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Cautionary statements

This course is just an introduction and we will only cover:

- Alteration in the DNA sequence (no epigenetics/epigenomics)

- Simple de novo mutations (DNMs) generating single nucleotide polymorphisms (SNPs;
i.e. no copy number variations, indels, interchromosomal inversion or translocation, ...)
- Animal & plant species




Why mutation rate (p) is a so important parameter in biology?
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Mutation rate (p) is variable among species
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Mutation varies depending across the tree of life, spanning
several order of magnitude!



Mutation rate (p) is variable among species

Trio sequencing: ’
Number of de novo mutations

(DNM) passed to the progeny
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Number of de novo mutations
(DNM) passed to the progeny

Mutation rate (p) is variable among species Trio sequencing: I’

)

40-fold differencel!
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Why do mutation rates vary among species?

Evolvabilit .
(somevne\:N alol|ay tive Mutational burden
mutations)p (Deleterious mutations)

A nonzero mutation rate is Theory predicts that species evolve

essential for species to towards lower per-generation
continuously adapt to mutation rates to avoid the
environmental changes and accumulation of an increasing
perturbations burden of deleterious variants (e.g.

Kondrashov et al. 1988 Nature)



Heritable and non-heritable mutation
detection in animals and plants

Ron and Joyce Bond « The Major Oak », Sherwood Forest, Nottinghamshire,
(UK’s (World's?) oldest living married couple) England (800-1,000 years old, UK’s most visited tree)

? ?



August Weismann's theory: Germline vs. soma
One of the greatest 19 century evolutionary biologist

He was one (of the few) early supporter of Darwin’s theory of evolution
("On the Validity of the Darwinian Theory”, Weismann, 1868)

He put a final end to the theory of Lamarck and the August Weismann
inheritance of acquired characteristics (1834-1914)

(b)

(a) Lamarck

Among ancestral Those with longer This happened

o g : i giraffes, some necks left more repeatedly over
) Ancestral Their offspring This happened individuals had offspring, also with generations.
giraffes stretched inherited the repeatedly over longer necks long necks.
their necks. stretched necks. generations. than others.

A CHIP OF THE OLD BLOCK.
R s oA iy i85

Theory of natural selection (Darwin, 1859)
Theory of inheritance (Weismann, 1892)
(" continuity of the germ plasm” = germ cell)

Courtesy of Visual Image Presentations/National Libary of Medicine.

Inheritance of acquired
characteristics
(“Lamarckism”, J.L. Marks
1832 caricature)



Weismann’s theory: Germline vs. soma 'THE GERM-PLASM

A THEORY OF HEREDITY

Study of the inheritance of mutilations
(Weismann, 1888)

AUGUST \YEIS]\IANN
Professor in the University of Freiburg-in-Baden

W
Professor in the Un

Augst Weismann
(1834-1914)

NEW YORK
CHARLES SCRIBNER’S SONS

1893

TO THE MEMORY

OF

CHARLES DARWIN

Germline = “immortal” cell lineage
Soma (body)= Somatic cell lineages lost at each generation

August Weismann's germ plasm theory: hereditary information moves only
from germline cells to somatic cells (=somatic mutations are not inherited)



Heritable mutation rates (new mutations on the germline)

Study of heritable mutation rates: Trio sequencing

DNA sequencing of the two parents +
one child (~50X) & detection of de M M x 1,548
novo mutations (DNMs) lcelanders
M m families
Joénsson et al.
2017 Nature
Number of de novo mutations
M I \ DNM) passed to the progeny New mutations can be easily and
unambiguously detected using classic

bioinformatic tools (variant callers such
as GATK, Samtools, ...)



de novo heritable mutations (DNMs) and age of the parents ; J

Study of heritable mutation rates: Trio sequencing

Number of de
novo mutations
identified in the

child

Number of phased DNMs per proband

90

601

304

4

e

B

)
J
d

Primordial germ cell Primordial germ cell
mitoses (~22) mitoses (~30)
[Fefaldevelopment 0 000 1 00000000

Chlldhood
Adulthood 0Q0 & C&
No more cell divisions i [ Actively dividing stem cells
} '
Ovulation occurs each month | Spermatogonial
from puberty to menopause O ! Moses stem cell division
¢ ! (+190) ; W occurs every 16 d
“““““““ ! Age 20 years ¢ Sy (23 divisions per year)
: Eqg Sperm ¥ ’r
i 7DNMs | 20 DNMs
y 1
oy

Enrichment of
DNI o

Y
Egg @

Age 40 years

l
40 DNMs wrm

Paternal

12 DNMs

Maternal
signatures
CCA>CTA
GCA>GTA
TCT>TIT

Goldmann et al. 2016 Nature Genetics

Phase Goriely 2016 Nature Genetics
+ Paternal
+ Maternal
°
2 30 40 50

Age of parent at conception (yr)

Age of parents at conception

of the baby

Jonsson et al. 2017 Nature (see also Kong et al. 2012 Nature)



de novo heritable mutations (DNMs) and age of the parents ; ”
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Summary: animal germline mutations (heritable mutations)

100

Sex-specific pattern: i
Human germline (i.e. heritable) mutations E
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5
S 40 o
=]
=
20
0
Total Paternal Maternal

Parent of origin

Sasani et al. 2019 elife



Summary: animal germline mutations (heritable mutations)

Sex-specific pattern:

Human germline (i.e. heritable) mutations
disproportionately occur in males

Age-specific pattern:

More mutations with age

Mutations of
maternal origin
support that they
are associated with
errors of the DNA
repair machinery,
not due to errors
during the DNA
replication!

100
O
L
e0g0
[ ]
80
(2}
=
Z 60
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g 40 (1]
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P
20
0
s Total Paternal Maternal
o $ @ Parent of origin
- —§- g ) .
8 S S Kt Sasani et al. 2019 elLife
Oocytes developing Oocyte aging materntal
(~22 cell divisions) (no further cell divisions) paren
Cell division Age-related
hypothesis hypothesis
General e yp § i
hypotheses G S =3
5 3 5 S o
£z o)
=51 EEI
2 p
Age of maternal Age of maternal
parent at conception parent at conception
Age-related
hypothesis .
Empirical & Unrepaired damage
evidence _ accumulating with age

Number of new
mutations
\

Age of maternal
parent at conception

Leroy 2023, elife



Summary: animal germline mutations (heritable mutations)

100 .
Sex-specific pattern: . ]
Human germline (i.e. heritable) mutations E
disproportionately occur in males =
5
S 40 o
=]
zZ
20
0

Age-specific pattern:

Total Paternal Maternal
Parent of origin

Sasani et al. 2019 elife

More mutations with age

Medical consequences in humans: Sex*Age-specific pattern

“If a more exact analysis of birth order were indeed to Achondroplasia

confirm a high incidence in last-born children, this would
speak for the formation of the initial predisposition for

dwarfism by mutation.” 8
Wilhelm Weinberg, 1912
2—
Neurofibromatosis Achondrophasia Marfan Syndrome ;
o A n=243 B n=152 o E n=23
o 40 40 0 T T l& T 412 T 1
0/E
oS L/ Paternal age at
22 32 4 52 .
Apert Syndrome Frbrndy;;::;sm Ossificans Pleiffer Syndrome PATERNAL AGE con Cep tl on
C n=lll D ressiva 6 n=20
60 nelo 60
e [ © & mar}y o‘ther Crow, 2000 Nature Review Genetics
" o genetic disorders...

’ » S Risch et al. 1987 American journal of human genetics

PATERNAL AGE ~



Summary: animal germline mutations

Sex- & age-specific pattern

A calm coupleof
. . . Chrysemys picta
True in many animals, not only humans, albeit not all

No bias
Female bias Strong male bias

4 @ ——— Actinopterygii ------===-=-=ssssmmaaanaan 2

® Mammals
e Birds CamIVOra:ssrerozsrsnsrnsensnsarasninis n_,
e Fishes Perissodactyla/Suina/Tylopoda --------- ﬁ

Reptiles ,
31 Cetartiodactyla «------------------- ceeees ‘] :
!
Rodentia s==sn-asarencan=rancasusnsarounancarils
Mammals 105 samples Diifnalas seswestsnssnsvnsmimsmnmsiais m
r2=0.37 r°=0.14

21 P=1.6x10 P=39x10% Marsupials/Hyracoidea --------------e-e- -
" Reptiles

Galliformes/Anseriformes

Mutation rate per site per generation (x10-%)

1 @ ‘
Passeriformes
-z f‘otf ‘: ¢ o i : Charadriiformes/Phoenicopteriformes
’ ® : Sphenisciformes/Pelecaniformes

0. . | L L R R, T I L P B P B S L

0 2 4 6 810121416
0 10 20 30 Male bias (¢)
Average parental age at reproduction

Bergeron et al. 2023 Nature

In mammals (and in most animals)
Germline mutations = meiotic mutations + mitotic mutations (accumulating with age) on
germinal cells

Ok for germline mutations, but what about somatic mutations?



Somatic mutations and cancers

Not heritable but still
important!

Sample acquisition

> > » X r r > >
> > r» X r r > >

Tumor sample

. Normal sample

Pairwise mutation
detection:
tumor vs. normal samples

More challenging:
Sequencing at very high
coverage (100s - 1000s X)

Specific bioinformatic tools

> > r»r r r» »r > >»r

> > r r r» X > >»r



Somatic mutations and cancers
Frequency of occurrence of new mutations
o\
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Mutation rates are highly variable depending on the tumor samples, because
mutations do not occur at the same pace depending on the tissues

-> Importance of mutagens, i.e. UV for melanomal!
Martincorena & Campbell, 2015 Science



Somatic mutations and cancers

Mutational signatures (mutation spectra)
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Somatic mutations and cancers oy e

Mutational signatures (mutation spectra) o O ®
(;L Pyrimidines \f:,t
B C>A C>G C->T T>A T->C T->G Relative C>A C>G C->T T->A T->C T->G Relative
CpG deamination (1) rate Unknown etiology (5) rateo >
A 0.4 A T :
C C
5'base G 02 5'base ¢ 0l
T 0 f 0
. APOBEC (2) 03 % Ultraviolet rays (7) 05
0.2
5' base 8 H 01 5'base g Ho.zs
T | N 0 T | 0
 APOBEC (13) o | BRCAL/2(3) o5
c 0.2 C
5'base G Bo.l 5'base g Ho'l
T H B 0 ) 0
Tobacco (4) ACGTACGTACGTACGTACGTACGT
A W 0.2 3'base
1 C
S'base g [N O ‘. ~ Half of the UV-induced
T . .
0 mutations in humans are
ACGTACGTAcglga/;eCGTACGTACGT TCG > TTG

Mutation is a random process but highly dependent on the genomic context

Importance of mutagens, i.e. UV for melanomal

Modified from Martincorena & Campbell, 2015 Science



Somatic mutations and cancers
Frequency of occurrence and mutational signatures
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Summary: somatic and germline mutations

Mutation is a random
process, but...

... the probability
for a mutation to
happen is
non-random,
shaped by the
genomic context
(true on both the
germline and the
somatic tissues)

... probabilities which
depend on the genomic
context (i.e. mutation
spectra) evolve through
time. Both rates and
mutation spectra can be
seen as evolvable traits.

b

% of mutations

Human germline

C>A C>G C>T T>A T>C T>G

Human somatic

C>A C>G C>T T>A T>C

>G
Cc
5
L 0| weth
N
o
O Lpd
o e Human germline
Human somatic
e Mouse germline
~10 e Mouse somatic

Mouse germline

C>A C>G C>T T>A T>C T>G

Mouse somatic

C>A C>G C>T T>A T>C T>G

| |

-5 0

5 10 15
pc1 (59.1%) Milholland et al. 2017 Nature communications



Summary: somatic and germline mutations A. PCA of human mutation spectra

Mutation is a random
process, but...

... the probability
for a mutation to
happen is
non-random,
shaped by the
genomic context
(true on both the
germline and the
somatic tissues) PC1 (18% variance explained)

East Asia e

PC2 (5% variance explained)

B.PC1 Loading C.PC2 Loading

w

4
>

... probabilities which Even at relatively
depend on the genomic  short evolutionary ~ =¢
context (i.e. mutation time, it seems! .
spectra) evolve through Here an example “

for the evolution of

the germline

mutation spectra in ..
humans

time. Both rates and
mutation spectra can be
seen as evolvable traits.

-
fn)
POOAPOOAPOOAPO0OAD>PO004AD>P00 A

»
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Harris & Pritchard 2017, elife



Perspective: somatic rates and life span

Horse Lion

208 individual
intestinal crypts
from 56
individuals across
16 species

D
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Mutations

Recent investigations suggest
that somatic mutation rates are
(also) evolutionarily
constrained and may be a
contributing factor in ageing
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Heritable and non-heritable mutation
detection in animals and plants

Ron and Joyce Bond
(UK’s (World's?) oldest living married couple)

Heritable mutations in animals =
germline mutations = meiotic mutations +
mitotic mutations on germinal cells

Other somatic mutations are not heritable

« The Major Oak », Sherwood Forest, Nottinghamshire,
England (800-1,000 years old, UK’s most visited tree)



General expectation: plants depart from the Weismann'’s theory

: Plant model
Animal model
Early
stage in Later
developm . stages Germline
ent (tissue-spec (flowering)
(Organo ific cell \
Zygote engesis)g divisions)

_::=::::___::=::(3:e(r?n:|.i__.ne :I

millions of cell divisions
before the differentiation  zwsee
of the germline

Unlike animals, somatic mutation could be passed to the progeny in plants
(late germline segregation)

This is a general hypothesis
| will detail the empirical evidence supporting this hypothesis (or not)




General expectations for plants

Before to start, just a short recap on how plants grow...

The terminal bud contains
a shoot apical meristem.
—

Axillary bud
I primordium

Leaf primordia

Terminal bud

Shoot
apical
meristem

=

Axillary bud

In woody plants the vascular
cambium and cork cambium
thicken the stem and root.

Lateral meristems:
Cork cambium

L e
Vascular cambium 100 pm
/ <
Root apical
meristem
/ <
Root cap
), 24.7 upper: David McIntyre. lower: ©
50 um James Solliday /Biological Photo Service.

https://www.macmillanhighered.com (24.2)



General expectations for plants

Assuming a late germline segregation for plants,
mutations accumulate along growth axes!

Late germline segregation

G->A

T->C Following this view, a tree is also a ...

phylogenetic tree!

Modified from Robert Lanfear, 2018 PLoS Biology



A typical example in Prunus

36 samples from a peach tree (13 from roots, 23 from shoots)!

Lower
. c X mutation
e ) s 97
1 Vis »H N 2 |B3 .
be g pE 2 {_—DE s e rates In
o 23 97 i
%, Al 22 s 11 =it shoots: a way
k B o 1-2
. 5 i 0 ﬁé 21 o |* to keep
l L w " e heritable
(1~4,7,12) s = - 31 | B6 .
ik \ s 1 mutation
0’5‘\ 63 32 B4 t d
e - rates under
C 2 control?
12 B2
E 15
% 1-4
2-2
Branch 22 I SS
e ___lF==zma13___l BS o ____._
7
® o R4 Root Far more
(25, Qs (162~173) R2 .
221 Sau g mutations
26y @13
521,23 ZAM o (152-161)
~43.45;;,2';}37 &5 @
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(69,73,148~151)

22 ©7 4.
(2:3,5~22,24,26~36, (1~25 2737 4045, )q\‘j)é) (61932 (G
3941~4346~49)  o'p 65,66) % S W
(2,4~20,22~25,
27~38,41~46)
| Samples Diameter of the Estimated age DNA Sequenced
trunk (cm) (years) source samples
PXL* 1.1 21 Leaf 23
Root* 13

detected in
roots than in

R1
shoots!
Accumulated mutations
Average Normalized rate (x 10~ per bp
~observed per year)*
3.74 0.52
29.8 4.06

Wang et al. 2019 PLoS Biology



First empirical evidences: “3P" oak tree in Pierroton

. 85ans 1 |8
d L2 3 samples

sequenced at
160X
47 ans |- X Lo

L1

Branche

initiée a |- L X 1
15 ans

Age de
la graine

When a new somatic Requi , i , !
mutation occurs: equire variant calling using sottware
——

freq (alt) = 1/ 2N adapted for low-frequency mutations
(similar to somatic mutation in cancer)

meristematic cells

Schmid-Siegertetal.  (@ssuming 20 meristematic
2017, N |
awrepients — cells, freq ~ 0.025)

Plomion et al. 2018 Nature Plants



First empirical evidences: “3P" oak tree in Pierroton

Chr 1 Chr 2 Chr 3 Chr 4 Chr 5 Chr 6 Chr7 Chr 8 Chr 9 Chr10 Chr11  Chr12

55 Mb 115 Mb 57 Mb 44 Mb 70 Mb 57 Mb 52 Mb 71 Mb 50 Mb 50 Mb 52 Mb 38 Mb
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] By comparing the different samples from the same tree,
1 we indeed identified some mutations, 46 (highly reliable)
- somatic mutations in total
-

Plomion et al. 2018 Nature Plants



First empirical evidences: “3P" oak tree in Pierroton

Chr 1 Chr 2 Chr 3 Chr 4 Chr 5 Chr 6 Chr7 Chr 8 Chr 9 Chr10 Chr11  Chr12

55 Mb 115 Mb 57 Mb 44 Mb 70 Mb 57 Mb 52 Mb 71 Mb 50 Mb 50 Mb 52 Mb 38 Mb
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1%
-

By comparing the different samples from the same tree,
: we indeed identified some mutations, 46 (highly reliable)
- somatic mutations in total

<

Extremely rare events

46 mutations / 7,5 x 102 bp!
(for a 100-year old tree)

Study of the mutation process

bram':‘he

S0

che A= |
Sczence & Vie, octobre 2018

Plomion et al. 2018 Nature Plants



First empirical evidences: “3P" oak tree in Pierroton

Chr 1 Chr 2 Chr 3 Chr 4 Chr 5 Chr 6 Chr7 Chr 8 Chr 9 Chr10 Chr11  Chr12
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] By comparing the different samples from the same tree,
e we indeed identified some mutations, 46 (highly reliable)
- somatic mutations in total
-

Extremely rare events

46 mutations / 7,5 x 102 bp!
(for a 100-year old tree)

Study of the mutation process

Sc:ence & Vie, octobre 2018

Plomion et al. 2018 Nature Plants



Are somatic mutations passed to the progeny?

85years --e-e---
l, L3 Transmission of 19 somatic

/ =r mutations to offspring

""""""" ERERROO00 mmOO000 |

x93 III.I -

47 years = -------
'mO00000000 mEEE00 D000
15 years & -l-.
Ageof ..
theseed -

~50% of the mutations tested were found to
be transmitted to the next generation

In agreement with the general hypothesis
for plants

Plomion et al. 2018 Nature Plants



Are somatic mutations passed to the progeny?

TN fos
~

e PR)

%'\:_‘ ‘ A

B primary branch
# sub-branch
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the tree
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recovered in the

inherited

1udiag

1

15 (|77 78

progeny (14

FR1

mutations FR8
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modified from Wang et al. 2019 PLoS Biology



Summary: plant mutations (up to now)

Germline
(flowering)
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()___T——.

Zygote

A mutation happens in a population of cells (a

meristem): a methodological challenge
It requires to adapt methods initially developed for cancer genomics

Mutation accumulate along plant growth

Somatic mutation can be passed to the
progeny in plants



Summary: plant mutations (up to now)

To finish: three recent work in plants changing our views about plant mutations.

Germline
* (flowering) A mutation happens in a population of cells (a

meristem): a methodological challenge
It requires to adapt methods initially developed for cancer genomics
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Somatic plant growth I ¢ —— Does this vary depending on the tissues?
millions of cell divisions ¢ Are mutations generated by DNA
before the differentiation 1 " replication or DNA repair errors?
of the germline |

Somatic mutation can be passed to the
progeny in plants
—— Does this apply to all plants?

Zygote



Summary: plant mutations (up to now)

To finish: three recent work in plants changing our views about plant mutations.

Germline . . .
* (flowering) A mutation happens in a population of cells (a
s meristem): a methodological challenge
i It requires to adapt methods initially developed for cancer genomics
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—— Does this apply to all plants?



A very low proportion of heritable mutation rates in annuals?

P2-52,84( 1.53(
P3-51,52,54,85,S6(
P3-S3[10]
P4-S3~85( ]

R1(43,44~50)

R2(51)

R6(54~57)

R8(43,63~66)

P2-S1,83,84(

P2-S5(

P3-S1( 26,27,30]
S3[ 22,26,27,30)
$4[0.926 27 30]
$5[2.9.26,27.30]

M1(32)

Mutations transmitted to the
next generation:
Brachypodium: 10/159 (6.3%)
Riz: 3/100 (3.0%)

' 7/ Arabidopsis: 1/58 (1.7%)

P2-S1,85[
P2-S3[:

1032]

A main

difference
between annuals

and perennials?

R9(67,68,69)

Wang et al. 2019 PLoS Biology



Which proportion of plants deviate from the Weissmann's theory?

@ Late segregation, late differentiation

@ Early segregation, late differentiation

SN W%

@ Early segregation, early differentiation

e g (4

G Segregated germline cell lineage W .
@ Unciorentiated stom cell [...] recent studies have suggested that some, and

@ Oierentiated somatic cel possibly most, plants possess a nearly-segregating and
@ Diferentiated germiine cell slowly dividing germline cell lineage that bears a
striking resemblance to the animal germline”

Robert Lanfear, 2018 PLoS Biology



Summary: plant mutations (up to now)

To finish: three recent work in plants changing our views about plant mutations.

Germline . . .
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i It requires to adapt methods initially developed for cancer genomics
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Mutations accumulated along growth? Which growth?

Growing

Runners (« stolons »)
= Vegetative propagation

1d-S2 1d
e aasm g 9 F A
- 1e-2
- 1e-3 (5)
: (5.8~10) (5)

1
B1-2* " (55.10) 1b-2(5) 1b-3(58~10)

Two different cell lineages in runners? Some somatic mutations that are never
transmitted to the clonal plants? A way to keep mutations under control?

Wang et al. 2019 PLoS Biology



Summary: plant mutations (up to now)

To finish: three recent work in plants changing our views about plant mutations.

Germline . . .
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Mutation accumulate along growth: an effect of the cell divisions or the DNA repair?

256 years old trees on average

Detection of
mutations
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Single

Double i -

More
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Satake et al. 2023, elife



Mutation accumulate along growth: an effect of the cell divisions or the DNA repair?
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The slow-growing species obtained 3.7 times more mutations per meter than the
fast-growing tree, after considering the physical distance between branch tips

Satake et al. 2023, elife



Age seem to be the main factor explaining rates, an interesting parallel with animals
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Recent evidences suggest that mutation accumulates with age
rather than the number of cell divisions in both plants and animals,
suggesting largely conserved mutational processes.



Summary: plant mutations (up to now)

To finish, | summarize three recent work in plants changing our views about plant mutations.
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Simulation study (depth of coverage/
frequency of mutation, different callers)
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So if it is theoretically possible to identify low freq mutations, at which allele frequency
new mutations are observed?
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So if it is theoretically possible to identify low freq mutations, at which allele frequency

new mutations are observed?
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The vast majority of de novo plant mutations
are at low allele frequency within the plant
and are therefore difficult to detect, but they
can be evolutionary important, since these

mutations can also be transmitted to the next
generation!
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Existing knowledge on plant somatic mutations (almost all)

Detection of plant somatic mutations:

* Somatic mutations are indeed produced along growth (widely supported empirically)
e Cancer-derived methods are more robust to identify these variants

e Almost nothing is known about plant mutation rates and spectra

Inheritance of plant somatic mutations:

e Some species (e.g. oak, peach trees) found considerable support for the
inheritance of somatic mutations...

e ... and are therefore expected to be a significant proportion of the heritable
mutations...
e ... but this is probably not true for all species, especially annual plant species

(similarities with the early segregation of the animal germline?)

In plants, there is increasing evidence that the relationship between
growth, aging and heritable mutation rate is much more complex than
previously thought



Mutation is the engine of evolution and therefore represents a crucial evolutionary process to study in biology
The per-generation heritable mutation rate: importance for genetic diversity (4Nep) and divergence (molecular clock)

Albeit understudied from an evolutionary perspective, the study of mutational processes is essential. Mutation is

Take home message

as complex as any other evolutionary forces!

Mutation is random, but the probability for such an event is variable depending on the environmental (mutagens)

and genomic contexts (spectra)

Growing evidence that mutation accumulates with age rather than with the number of cell divisions (DNA repair

vs. replication)

Despite limiting research in plants, recent evidence suggest that mutational biases could be conserved between

animals and plants
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Especially dynamic field: most of the knowledge presented during this 2-hour course is less than 10 years old.



Mutations in animals and plants:
an introduction

Ron and Joyce Bond « The Major Oak », Sherwood Forest, Nottinghamshire,
(UK'S (Wor/d's?) oldest /[V[ng married Coup/e) Eng/and (800- 1,000 years O/d, UK’s most visited tree)
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