage of these trees. We then report
our initial findings on the effects of tree age on endo-
phyte communities in young foliage.

Materials and methods
Sampling sites for ancient trees

In summer (mid-July) and autumn (early October) of
both 2015 and 2016, asymptomatic leaves and branches
bearing scale-like leaves, of S. japonicum and
P. orientalis, respectively, were collected at three sites:
the Emperor Mausoleum (EM), Zhougong Temple
(ZT), and Yangling Mausoleum (YM). EM is at the
northern of Guanzhong plain, its mid-temperate, conti-
nental monsoon climate (suppl. Fig.1), is characterized
by an annual average temperature and precipitation of
9.4 °C and ~ 500 mm, respectively (Shaanxi Province
Meteorological Bureau 2015, http://www.sxmb.gov.
cn/index.php). YM is in the center of the Guanzhong
plain (suppl. Fig.1), and the site of the tomb of the
emperor Yangjian from the Sui dynasty; it is dotted
with mature S. japonicum. ZT is in a hilly area to the
north of the Qinling Mountains with a warm temperate
continental monsoon semi-humid climate with the an-
nual average temperature being 11.9 °C and annual
average precipitation about 631 mm (Shaanxi Province
Meteorological Bureau 2015). There is a clear distinc-
tion between the rainy season and the dry season, and
floods and droughts alternate from time to time. The
minimum precipitation is 18.4 mm in winter, which
accounts for 3% of annual precipitation, while the max-
imum precipitation falls in summer and autumn,
amounting to 74% of the annual precipitation (Shaanxi
Province Meteorological Bureau 2015). There are two
S. japonicum trees from the Han Dynasty and two P.
orientalis trees from the Tang Dynasty in the ZT; these
are 1700 and 1200 years old, respectively (Lee 2015). In
recent years, populations of long-lived trees in these
three sites have declined to varying extent.

We randomly sampled 36 P. orientalis from different
age groups from EM, three P. orientalis and five
S. japonicum from ZT and two P. orientalis and six
S. japonicum from YM. Tree ages were retrieved from
official historical documents as per Table 1.All these
trees over 100 years old were carefully documented.
Ten trees younger than 100 years near the sampling sites
were also collected for comparison study, Table 1. Two
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Fig. 1 Fungal endophytic communities in long-lived P. orientalis
and S.japonicum. Note: The red refers to host-specific endopytes
in P. orientalis, and the green refers to host-specific endophytes in

branches with leaves from the middle canopy of each
tree were taken randomly in each cardinal direction and
kept in sealed bags. They returned to the laboratory in an
icebox and the isolation work was done within three
days according to the protocol (Yu et al. 2016).

Isolation and culture

Basal healthy lateral branches of P. orientalis and leaflets
from S. japonicum were rinsed with tap water and then

® Sordariad

Styphnolobium japonicum

S. japonicum. The intermediate refers to the common endophytes
of the two tree species

dried on sterile filter paper at 23-25 °C. Lateral branches
of P. orientalis were surface-sterilized in 10% sodium
hypochlorite liquid for two minutes, while leaflets of
S. japonicum were sterilized for two minutes in 2% sodi-
um hypochlorite. They were then rinsed with sterilized
water twice for one minute during each wash. The surface
sterilized leaves were selected randomly and then placed
on a petri dish of PDA medium at 25 °C in a dark room.
One lateral branch of P. orientalis of three cm long was
placed in each dish, while dishes of S. japonicum

Table 1 Ages and numbers of sample trees, and climate factors of three sites, EM, ZT and YM in Shaanxi Province in China

EM ZT M
GPS coordinates E109.27632/N35.591335 E107.612412/N34.501559 E108.032929/N34.292887
Temperature(°C) 9.4 11.9 10
Precipitation(mm) 500 630 600
Species S. japonica P. orientalis S. japonica P. orientalis S. japonica P. orientalis
3-100 year 0 6 1 1 1 1
100-800 year 0 6 1 0 4 1
800-1000 year 0 6 1 0 1 0
10002000 year 0 6 2 2 0 0
2000-3000 year 0 6 0 0 0 0
3000-5000 year 0 5 0 0 0 0
5000- year 0 1 0 0 0 0
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contained two pieces of intact leaflets without petioles
each. Each tree had three replicate petri-dishes per com-
pass point, and thus a total of 12. Surface sterilization of
samples was confirmed by imprinting leaves on PDA
medium and incubating dishes at 25 °C in a dark room
for seven days (Yu et al. 2016).

Identification and statistics of endophytic fungi

When colonies developed, pure cultures were isolated
by selecting individual colonies. Endophytic fungi were
identified at the species level using morphological char-
acterization combined with the ITS-nrtDNA blast in
GenBank (https://www.ncbi.nlm.nih.gov/genbank),
and DNA extraction and sequencing were according to
Yu et al. (2016), clean sequences were deposited in
GenBank under accession numbers (KT192185—
192264; KT192281; KT192329-192422; KR822122—
822155). After species identification evaluated by both
morphological and molecular methods, endophytic
communities at genus level were then evaluated by the
following indices, Table 2.

These indices were used to compare the structure of
endophytic communities by species, site, and age group.
IR refers to the endophyte number per leaf, RF descripts
the relatively abundance of a given taxon in a given trial,
H’, the diversity of an endophyte community in a given
trial, dMa, the richness of endophytes in a given trial,

Table 2 Biodiversity indices

and Sorensen index, the endophyte similarity between
two given trials.

Data processing and analysis

We used principal component analysis (PCA) to explore
the structure of endophyte and samples communities.
Firstly, correspondence analyses were carried out at a
single tree level, for the composition of endophytic
fungal genera isolated from tree-age only, sampling site
only, sampling time only, tree-age and sampling time,
tree-age and sampling site, and with RF of a given
endophytic genus as the response variable, in order to
assess the influence of factors, including tree age, sam-
pling time, sampling site, on RF of endophytes. Second-
ly, canonical correspondence analysis was carried out at
the level of fungal genera, to study the influence of the
main explanatory variables, including RF, tree-age,
sampling time, sampling site, on the occurrence of fun-
gi. Thirdly, the two principal components with the
highest variance explained were selected to be plotted
by ggplot2 and PCAtools R.packages. We also used
ANOVA and Duncan’s new multiple range tests in
software SPSS (SPSS 20.0, Chicago, IL, USA) to com-
pare average values of isolate rate, diversity metrics, and
similarity coefficients by each category (species, site,
and age group). Pearson’s correlation coefficient was
calculated to establish the degree of correlation between

Biodiversity index (Abbreviation) Formula

References

the isolation rate (IR) IR=Nc/Ng

Sun et al. 2012

N, total number of isolates yielded in a given trial
(therein, tree species, tree age, sampling site,
sampling time); Ns, total number of samples

in that trial;

relative frequency (RF) RF=Ni/N

Sun et al. 2012

Ni, total number of a given taxa (genera) yielded in
a given trial; N, total number of isolates yielded

in that trial;
Shannon-Wiener index (H')

H =- _:il (P,) (inP)

Chao et al. 2005
Yuan et al. 2010

S is the number of total taxa (genera), Pi=RF=Ni/N

Richness index (Margalef or dMa)

(dMa)=(S-1) / Ln (N)
S is the number of taxa (genera),N is the total number

Sun et al. 2012
Yuan et al. 2010

of endophytic individuals in a given trial

Sorensen similarity coefficient (Sorensen)

Sorensen=2j / (a+b)

Cha 1984

j is the number of common taxa (genera), a and b are
the total individual numbers in a given trial, respectively.
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RFs of abundant endophytes and their host tree ages.
Heatmaps were constructed by pheatmap R.packages.
Venn diagrams of the genera of endophytic fungi be-
tween the two trees were drawn by ggvenn R.packages.
All R.packages are executed in the R software environ-
ment (https://www.r-project.org/).

Results and analysis
Endophytic fungi in long-lived trees

We identified a total of 705 isolates that belonged to 36
species of 28 genera (Suppl. Table 1). Of these, 24
genera represented by 336 isolates (47.66% of the total)
were from P. orientalis and 16 genera represented by
369 isolates were from S. japonicum; the two host
species shared 12 genera in common (Fig. 1).

Factors in the structure of the foliar microbiomes

Eight components were necessary to explain 90% of the
variance in endophyte community structure of the foliar
mycobiome of S. japonicum. The two highest principle
components (PCs) explained only 58.4% of the total
variance. Tree age influenced the PCA scores (Fig.
2a). Sampling sites were also influential as endophytes
from YM were mostly grouped together, as a red circle
in Fig. 2a. PCA loadings (Fig. 2b), showed Community
A included the two most common genera (i.e.,

A: S. japonicum - PCA Score

, $_800.Z7_Jul

2 ™ By Shape  Color
S /- N OEM @ u

7 - ;' N, @ Oct

PC2 (24.7% variance explaned)

PC2 (24.7% variance explained)

Alternaria and Fusarium) and the two genera,
Colletotrichum and Botryosphaeria, that have been doc-
umented as pathogens (Wilson and Carroll 1994;
Slippers and Wingfield 2007). Community B comprised
moderately uncommon endophytes, including
Cladosporium cladosporioides, Epicoccum nigrum,
Peyronellaea glomerata, Trichoderma harzianum, Pen-
icillium glabrum, Penicillium crustosum, Phoma
medicaginis and Phoma medicaginis. In addition,
Bipolaris sorokiniana was only found in 20-year-old
trees (suppl. Tab.1). Community C consisted of fungi
with the lowest RFs: Chaetomium globosum,
Nigrospora oryzae, Aspergillus niger, Mucor sp., and
Phomopsis sp.

As in S. japonicum, tree age of P. orientalis influ-
enced endophytic communities. Trees in three age co-
horts were recognized: from age 200r to 2500, young
trees and those over-2500. However, the sampling sites
and sampling times did not influence endophytic com-
munities as they had in S. japonicum, (Fig. 3a). A full 14
components were necessary to explain 90% of the var-
iance in endophyte community structure of the foliar
mycobiome of P. orientalis. The two strongest PCs
explained only 33.8% of the variance.

In the PCA loading plot for P. orientalis (Fig. 3b),
Community A again included the two most frequent or
abundant genera: Fusarium and Alternaria, and
Rosellinia, Amyloporia, Phyllosticta, Pestalotiopsis,
Phoma, and Bipolaris. Community B with middle abun-
dance included Xylaria, Chaetomium, Trchoderma,

B: S. japonicum — PCA loading

Colletatrichum

Botryosphaeria

_______

PC1 (33.7% variance explained)

Fig. 2 PCA plot of the foliar endophytes of S. japonicum (16
genera, 16 x 5 variants; 58.4% of the total variance). Note: In plot-
a, the sampling trees were labeled as S-old-site-time, respectively;
blue dots represent July samplings, and red dots represent Oct.
samplings; Shapes of circle, square, diamond represent sampling
sites, respectively; The big green circles demonstrate 3 age-groups,

0 1
PC1 (33.7% variance explained)

and red circle demonstrates site-group. In plot-b, each dot repre-
sents a genera taxon, and the blue, red, black circle demonstrate 3
endophytic communities, respectively. Community A are most
pathogens with highest RF data, Community B&C are most non-
pathogenic fungi with low to middle RF data in this survey
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Fig.3 PCA plot of foliar fungi in P. orientalis (24 isolates, 24 x 5 each dot represents a genera taxon, and the blue, red, black circle
variants; 67.2% of the total variance). Note: In plot-a, the sampling demonstrate 3 endophytic communities, respectively. Community
trees were labeled as P-old-site-time, respectively; blue dots rep- A are most pathogens with highest RF data, Community B&C are
resent July samplings, and red dots represent Oct. samplings; most non-pathogenic fungi with low to middle RF data in this
Shapes of circle, square, diamond represent sampling sites, respec- survey

tively; The big green circles demonstrate 3 age-groups. In plot-b,

Epicoccum, Penicillium, Trichothecium and Alternaria in P. orientalis (RF =33.63%) was higher
Peyronellaea. Community C comprised mostly taxa than that of S. japonicum (RF =20.60%). Conversely
with the lowest RFs, including Cladosporium, the average relative frequency of Fusarium endophytes
Nigrospora, Aspergillus, Acremonium, Conithyrium, in leaves of P. orientalis (RF = 10.12%) was lower than
Entoleuca, Gelasinospora, and Coprinellus. that of S. japonicum (RF =28.18%). It is interesting that

both S. japonicum and P. orientalis harbored their own

Endophytic specificity for host species at different sites dominant endophytes: Colletotrichum (RF =14.09%)
and Xylaria (RF =5.95%), respectively. RF of the dom-

Similarity coefficients of the endophyte community in inant endophyte communities showed a significant dif-
P. orientalis and S. japonicum in YM, ZT, and EM ranged ference by site at alpha 0.05 levels (suppl. Fig. 2).
from 0.31 to 0.45. All values were less than 0.5 (Table 3), Some endophytic communities tended to be host-
which implies significant host-reliance according to an F- specific even in the same environments. Fungal genera
test (p =0.05). And similarity in 1200-year-old in S. japonicum displaying host-specificity included
P. orientalis between ZT and EM was only 0.46. Colletotrichum, Phomopsis, Thielavia, and Sordaria,
Nevertheless, 12 genera of fungi were found in both and in P. orientalis they included Acremonium,
S. japonicum and P. orientalis and these were the dom- Coniothyrium, Coprinellus, Trichothecium, Xylaria,
inant endophytes in both trees. However, the relative Pestalotiopsis, and Gelasinospora (Fig. 1).
frequencies of these dominant endophytes were quite In general, the averages of Shannon-Wiener index (H
different. The average relative frequency (RF) of '=1.67) and the richness index (Margalef=2.07) of

Table 3 Similarity coefficients (Sorensen index) of endophyte communities between long-lived P. orientalis and S. japonicum at different
sites (significance oc=0.05)

Sites YM(S.japonicum) ZT(S.japonicum) ZT(P. orientalis) EM(P.orientalis)
YM (S. japonicum) 1.00

ZT(S. japonicum) 0.45 1.00

ZT(P. orientalis) 0.37* 0.44* 1.00

EM(P. orientalis) 0.31%* 0.42% 0.44%* 1.00

@ Springer



Eur J Plant Pathol (2021) 160:375-384

381

Table 4 Index of endophytic fungi in long-lived Styphnolobium japonicum at different locations (IR, isolation rate; H', diversity index;

dMa, richness index)

YM zZT S. japonicum EM 7T P. orientalis
(S. japonicum) (S. japonicum) (P. orientalis) (P. orientalis)
Jul. Oct. Jul. Oct. Average Jul. Oct. Jul. Oct. Average

IR 7.75 4.06 528 3.42 5.123 5.28 3.42 3.75 2.00 3.61

H' 1.87 1.63 1.68 1.52 1.67 1.68 1.52 2.08 1.83 1.78

dMa 1.75 1.68 2.57 2.31 2.07 2.57 2.31 3.24 2.49 2.65

S. japonicum were lower than those of P. orientalis (H
'=1.78, Margalef=2.65), respectively (Tab. 4). The
diversity, isolate rate and richness of the endophytic
communities in the same tree species were higher in
summer (July) than in autumn (October), (Table 4), but
the relative frequency of a certain isolate in summer was
mostly lower than in autumn.

Correlation between endophytic community and tree
age

The results show the trend that when the host trees were
older, the endophytic communities were more diverse. The
indices for diversity and richness of the endophytic com-
munities in 1700-year-old S. japonicum were higher than
those of endophytic communities in younger trees. The
same was true of P. orientalis as it grew older; however, no

Table 5 Diversity index of endophyte in long-lived trees at
different ages (superscript a, b, ¢ indicate a difference; IR, isolation
rate; H’, diversity index; dMa, richness index)

Species Tree age IR H' dMa

S. japonicum 1700a 7.25% 2.12% 2.23%
800a 421° 1.61% 2.04%¢
200a 3.42° 1.50° 2.07%
20a 341° 1.42¢ 1.96°
10a 3.23° 1.38° 1.91°

P. orientalis 5000a 7.48% 2.15% 2.83%®
3000a 7.25% 2.25% 2.82%
2000a 6.85% 1.99% 2.98®
1000a 5.47% 1.77% 2.47%
800a 541° 1.75° 239°
100a 4.52¢ 1.63°¢ 223¢
60a 341° 1.50°¢ 2.11¢
10a 3.23¢ 142°¢ 2.09°

difference in diversity and richness was observed when
P. orientalis trees were over 2000 years-old, (Table 5).

RF of mostly abundance endopytes (9 in S. japonicum
and 17 in P. orientalis) showed a significantly linear
correlation with their hosted tree-age, and some document-
ed pathogens isolated from asymptomatic leaves, for ex-
ample, Colletotrichum gloeosporioides and
Botryosphaeria dothidea in S. japonicum (Fig. 4a),
Pestalotiopsis funereal and Amyloporia subxantha in
P. orientalis (Fig. 4b), their RFs increased linearly with
the tree ages, and so did some non-pathogenic endophytes,
such as Chaetomium globosum, Cladosporium
cladosporioides, Penicillium glabrum, Trichoderma
harzianum. However, some endopytes RF decreased lin-
early with their host ages, such as the most abundant,
Alternaria, Fusarium,Phoma,ect. Figure 4.

Discussion

Tree age was correlated with changes in relative fre-
quency of most of the fungal genera in the endophyte
communities of leaves of two, long-lived tree species in
central China. However, deciduous trees of vastly dif-
ferent ages all bear current-season leaves only; ever-
greens maintain leaves that vary in age but all are still
much more youthful than old trees that bear them. So,
the first question is whether ‘tree age’ caused those
changes in relative frequency? Or, was tree age merely
correlated with another factor that caused the observed
changes? The most likely ‘other factor’ would be inter-
action history of the endophyte communities them-
selves. Interactions among endophytes can be strong
and even exclusive (Raghavendra et al. 2013;
Newcombe et al. 2018). In the earlier study, particular
endophytes consistently excluded other co-inoculants
from developing seed of Centaurea stoebe. Fungi
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Fig. 4 Core members of foliar Corrclations

: H i Alternaria Fusarium Thelavia Sordaria Chaetomium icilli
myCOblon;leS Otj S. japonlcum (a) A Pearson Correlation -0.341 -0.624* -0.648* -0.670* 0.695* 0.568
and P. orientalis (b) and their 8 Sig. (2-tailed) 0.305 0.04 0.031 0.024 0.018 0.068
relative frequencies that vary with Aspergillus | Nigrospora | Epicoccum _|Colletonichum | Botryosphaeria

& Pearson Correlation 0.720* 0.707* 0.876** 0.773** 0.773%*
tree age. Note: Colors from purple g Sig. (2-tailed) 0.013 0.015 0 0.005 0.005
to red represents iIlCreaSiIlg * Correlation is significant at the 0.05 level (2-tailed).
** Correlation is significant at the 0.01 level (2-tailed).

tendency of RF, and the specific
RF data from 0 to 40 is also noted
in each square; The table plots
above the heatmap displayed the
correspondent results of Pearson
Correction tests, coefficients
marked * or ** manifested the
significance for each test

Alternaria

Fusarium

Thelavia
Sordaria
Chaetomium
Penicillium
Aspergillus
Nigrospora
Epicoccum
Colletotrichum

Botryosphaeria

2152 21.34 1

43.10 '

&
N Age (year)

A. Styphnolobium japonicum

Corclations

Phoma_|_Alternaria | _Bipolaris | _Pyllosticata | Fusarium_| Epicoccum | A Pyeronellaea_|_Amyloporia

Age Pearson Correlation

-0.873** -0.818** -0.788** -0.580** 0.076 0.908** 0.860** 0.905** 0.985%*

Sig. (2taikd)

0.000 0.000 0.000 0.000 0.000 0.000

0.000 0.005 0735 | oow | oow |
jopsi i " Chaetomium | i Aspergillus_|_Penicillium

Xylaria

Age Pearson Corrclation

0.936** 0.893* 0.887* 0.863** 0.920% 0.940** 0.826%* 0.734%*

Sig. (taikd)

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

+* Correlation i significantat the 0.01 kevel (2-taiked).
* Correhtion is significant at the 0.05 level (2-tailed).

Phoma
Alternaria
Bipolaris
Pyllosticata
Fusarium
Epicoccum
Acremonium
Pyeronellaea
Amyloporia
Nigrospora
Pestalotiopsis
Xylaria
Trichoderma
Trichothecium
Chaetomium
Cladosporium
Aspergillus

Penicillium

belonging to Pleosporales (e.g., Alternaria) and
Hypocreales (e.g., Fusarium) were particularly strong
excluders. In this study, it was interesting that those two
genera were abundant, especially in the youngest trees.

In trees, newly flushed leaves have been considered
to be endophyte-free but then soon colonized by fungal
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spores of Class 3 endophytic fungi (Faeth and Hammon
1997; Wilson and Carroll 1994; Rodriguez et al. 2009).
Spores are dispersed via air, raindrops, and animal vec-
tors from the previous season are senescent and abscised
leaves. Germinating spores infect the plant through cu-
ticular invasion, or stomata or wounds (Juniper 1991).
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On the other hand, perennating buds in Pinus can be
infected with fungal endophytes (Pirttild et al. 2003),
and it is possible that winter buds of S. japonicum and
P. orientalis might similarly carry over members of the
previous year’s endophytes. Interestingly, we found that
many isolates of endophytic fungi were the same as the
documented pathogens in P. orientalis and S. japonicum
in the fields (Farr and Rossman 2021). We picked
endophytic B. dothidea, and C. gloeosporioides in
S. japonicum, and A. subxantha and P. funerea in
P. orientalis for further pathogenicity test. All showed
moderate to strong pathogenicity (Suppl. Figs. 3, 4 and
5). Field severity scores for these diseases showed their
disease indices (DI) were linearly corrected with these
endophytic RFs (Suppl. Fig.6&7).

Globally, fungal abundances and diversity appear to
increase with more precipitation (Ahlholm et al. 2002a,
2002b; Helander et al. 1993, 1994; Yu et al. 2016) and
become greater in summer than in late autumn in semi-
arid regions. Infection frequency may be higher in dense
stands (Helander et al. 1993). P. orientalis stands were
very dense in the Emperor Mausoleum and sparsely
distributed in Zhougong Temple, and isolation rate
(IR) of the endophytes in the former was much higher
than in the latter. Longer-lived P. orientalis over
2300 years are sparsely distributed in their sites, and
their endophytic PCA loading plots were more
scattered, which indicated difference with age. Habitat
fragmentation also likely affected the abundance and
diversity of endophytes (Fahrig 2003; Nguyen et al.
2016a, b). Because the Emperor Mausoleum and
Zhougong Temple are both tourist spots and frequently
disturbed by visitors, endophyte spore transmission,
infection, and accumulation might have been affected
by management and other human activities.

Conclusion

Our findings suggest that tree age is an important, struc-
turing factor for foliar endophyte communities but it re-
quires further research, as tree and leaf age do not vary
together. Our findings also demonstrate the value of Chi-
nese temple trees for further research to determine the basis
for effects of tree age on foliar endophyte communities.

Supplementary Information The online version contains sup-
plementary material available at https:/doi.org/10.1007/s10658-
021-02250-7.
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