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Aging is a universal property of multicellular organisms. Although
some tree species can live for centuries or millennia, the molecular
and metabolic mechanisms underlying their longevity are unclear.
To address this, we investigated age-related changes in the vascular
cambium from 15- to 667-y-old Ginkgo biloba trees. The ring width
decreased sharply during the first 100 to 200 y, with only a slight
change after 200 y of age, accompanied by decreasing numbers of
cambial cell layers. In contrast, average basal area increment (BAI)
continuously increased with aging, showing that the lateral meri-
stem can retain indeterminacy in old trees. The indole-3-acetic acid
(IAA) concentration in cambial cells decreased with age, whereas the
content of abscisic acid (ABA) increased significantly. In addition, cell
division-, cell expansion-, and differentiation-related genes exhibited
significantly lower expression in old trees, especially miR166 and HD-
ZIP 1l interaction networks involved in cambial activity. Disease
resistance-associated genes retained high expression in old trees,
along with genes associated with synthesis of preformed protective
secondary metabolites. Comprehensive evaluation of the expression
of genes related to autophagy, senescence, and age-related miRNAs,
together with analysis of leaf photosynthetic efficiencies and seed
germination rates, demonstrated that the old trees are still in a
healthy, mature state, and senescence is not manifested at the
whole-plant level. Taken together, our results reveal that long-
lived trees have evolved compensatory mechanisms to maintain a
balance between growth and aging processes. This involves continued
cambial divisions, high expression of resistance-associated genes,
and continued synthetic capacity of preformed protective secondary
metabolites.
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ging occurs in most multicellular organisms, and in yeast

and animal cells is frequently accompanied by telomere
attrition, epigenetic alterations, loss of proteostasis, and somatic
mutations. However, in plants, aging is complex and multifac-
torial and is regulated by both genetic and environmental factors
(1). Aging is associated with deterioration of growth and dif-
ferentiation as well as with maturity, whereas senescence, which
ends in death, is the last developmental stage (1, 2). Programmed
cell death and leaf senescence at the cellular and organ/tissue
levels have been extensively studied (3, 4). However, due to the
complex life cycles of plants, evolutionary theories of aging have
somewhat been neglected in the plant kingdom, and thus the
mechanisms underlying aging at the whole-plant level remain
enigmatic.

In animal cells, the age-related decline in cell/tissue function
usually correlates with a reduction in stem cell activity. Similarly,
plant meristems are critical for many aspects of growth and de-
velopment. Almost all postembryonic production of plant tissues is
the result of cell proliferation and differentiation from meristems.

www.pnas.org/cgi/doi/10.1073/pnas.1916548117

Maintenance of meristem activity results in some woody and
herbaceous perennials living for many years. In woody plants, the
apical meristem in the tree top is usually damaged by natural
stresses (e.g., freezing injury, lightning strikes, or fracture by wind)
in old trees. However, the vascular cambium (VC) meristem, a
continuous cylinder of meristematic cells in the stem, is viable
throughout the lifespan of the tree, producing secondary xylem to
the inside and secondary phloem to the outside (5). Compared
with young trees, old trees are characterized by a later onset of
xylogenesis, a shorter growing season, and a lower growth rate,
resulting in a smaller number of xylem cells (6), suggesting that
cambial meristem activity is related to age in woody plants.
Nevertheless, how aging is manifested in cambial meristems of
long-lived trees remains unknown.

Due to their large size, relatively slow growth rate, and long
generation time, classical genetic screening of long-lived trees is
difficult. The development of sequencing technologies, including
RNA, sRNA, and degradome sequencing, has now made it possi-
ble to test the involvement of thousands of genes in a biological
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process. In this study, we assessed the effect of aging on a long-lived
tree by investigating variations of vascular cambial properties in
mature and old Ginkgo biloba trees at the cytological, physiological,
and molecular levels. Cambial activity, hormone levels, resistance
gene expression, and autophagy were determined according to tree
age. Furthermore, transcriptional and posttranscriptional regula-
tory networks were analyzed. This study provides insights into how
the old trees keep the capacity of growing through a balance be-
tween growth and aging processes and may serve as a reference for
further studies of the extended lifespans of long-lived trees.

Results

Radial Growth Patterns and Anatomical Changes in Cambial Cells.
Generally, woody plants exhibit variations in morphology as they
become mature and older. We took tree-ring cores of 34 female
trees of different ages with an increment borer and analyzed the
tree rings using dendrochronological procedures. The diameters at
breast height (DBHs) of these trees were 11.5 to 450 cm and the
ring widths became thinner with age (Fig. 1). For example, the
average tree ring width of a 25-y-old tree (see SI Appendix,
Dataset S1, sample 4) was 5.25 mm, while that of a 991-y-old tree
(see Dataset S1, sample 33) was about 1.20 mm. Similarly, in one
143-y-old tree (see Dataset S1, sample 20), the ring width in
the year 1885 CE was 7.37 mm (Fig. 14, blue point), whereas in
1981 CE it was 1.67 mm (Fig. 14, red point). Through tree-ring
analysis combined with the DBH, we determined that the ages of
the sampled trees ranged from 15 to 1,353 y (Dataset S1). The
average increment of ring width in the first 10 y was 50.47 +
24.70 mm. From 100 y to 200 y, the increment decreased to an
average of 15.89 + 4.45 mm. In trees over 200 y of age, the mean
increment of ring width was about 14.84 + 3.95 mm (Fig. 1B).
Although ring widths declined with age, we could not evaluate the
trend of age-related growth decline by ring width alone. There-
fore, we further calculated the basal area increment (BAI) every
10y, and found that the stem BAI still maintained a high level in
old trees, even up to 510 y old (Fig. 1C). The bark thickness of a
young tree was about 0.5 cm while that of an old tree was up to
2.5 cm (SI Appendix, Fig. S14). Moreover, the cracks in the bark
of old trees were markedly deeper than those in the bark of young
trees (SI Appendix, Fig. S14). However, all trees had exuberant
foliage and produced large amounts of seeds (SI Appendix,
Fig. S14).

We selected nine trees for further study and divided them into
three groups: 20y (15Y, 20Y, and 22Y, young trees; VC20), 200 y
(193Y, 211Y, and 236Y, older trees; VC200), and 600 y (538Y,
553Y, and 667Y, oldest trees; VC600). It is evident that the ring
width and DBH are different among 20-, 200-, and 600-y-old trees
(Fig. 1D and SI Appendix, Fig. S1B). The mean DBH of 20-, 200-,
and 600-y-old trees was 13.83, 84.00, and 203.33 cm (SI Appendix,
Fig. S1B), and their mean ring width was 3.81, 2.41, and 1.53 mm,
respectively (Fig. 1E). The average leaf areas of 20-, 200-, and
600-y-old trees were 24.87, 24.56, and 24.69 cm? respectively,
showing no significant difference (Fig. 1F). In addition, the seed
germination rates of 20-, 200-, and 600-y-old trees were 56.33%,
55.00%, and 54.67%, respectively (Fig. 1G). Furthermore, the
maximum quantum efficiency values of photosystem II (Fv/Fm)
were 0.83, 0.82, and 0.85; the photosynthetic capacities were 5.9,
6.0, and 5.7; and the relative chlorophyll contents were 50, 52, and
53 soil and plant analyzer development (SPAD) units in the three
groups (Fig. 1 H-J). None of these differences was significant.

To determine whether the structure of vascular cambium
changed with age, we compared the anatomy of the cambial zone
among the three groups (Fig. 24). In VC20, the cambial zone
consisted of about 11.18 + 1.78 layers of cells, compared to
5.64 = 0.67 and 4.27 + 0.47 layers in VC200 and VC600, re-
spectively (Fig. 2B). Therefore, the number of cell layers in the
cambial zone decreased until 200 y of age, and then only slightly
decreased from 200 to 600 y of age.
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Age-Dependent Changes of Phytohormones and Related-Genes
Involved in Cambial Activity. Phytohormones have been impli-
cated in the integration of environmental signals to regulate
cambial activity (7). To assess age-related changes in these and
related physiological and biochemical parameters in the vas-
cular cambium, we determined the levels of phytohormones in
cambial cells of different ages. The indole-3-acetic acid (IAA)
concentration was 111.75 + 22.96 ng g~ fresh weight (FW) in
VC20, compared to 25.67 + 5.72 and 38.8 + 17.77ngg" FWin
VC200 and VC600, representing decreases of around 77 and
65%, respectively (Fig. 2C). In contrast to the decrease in I[AA
concentration with age, the abscisic acid (ABA) concentrations
were 221.33 + 3.79 ng g~' FW in VC20, 252.33 + 25.70 ng g~!
FW in VC200 and 443.67 + 33.62 ng g~' FW in VC600
(Fig. 2D).

We isolated cambium and sequenced the total RNA. Ap-
proximately 50 million raw reads were obtained for each RNA-
seq sample. After stringent quality checks and data cleaning,
more than 47,540,294 clean reads for each sample were retained
(SI Appendix, Table S1). The generated reads were mapped to
the reference genome; each sample had >97% total mapped
reads (SI Appendix, Table S2). In total, we obtained 27,449,
27,300, and 27,820 unigenes in VC20, VC200, and VC600, re-
spectively, and found 1,246 differentially expressed genes
(DEGs) between VC20 and old trees (VC200 and VC600), of
which 712 DEGs were down-regulated and 534 were up-
regulated in old trees (Datasets S2 and S3). In addition, there
were 209 DEGs between VC200 and VC600, of which 97 were
up-regulated and 112 down-regulated in VC600 compared to
VC200. Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analyses showed that the ex-
pression of a number of genes associated with cellulose bio-
synthetic process, cell wall, and metabolic pathways differed
markedly among the three groups (SI Appendix, Fig. S2 A and B).

Cell division and differentiation takes place in the cambium
zone and are important for vascular tissue growth (8). Therefore, we
investigated the genes associated with cell division and expansion in
the cambium, including actin, cyclin, histone, WOX4, expansin,
xyloglucan endotransglucosylase (XTH), and cellulose synthase-
related genes. Among these DEGs, most showed significantly
lower transcript levels in old trees. Specifically, the transcript levels
of the cell division-related genes ACT7 (Gb_01254), CYCs
(Gb_11201,Gb_30101, Gb_03779), CDKBI (Gb_38629), EBIC
(Gb_24506, Gb_11921), ATK5 (Gb_10632), E2F8 (Gb_38482),
AGDY (Gb_36242), and Histone H3 (Gb_19428, Gb_29027,
Gb_29026) were markedly lower in VC200 and VC600 compared to
VC20 (Fig. 34). Indeed, the transcript levels of Gb_11201 (CYCs),
and Gb_11921 (EBIC) were more than 80% lower in old trees
compared to VC20. Although the transcript level of the WOK4 gene
(associated with auxin responsiveness of cambial cells) Gb_12565
did not change significantly, expression of the other (Gb_05339)
WOX4 gene was lower in all old cambium samples (Fig. 34).

There were 16 DEGs related to cell expansion, encoding
expansins (EXPAI1S5, EXLA2), cellulose synthase A catalytic subunit
(IRX1, IRX3, and CEVI), and xyloglucan endotransglucosylase
(XTH9, XTH10, XTH16) (Fig. 3B). Most were down-regulated in
old trees (Fig. 3B). In addition, the transcript levels of several genes
related to cell differentiation, such as AGD9 and HD-ZIP 111,
were also down-regulated in old trees. Notably, expression of
the genes related to cell division, expansion, and differentia-
tion differed little between VC200 and VC600. Furthermore,
the transcript levels of several genes related to the auxin
pathway, such as auxin-responsive family proteins (Gb_20590
and Gb_12218), IAA-induced protein ARG7 (Gb_02942), and
auxin-induced protein 5GN4 (Gb_29218), were lower in
VC200 and VC600 than in VC20 (Fig. 3C). In contrast, the
transcript levels of four genes (PP2C, SRK2E, ABF1, and
NCEDDY) related to the ABA signaling pathway were higher in

Wang et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916548117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1916548117

Ring width (mm)

2O N A O ©

885 1895 1905 1915 1925 1935 1945 1955 1965 1975 1985 1995 2005 2015
Year

o o0 107 — vcaoa 2 — VC200A |
SE 504 E g — VC20B 101 | — VC200B
= E — VC20C vC200C |
2p 401! =g f 8 H
£ £ H
£8 = s, &y 1l |
|l | i
EE 20 P2 2 [\ a1l || H
Ep 10 I3 . % ‘ 210 b
53 O io oLt i i
£ 10 60 110 160 210 260 310 360 410 460 510 | 1994 1998 2002 2006 2010 2014 1889 1913 1937 1961 1985 2009 |
Years H Year Year
C 5 " VC600A
= — VCB00B
~ 1000 T 4 I ] — VC600C
E 900 £ a2t
S 800 = Al
w 700 g3 LR O | |
5 600 = | 1 | | |
<< 500 o 2 | Wy 1n
T2 200 E 1M H PPN AL
2 300 Y N Ll
2 200 FREUT, |
£ 1004 A I
ol
10 60 110 160 290 260 310 360 410 460 540 1808 1828 1848 1868 1888 1908 1928 1948 1968 1988 i
H Year '
Years b . . ;
E EXX 3
9
—_— 20Y
8 —_— 200Y 4 rk
7 — 600Y _
3
&8 Es
£5 5
h=] b=}
= | 3 2
239 2
[ l £
4 “ ‘ l W 5
1 ! M o2
0+— : ) : : . : : : : - . 0
1450 1500 1550 1600 1650 1700 1750 1800 1850 1900 1950 2000 20Y 200Y 600Y
Year
E =
E £
= £
o
H 8
2 c
:
8 £
e E
o G0
VC20 VC200 VCE00 VC20 VC200 VC600
H ns | J ns
ns ns —_ — ns ns
c 1ty — —— — g8 Zeoy — — —
8 > 5
S I it 7 5 501 ik i !
H T z 6 5
c [*]
8L 06 g5 540
oL g4 £ 30
E o 04 L 3 %
gE £, g
£ 02 < 2 10
£ @ 1 =
o 2 =
0.0 g 1] =

VC20 VC200 VC600

VC20 VC200 VC600

VC20 VC200 VC600

Fig. 1. Phenotypic analysis of G. biloba trees of different ages. (A) Schematic diagram of tree-ring width generated by TSAP-Win software. (B) Increment of
tree-ring width every 10 y over 510 y. (C) BAl every 10 y (in square centimeters). (D) Measured tree-ring widths of nine selected trees. (E) Average tree-ring
width. The columns and error bars indicate the means and SDs (n = 3). ***P < 0.001. (F) Leaf areas (in square centimeters) of VC20, VC200, and VC600. (G)
Germination rates of seeds from VC20, VC200, and VC600. (H) Photoelectric conversion rates (Fv/Fm), (/) photosynthetic capacities (Fv/F0), and (J) relative
chlorophyll contents of leaves from VC20, VC200, and VC600. The columns and error bars indicate the means and SDs (n = 3). ns, not significant.

old trees, the transcript level of Gb_19071 (NCEDY) being which catalyzes the biosynthesis of transzeatin, were down-
markedly higher (Fig. 3C). Finally, one gene encoding the two-  regulated in old trees (Fig. 3C).

component response regulator ARR3 (Gb_07568), which is To verify the RNA-seq data, we validated the expression of 11
related to the cytokinin (CTK) signaling pathway, and two  genes by qRT-PCR using the same samples as for RNA-seq (Fig.
genes encoding cytokinin hydroxylase (Gb_19483, Gb_00446), 3D). Of these, the transcript levels of 10 genes were higher in
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Structural and physiological analysis of G. biloba cambium. (A) Transverse sections of cambial zones of different ages. Ca, vascular cambium; Ph, phloem; Xy,

xylem. (Scale bars, 100 um.) (B) Number of cambial cell layers. The columns and error bars indicate the means and SDs (n = 3). ***P < 0.001. Changes of IAA (C) and
ABA (D) contents. Data are the means of three biological replicates, and the error bars represent SD. ***P < 0.001 and **0.001 < P < 0.01.

VC20 and the absolute VC200/VC20 and VC600/VC20 ratios
were >2. In contrast, the expression of Gb_19071, which is re-
lated to ABA signaling, was significantly higher in VC200 and
VC600 than in VC20. These results are generally consistent with
the sequencing data.

In experiments to validate the expression patterns of six genes
in the cambium of trees 3 to 667 y old (11 different ages) (Fig. 3 E-G
and SI Appendix, Fig. S3 A-C), we found that expression of the cell
division-related gene Gb_11201 was high in 3- to 34-y-old trees, and
decreased with age (Fig. 3E), whereas the expression of two other
cell division-related genes, Gb_10623 and Gb_01998, showed irreg-
ular changes with age (SI Appendix, Fig. S3 A and B). The transcript
level of Gb_20590 (which encodes an auxin-response family protein),
decreased dramatically from young to old trees, and remained low in
the cambium of old trees (Fig. 3F). Likewise, the expression of
Gb_07568 (related to CTK signaling) decreased with age (Fig. 3G).

miR166/165-HD-ZIP Il Interaction Is Involved in Cambium Differentiation.
miRNAs are small, noncoding RNAs, which can regulate gene

2204 | www.pnas.org/cgi/doi/10.1073/pnas.1916548117

expression at the posttranscriptional level. To screen for miRNAs
related to the activity of the vascular cambium, sSRNA libraries from
VC20, VC200, and VC600 were sequenced. A total of 63 known
and 170 novel miRNAs showed significantly different expression
between young and old trees (Datasets S4 and S5), several of which
were related to cell division, differentiation, and phytohormone
metabolism (Dataset S6). For example, the targets of miR160a-5p
were predicted to participate in responses to IAA (SI Appendix, Fig.
S4A4), and the targets of miR390a-5p, miR396a, and miR397a were
related to cell division (SI Appendix, Fig. S4B).

In the computed gene expression network (SI Appendix, Sup-
plementary Materials and Methods), both miR166 family members
(miR166u, miR166n, miR166m, miR166j, miR166i-3p, miR166i,
miR166h-3p, miR166g-3p, miR166e, miR166b, miR166a-3p, and
miR166a) and an miR165 family member (miR165a-3p) were
predicted to regulate HB-8 (Gb_02083, Gb_18240, Gb_22761),
PHV (Gb_10259), and PHB (Gb_18245), which belong to the
HD-ZIP III family (Fig. 4 A and B). Moreover, the expression of
most miR166 family members increased significantly from VC20

Wang et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916548117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916548117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1916548117

Description B
ACTT7
CYCA1
CYCP3
CYCP3
CDKB1
DMTF1
CYCP3;1
SLBP
ASF1B
histone H3.3
histone H3
histone H3
histone H3

A Cell division

Gene ID

Gb_01254
Gb_03779
Gb_11201
Gb_30101
Gb_38629
Gb_06266
Gb_27032
Gb_20984
Gb_02216
| Gb_34665

Gb_19428
Gb_29026
Gb_29027
Gb_11921 EB1C
Gb_24506 EB1C
Novel00943 EB1C
Gb_10632 ATKS
Gb_38482 E2F8
Gb_36242 AGD9
Gb_05339 WOX4
Gb_12565 WOX4

)

051 6 -4 -2 0

C Plant hormone

l== [

Gene ID

Gb_34098
Gb_02942
Gb_20590
Gb_12218
Gb_29218
Gb_33391
Gb_04315
Gb_38174
Gb_19071
Gb_39601
Gb_19483
Gb_00446
Gb_07568

Description

Yucs
ARG7
ARF
SAUT1
5NG4
PP2C
SRK2E
ABF1
NCED9
PYR1
CYP735A2
CYP735A1
ARR3

M Deep sequencing
QRT-PCR

&

X

Y

)
s
S o
o
=
5’-4
6

&
A
c,w‘@‘ & @ ¢ @’ @

z
>
2
c
S
B
w
2
a
X
o
S
]
14

D 2 e R P

' L)

FFE L T FES
‘O/G‘O’

%
w N7

B Deep sequencing
qRT-PCR

- 0~

.
Y

Ratio of expression levels
og,(VCE00/VC20)
Y =3

-3

Gene ID

Gb_01499
Gb_07424 EXPA15
Gb_10705 EXLA2
Novel01406 EXPA15
Novel00020 XTH32
Gb_22327 XTH16
Gb_21649 XTH10
Gb_23278 GUT1
Gb_31853 IRX3
|eb_17419 IRx3
Gb_29421 IRX3
Gb_07428 IRX1
IRX1
IRX3
IRX3
CEV1

Cell expansion

Description
EXPA15

| | eb_ossss
Gb_31675
Gb_32651

a log,,(VC20A_FPKM) 1
b log,,(VC20B_FPKM) 1
¢ log,,(VC20C_FPKM) 1
d log, (VC200A/VC20_mean) |
e log, (VC200B/VC20_mean) |
I
I
I
I

abcdef ghi

| . |
flog, (VC200C/VC20_mean)
le indicating | jon rati 2
Ftar e Jcalng og, (epeension fafk) g log, (VCE00ANVC20_mean)
(I h log, (VCB00BV/C20_mean)

Color scale indicating log,,FPKM ilog, (VC600C/VC20_mean)

m

0.40 Gb_11201
5 0.35
2 030
2 o025
3 020 0.4, Average
2015 0.3
3 0.10 0.2
& 0.05 0.1
0.00 0.0
F 0.25 Gb_20590
5 030
@
8 025
2 020
2 015 0.24, Average
§ 0.10 0.16
0.05 0.08
0.00 0.00
G o Gb_07568
5
2 010
a
1]
8 012
§ 0.08 e Average
2 ;
g o004 008 }\«
0.00 0.0

0 5 20200 600
Age group (year)

>R IIISL PSS
Tree age (year)

Fig. 3. Changes in the expression of genes associated with cell division, cell expansion, and phytohormone signaling in the cambium of trees of different
ages. In the heatmaps (A-C), the Left grid (red) shows the log;o FPKM value of VC20, and the Right grid the log, (expression ratio) [log,(VC200A/
VC20_mean), log,(VC200B/VC20_mean), log,(VC200C/VC20_mean), log,(VC600A/VC20_mean), log,(VC600B/VC20_mean), log,(VC600C/VC20_mean)]. (D)
Expression ratios [log,(VC200//C20)] and [log,(VC600/VC20)] of selected DEGs as determined by gRT-PCR and deep sequencing. Expression levels of genes related
to (E) cell division, (F) IAA signaling, and (G) CTK signaling by qRT-PCR among more ages. The columns and error bars indicate the means and SDs (n = 3). The
mean expression levels of these genes are from trees of four age groups (3 and 5y, 5Y; 20 and 34y, 20Y; 132, 152, 161, and 211y, 200Y; and 538, 553, and 667 y,

600Y).

to VC600, whereas their targets were down-regulated in old trees
(Fig. 4B).

To further validate the cleavage events of miR166 and targets,
we applied a degradome sequencing approach and found that six
target genes could be cleaved by miR166 family members (Fig.
4C). For example, miR166m cleaved Gb_02083 at a site 561 nu-
cleotides from the 5’ end of the mRNA. Additionally, miR166a-3p
cleaved Gb_10259 at 601 nt and miR166m sliced Gb_I18245 at
1,188 nt. HD-ZIP III plays important roles in cambial cell dif-
ferentiation (9), suggesting that the miR166/165-HD-ZIP III

Wang et al.

interaction may be associated with the reduced xylem formation in
old trees.

Changes in the Expression of Senescence-Associated Genes and
miRNAs in Old G. biloba Trees. To address whether old trees en-
ter a senescent stage, we analyzed the levels of senescence-
related transcription factors (TFs) in cambium (Fig. 5 A-C).
Phylogenetic trees of these TF members (WRKY, NAC, and
MYB) between Arabidopsis and G. biloba were first constructed.
Some of these genes, such as Gb_05026, Gb_08731, Gb_35114, and
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Gb_03400, were closely related to Arabidopsis genes that have been
shown to function in senescence (SI Appendix, Fig. S5 A-C). To
verify whether these TFs might regulate senescence in G. biloba, we
determined the transcript levels of the TFs during leaf senescence.
The transcript levels of these TFs regularly increased (e.g.,
Gb_02625, Gb_35114, and Gb_37444) or decreased (e.g., Gb_05026,
Gb_29729, and Gb_20015) during leaf senescence (SI Appendix, Fig.
S6 A and B), indicating that these TFs are likely involved in senes-
cence regulation in G. biloba.

Within the WRKY family, only WRKY57, WRKY75, and
WRKYS53 were expressed in G. biloba cambium. The transcript
levels of WRKY57, WRKY75, and WRKYS53 displayed irregular
changes with age and these genes were not all DEGs (Fig. 54).
NAC and MYB TFs are main regulators of leaf senescence.
NACO053, NAC047, NAC036, and NACO035 were expressed in
cambium of G. biloba, but none was differentially expressed among
the three groups. Similarly, we detected expression of the MYB
TFs MYB3, MYB4, MYB16, MYB33, MYB101, and MYB113 in
G. biloba cambium, but only MYB113 was differentially expressed
among the three groups (Fig. 5 B and C). Therefore, there was no
aging trend displayed in the expression of the vast majority of
senescence-related TFs.

In plants, several reports have described the involvement of
miRNAs, such as miR164 and miR319, in aging (10). In cambium
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of G. biloba, the expression of most miR164 family members was
higher in VC200 and VC600 than in VC20, whereas the tran-
script levels of their targets, such as CUC2 and NACO038, showed
only slight changes among the three ages (Fig. 5D and SI Ap-
pendix, Fig. S7 A-C). The expression of most miR319 family
members and their targets (TCP2 and ERF12) was lower in old
trees (Fig. 5D and SI Appendix, Fig. ST D-F). Most miR156
family members were expressed at a high level in VC200 and
VC600 (Fig. 5D), although the expression of most miR172 family
members did not show a clear pattern.

Autophagy is associated with health and longevity, and its dis-
ruption in Arabidopsis accelerates leaf senescence (11). In G.
biloba cambium, there were 35 autophagy-related genes expressed,
comprising 23 genes encoding autophagy-related proteins, 7
encoding autophagy substrate NBR1, 3 encoding autophagy 18H-
like proteins, and 2 encoding autophagy 18G-like proteins. All of
these genes showed similar transcript levels among the three ages
(mean fragments per kilobase of transcript sequence per mil-
lion base pairs sequenced [FPKM] values were 39.95, 38.17, and
40.08 in VC20, VC200, and VC600, respectively; Fig. SE and
Dataset S7)

qRT-PCR validation of three senescence-related genes
(Gb_05026 [WRKY57], Gb_20625 [NAC036], and Gb_01931
[autophagy-related protein]) confirmed that their transcript levels
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did not change with age (Fig. 5 F and G and SI Appendix, Fig.
S3D). All of the above results suggest that old trees of G. biloba
do not exhibit senescence.

Expression of Preformed Resistance-Associated Genes in the Cambium.
Phenylcoumaran benzylic ether reductase (PCBER) is a major
protein component of xylem, where it provides protection by
reducing phenolic dimers to yield antioxidant molecules (12).
Notably, of the two PCBER homologs in the G. biloba genome,
only one (Gb_21756) was strongly expressed in vascular cam-
bium, at similar levels in VC20 and VC200 (Fig. 6D).
Studying transcriptional changes across whole biosynthetic
pathways might provide a more reliable estimation of changes
during aging in Ginkgo, a species in which little functional
analysis of genes has been performed. We first examined the
monolignol biosynthesis pathway, comprising a series of 10 bio-
synthetic steps in poplar (13) (Fig. 6E). Apart from single cou-

Expression of Genes Associated with Induced Defenses in the
Cambium. Next we analyzed the number and expression levels
of leucine-rich repeat (LRR)-class plant resistance genes (R
genes). Surprisingly, 457 LRR class R genes were found to be
expressed in the cambium (402 in VC20, 412 in VC200, and 401
in VC600; no significant difference) (Fig. 6 4 and B and Dataset
S8). The TIR-NBS-LRR and CC-NBS-LRR class disease-
resistance proteins were the two most highly expressed LRR
gene families. Of the 220 members of these two gene families,
expression of 200, 208, and 199 was detected in VC20, VC200,

and VC600, respectively. Furthermore, the expression levels of
15 members of the plant—pathogen interaction-related LRR
receptor-like serine/threonine-protein kinase flagellin-sensitive 2
(FLS2) family (Dataset S8) displayed no significant difference
among the three groups, suggesting that old trees retain ex-
pression of critical components for inducible resistance. Three
defense-related genes were selected for validation by qRT-PCR.
The transcript levels of the R genes Gb_39766 (FLS2), Gb_05919
(TIR-NBS-LRR), and Gb_25801 (CC-NBS-LRR) were similar
among the three groups (Fig. 6C).

Wang et al.

maroyl shikimate 3’-hydroxylase (involved in synthesis of both
guaiacyl and syringyl lignin) and ferulate/coniferaldehyde 5-
hydroxylase (critical only for the biosynthesis of syringyl lignin)
genes, all other enzymes were encoded by gene families with
either four or five members (Fig. 6E). Consideration of the most
highly expressed member of each gene family revealed that,
apart from cinnamoyl CoA reductase and caffeic acid 3-O-
methyltransferase, the expression level of monolignol pathway
genes in the oldest tree was no lower than in the youngest.
Among the less strongly expressed gene family members, there
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Fig. 6.

Expression of defense-related genes in trees of different ages. (A) Numbers of LRR genes in VC20, VC200, and VC600. (B) Boxplot of the expression

levels [log, (FPKM)] of LRR genes in VC20A, VC20B, VC20C, VC200A, VC200B, VC200C, VC600A, VC600B, and VC600C. (C) Expression levels of R genes
(Gb_05919, Gb_39766, Gb_25801) by qRT-PCR. The columns and error bars indicate the means and SDs (n = 3). Changes in the expression of genes in (D) the
PCBRE gene family, (E) the monolignol biosynthesis pathway, (F) the laccase gene family, (G) lignan synthesis, and (H) the flavonoid biosynthesis pathway. The
heatmaps are color coded by average expression of VC20, VC200, and VC600 (log;oFPKM).

was again little evidence for a strong decline in expression
with aging.

The monolignol pathway also provides coniferyl alcohol as a
substrate for formation of antimicrobial lignans. Downstream
steps in the pathway involve laccase and dirigent protein for
stereoselective dimerization, and pinoresinol lariciresinol re-
ductase. The expression pattern of laccases homologous to the
Arabidopsis Lacll and Lacl7 genes (functionally ascribed a role
in lignin polymerization) (14) suggested small but nonsignificant
reductions in expression between VC600 and VC20 (Fig. 6F). A
similar pattern was seen for the most highly expressed pino-
resinol lariciresinol reductase (Gb_31335), although there was no
reduction in expression of the two most highly expressed dirigent
proteins (Fig. 6G).

Flavonoids are a major class of plant secondary metabolites
which can protect against both biotic and abiotic stresses (15). In
our dataset, 41 genes were annotated as key genes encoding
enzymes associated with flavonoid biosynthesis, including chalcone
and stilbene synthases. Apart from Gb_01519 and Gb_21868, there
was no lower expression level of flavonoid biosynthesis-related
genes in the cambium of old trees than in the youngest (Fig. 6 H
and [ and SI Appendix, Fig. S5D).

Discussion

Meristem activity determines the aging of perennials at the
whole-plant level, and a key feature of the tree lifestyle is the
ability to maintain meristem indeterminacy (1). Frequently,

2208 | www.pnas.org/cgi/doi/10.1073/pnas.1916548117

mature woody trees cannot increase their height after a certain
age mainly because the shoot apical meristem of old trees is
usually damaged by natural stresses (16). The vascular cambium,
on the other hand, can ensure both increased tree girth and
annual renewal of vascular tissues over a tree’s lifespan, thus
most mature trees are increasing in girth and production of
branches, but are no longer getting taller (17). Our comparative
analysis revealed that the number of cambial cell layers gradually
decreased from VC20 to VC600. In parallel, the ring widths de-
creased dramatically in the first 200 y, and more slowly during the
next few hundred years. Although the ring widths decreased in old
trees, it is noteworthy that the BAI did not show a declining trend
from 10- to 600-y-old G. biloba trees. Since BAI is a reliable in-
dicator of tree growth (18-20), it seems that the vascular cambium
in G. biloba can retain the capacity for continuous growth for
hundreds of years or even millennia.

Cell division is one of the key processes taking place in the
cambial zone, and the number of cell layers in the cambial zone
decreased in old G. biloba trees. Several regulatory genes of
cambial meristem activity and markers of cell division have been
identified (21-23). Reduced expression levels of several genes
related to cell division, expansion, and differentiation, as well as
miR166/165-mediated cleavage of HD-ZIPIII, decreased IAA
synthesis, and increased ABA synthesis, all accompanied the
lower cambial activity and slowed radial growth in old Ginkgo
trees (Fig. 7 A and E).
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After maturity, perennial plants enter the stage of aging or
senescence, leading cells to a loss of physiological and bio-
chemical functions (17). Ally et al. (24) found that the re-
duction with age in the number of viable pollen grains in
Populus tremuloides suggested that old clonal trees would lose
sexual function with respect to pollen quantity and quality
between ~500 and 20,000 y. We found that, 20-, 200-, and 600-
y-old trees displayed similar leaf areas, leaf photosynthetic ef-
ficiencies, and seed germination rates (Fig. 7B), in contrast to
previous reports of decreased growth rates and reproductive ca-
pacity during aging (25, 26). Moreover, in old male G. biloba trees,
there is no significant decline in male fertility with age, and male
trees over 1,000 y old still maintain high pollen productivity and
viability (27). Similarly, many 1,000-y-old G. biloba female trees can
produce a large number of seeds every year in China (28). We
propose that continuous growth of the cambial cells may enable G.
biloba to escape senescence at the whole-plant level.

Senescence, comprising the final stage of development during
the aging process, is generally accompanied by massive changes
in the transcriptome. Previously, two plant-specific transcription
factor families WRKY and NAC were found to be major regu-
lators of senescence in plants and, at the posttranscriptional
level, miR164 and miR319 can control leaf senescence through
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some senescence-associated genes of the WRKY, NAC, and
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manifested at the whole-plant level.
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