10

15

20

25

30
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I"#$%& '$(Carbon exchange between biosphere and rhizosphere is an important component of the global carbon cycle.
Photosynthetic products being sequestered into soils have been intensively studied, yet the reverse pathway from rhizosphere
to biosphere is poorly known. In the present study, we determined the radiocarbon content (A'®C) of the bulk leaves of the
deciduous ,-$#)-% oak and of chlorophyll . extracted from the same leaves collected in Switzerland during the 1950s and
2000s. Our results demonstrate that old soil-derived carbon significantly contributes to the synthesis of chlorophyll ., an
essential molecule for photoautotrophs. The A*®C values of chlorophyll . were consistently lower than those of bulk leaves
which closely tracked bomb-derived A*®C signals in the atmosphere. The results cannot be explained without invoking an
additional carbon source with a turnover time exceeding 100 years. A two-pool mixing model assuming atmosphere and
rhizosphere as two endmembers indicates that contributions of the soil carbon to chlorophyll . are 17 + 2% (' = 4), and
turnover time of such soil carbon is no shorter than 1,000 years. We suggest that hydrophilic compounds such as amino acids
or phytol are transferred into plant roots from soils through mycorrhizal symbionts, and chlorophyll . is one of the destinations

of such **C-depleted carbon in vascular plants.

)*+,$%-./'$0-, *

Terrestrial vegetations play a pivotal role in global carbon cycle by converting atmospheric CO- into organic matter via
photosynthesis. A large portion of photosynthesized products is then sequestered into rhizosphere as soil organic matter over
centennial or millennial time scale (Clemmensen et al., 2013). In a microscopic spatial scale, most of terrestrial vascular plants
accommodate mycorrhizal fungi on their roots, where plants give carbon to fungi while fungi return nutrients and water to
plants (Smith and Read, 2008). Conventional theory predicts such a one-directional carbon flow, however, there is a growing
body of evidence suggesting that some ectomycorrhizal trees gain even carbon from symbiotic fungi, most likely as inorganic
forms such as HCO#”or hydrophilic compounds such as amino acids available in rhizosphere (Jones et al., 2009). Previous

studies have primarily focused on quantifying carbon flow between fungi and plants, exploring functional diversity in the
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symbiosis, or unraveling plant-mycorrhiza-plant communications (Cahanovitc et al., 2022; Klein et al., 2016; Simard et al.,
1997; Suetsugu et al., 2020). However, one grand challenge, why and how plants uptake the soil carbon that have been
unconsidered as a limiting element for their growth, remains unsolved. Fate or destination of such soil carbon in plants is
particularly unknown, which hinders from drawing the entire picture of carbon exchange between biosphere and rhizosphere.
It is expected that the soil carbon offers some benefit to plants. Their growth is more limited by nitrogen, which is mainly
acquired as water-soluble inorganic forms such as nitrate and ammonium via root uptake and xylem translocation, although
plants are still deficient in nitrogen, eventually resulting in yellowed leaves called chlorosis (Taiz et al., 2023). To tackle this
issue, the plant may also uptake organic nitrogen such as amino acids from soil (Ndsholm et al., 1998) as a building block for
some functional compounds that cost energy to synthesize. Chlorophyll . (Chl ., Cedd" MgNsOs, molecular weight 893.51 g
mol®) is one of the candidate compounds, which is an antenna pigment ubiquitous for a variety of photosynthetic autotrophs,
including terrestrial plants, aquatic algae, and cyanobacteria, to convert solar energy to chemical energy. The Chl . consists of
a tetrapyrrole ring, which is synthesized from glutamic acid, and its side chain, phytol, which is added at the very end of its
anabolism catalyzed by a single enzyme named chlorophyll synthase (von Wettstein et al., 1995). In contrast, phytol is removed
from Chl. by pheophytinase at one of the very first reactions of its catabolism, followed by a sequence of break-down reactions
of the tetrapyrrole ring (Matile et al., 1999). Due to the high maintenance cost, some vascular plants and microalgae have a
recycling pathway in the Chl . metabolism (Ischebeck et al., 2006; Vavilin and Vermaas, 2007), suggesting that its 55 carbon
atoms are potentially derived from multiple sources. To test the hypothesis that carbon originated from rhizosphere is partially
used for Chl . biosynthesis, it is necessary to distinguish soil-derived carbon from annual photosynthates.

Radiocarbon natural abundance (A*®C) offers a unique opportunity to address the above question. The atmospheric hydrogen-
bomb tests mainly during the late 1950s and early 1960s almost doubled '*CO- concentrations (i.e., the A®*C value for CO-
increased by ~+1000%o) in the Northern Hemisphere atmosphere (Nydal and Lovseth, 1965). Since the Partial Test Ban Treaty
(PTBT) took effect in 1963 CE, the atmospheric *CO- concentration has declined continuously due to dissolution into the
ocean and biosphere as well as dilution by fossil-fuel combustion (Levin and Kromer, 2004). On the other hand, atmospheric
®CO- is fixed by terrestrial plants and is reflected in A'*C of annually growing plant tissues such as tree ring (Hua et al., 2004).
Annual leaves of deciduous plants are also a good recorder of atmospheric '*CO- concentrations because they consist of 1-2-
year-old carbon on average (Ichie et al., 2013; Muhr et al., 2016). Taking advantage of this, previous studies have estimated
carbon residence time of different components within a plant (Carbone et al., 2013; Richardson et al., 2015), as well as
belowground root and soil interactions (Gaudinski et al., 2000; Trumbore, 2000).

To estimate their age, compound-specific radiocarbon analysis (CSRA) of Chl . and its derivatives was first applied to
sediments in Black Sea (Kusch et al., 2010). They found a large variation by nearly 200%o in A'*C among different pigments
in the same station. A similar size of A" C variation was also found in pigments and fatty acids in a lake near Mount Fuji
(Yamamoto et al., 2020). To our knowledge, these two studies are the only examples that used the CSRA of Chl . and other
pigments in sediments. Furthermore, our previous study indicated that the A**C value of Chl. (~10%o) in a leaf of the Japanese

blue oak, ,-$#)-%*/0.-). , was lower than that of its bulk A*®C value (+27%o). Although the results suggest that*,1*/0.-).
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synthesize Chl . partially using carbon likely derived from rhizosphere, this is not conclusive yet because the difference in
A®C values between the bulk leaf and its Chl . (37%o) was not sufficiently large compared to the analytical error with no
replicate data.

In this study, we aimed to test whether the A'®*C values of the bulk leaf and its Chl . are significantly different in terrestrial
vascular plants using eight ,-$#)-% leaf samples that had been collected during 1952 and 2007 CE. A retrospective analysis
during the post-PTBT (i.e., after 1963) period was expected to distinguish atmospheric CO- being highly enriched in '*C
compared to soil carbon. The genus ,-$#)-% is one of the ectomycorrhizal trees that is known to exchange carbon through the
root-fungal network (Klein et al., 2016; Simard et al., 1997) whose genus is the same with that reported in our previous study
(Ishikawa et al., 2015). We isolated and purified Chl . from archival leaves using high performance liquid chromatography to
measure its A'®C value in comparison with the bulk leaf. We hypothesized that the A C value of the bulk leaf reflect that of
atmospheric CO- at the time of collection, while the A C value of Chl . is different from that of the bulk, due to the contribution
from soil carbon that has turnover time longer than annual photosynthetic products. We built a two-pool model to specifically
address two research questions: (1) how many percentages of soil carbon is incorporated into Chl . ; and (2) how old is soil

carbon contributing to the Chl . .

128$3%0844#*&, 3$6- #*
1()*785843*-443'$0-*

Two species of deciduous ,-$#)-% oak (Downy oak ,-$#)-%* &-2%$%)$'%nd Sessile oak*,-$#)-%* &$+#.9$. that had been
collected in Switzerland during 1952 and 2007 and have been stored in the University of Ziirich Herbarium (* = 8) under
constant temperature and humidity conditions were dedicated to the retrospective analysis of this study (Fig. 1a). One leaf of
the bunch was sampled for , ¥&-2$%)%$'% = 5, collected on 11 August 1952 (converted to decimal year: 1952.611, leap year),
15 August 1965 (1965.622), 14 September 1968 (1968.704, leap year), 3 July 1973 (1973.504), and 2 July 1982 (1982.502);
and , ¥&$+#.8.' = 3, collected on 30 May 1966 (1966.411), 25 May 1995 (1995.398), and 8 July 2007 (2007.518). The
specimen labels provided us fragmentary information such as altitude and location where the samples were collected (Table
1). Approximately 3 mg of the leaf samples were cut by clean tweezers for the bulk A'® C measurement. Remaining leaf samples

were stored at —20 °C until the following analysis.
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Chl . was extracted from each leaf sample using the modified method of Ishikawa et al., (2015) In brief, crude pigments were
extracted from 100-200 mg of dried and crushed leaves using about 30 mL of acetone in a PTFE tube (Oak Ridge Centrifugal
Tube, 3114-0050, Thermo Scientific, USA). The tubes were ultrasonicated for 15 min and were centrifugated at 4,000 rpm for
30 min. The supernatant was transferred into a pre-combusted glass vial (ASE collection vial 60 mL, 048784, Thermo) and
was dried under the argon stream. About 2 mL of dimethylformamide (DMF) was added to the PTFE tube, ultrasonicated,
centrifugated, and transferred into the 60 mL glass vial. The DMF extraction was repeated one more time to increase the
recovery. After drying up the samples, they were transferred using dichloromethane (DCM) into a pre-combusted glass vial (4
mL screw vial, 5183-4448, Agilent Technologies, USA) and were dried using argon. Since the extracted Chl . is quickly
degraded at room temperature in laboratory, about 1 mL of 2 mol mL* hydrochloric acid was added to the vial to convert Chl
. into pheophytin . (Pheo .) to increase stability. Therefore, the present study regards Pheo . as a surrogate of Chl . , and does
not consider a potential difference in A C values between Chl . and Pheo* . The only difference between Chl . and Pheo* is
the presence or absence of magnesium at the center of the tetrapyrrole ring (Fig. 1b). About 1 mL of ' -hexane was added to
the vial, and the liquid-liquid extraction was made three times, and the organic layer was transferred into another 4 mL vial.
After drying up, a 0.2 mL of DMF was added to the vial and the solution was passed through a membrane filter (Cosmospin
Filter G, pore size 0.2 um, 06549-44, Merck, Germany) and recovered in a pre-combusted 1.2 mL glass vial (Supelco 29658-
U, Merck).

The acidified crude pigment dissolved in DMF was injected to a high-performance liquid chromatography (HPLC) system
(1260 Infinity, Agilent Technologies) for the first separation using a reversed-phase column (Eclipse XDB-C18, 5 um particle
size, 4.6 x 250 mm, P/N 990967-902, Agilent Technologies) with the corresponding guard column (5 um particle size, 4.6 x
12.5 mm, Agilent Technologies). All the solvent used in the following wet chemical operation was higher than the HPLC
grade. The solvent gradient was programmed as follows: acetonitrile: ethyl acetate: pyridine = 75:25:0.5 (v/v/v) held for 5
min, then gradually changed to 67.5:32.5:0.5 (v/v/v) in 15 min, followed by flushing (25:75:0.5, v/v/v for 5 min) and
equilibration (75:25:0.5, v/v/v for 5 min). The flow rate and temperature were set constant at 1.0 mL min® and 30 °C,
respectively. Three injections were made per sample, and Pheo . and its allomer and epimer were collected using a fraction
collector based on their retention times (14.5-16.0 min, 16.0-18.0 min, and 18.0-19.5 min, respectively) at the 660 nm
wavelength of the diode array detector (DAD). The concentration of Pheo . and its derivatives (0.2-0.7 ug mg”) was two
orders of magnitude smaller than that typically found in fresh ,-$#)-% leaves (10-20 ug mg”, Rodriguez-Calcerrada et al.,
2008), probably due to significant amounts of degradation during the long-term storage. However, the degradation does not
impact radiocarbon (A'®C) results because any isotopic fractionation during the storage up to 70 years is internally corrected
by 8%C values (see section 2.5 Radiocarbon measurements). It should also be mentioned that the Chl . survived after all is
obviously intact because non-photoautotrophs such as fungi potentially colonizing the leaf surface during the storage in the

herbarium cannot synthesize Chl .. Pheo 2 and its derivatives (allomer and epimer) being also found in the chromatogram
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(Fig. 1c) were not collected because their concentrations were too small to implement the CSRA measurement. These fractions
were combined in a pre-combusted 6 mL glass vials, dried under the argon stream, and re-dissolved in a 0.2 mL of DMF.

The Pheo . fraction after the above first separation was re-introduced to the HPLC for the second separation using another
column (Eclipse PAH, 5 um particle size, 4.6 x 250 mm, P/N 959990-918, Agilent Technologies). The solvent gradient was
programmed as follows: acetonitrile: ethyl acetate: pyridine = 80:20:0.5 (v/v/v) held for 5 min, then gradually changed to
32:68:0.5 (v/v/v) in 18 min, followed by equilibration (80:20:0.5, v/v/v for 5 min). The flow rate and temperature were set
constant at 1.0 mL min® and 15 °C, respectively. Three injections were made per sample, and the Pheo . was re-collected
based on their retention times (16.5—17.8 min for allomer, 17.8—19.2 min for Pheo . , and 19.2-20.5 min for epimer) at the 660
nm wavelength. After drying the Pheo . fractions, the liquid-liquid extraction was made using water:' -hexane:DCM (1:0.7:0.3,
v/v) three times and the organic layer was transferred into a pre-combusted 1.2 mL glass vial. The vial was dried using argon

and kept at —20 °C until the following analysis.

1(<2&%"-*&,.* , 0$%->3$&"4B-$-835 3&#/%353,$#

We determined stable carbon and nitrogen isotopic compositions (8 C and §'*N) and C/N of bulk leaves and purified Pheo .
using the elemental analyzer coupled to isotope ratio mass spectrometry (Delta Plus XP) with a Conflo III interface (Thermo
Finnigan, Bremen, Germany) for ultra-small-scale analysis (nano EA/IRMS) system (Isaji et al., 2020; Ogawa et al., 2010). In
brief, a small piece of leaves (50—70 pg dry weight) was used for the bulk measurement. The purified Pheo . was dissolved in
a 400 pL of trichloromethane (TCM). A portion of the TCM solution corresponding to about 3 pg of Pheo . (1042 puL,
depending on the Pheo . concentration) was transferred into a pre-cleaned tin capsule using a pre-cleaned glass syringe on a
hot plate set at 80 °C. The data were calibrated using three interlaboratory-consensus reference materials (standard name, 8% C,
and 8'*N: BG-A, —26.9%o, and —1.7%o; BG-P, —10.3%o, and +13.5%o; and BG-T, —20.8%o, and +8.7%o) (Tayasu et al., 2011)
and three in-house reference materials (BG-LC-G, —13.4%o, and —5.4%o; BG-GC-G, —13.4%o, and —5.7%0; and SK-GC-V,
+0.2%o, and +60.4%o). An in-house Chl . standard was also measured to assess reproducibility of the C/N ratios (' = 3, mean
and standard deviation, 12.1 + 0.6) prepared for ultra-small-scale measurements (Isaji et al., 2020). The analytical errors of the
8% C and 6'N measurements obtained by the repeated analyses were less than £0.37%o for 8% C (' =22, 1.1-6.9 pgC) and less
than £0.64%o for 8N (' =19, 0.14-0.9 pgN).

1(?9/%0$ &##3##53,%

Based on the observed C/N ratios of purified Chl . fractions by the nano EA/IRMS measurements, a mass-balance equation

with respect to impurity being derived from sample matrix and/or procedural blank was written as follows.
HE Yougnas & ! '#$%)*$+,$' CUHS Y01 ( (1)

Equation (1) was rewritten in terms of carbon (hereafter referred to as impurity carbon in percentage) as follows.
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Under the condition where all the nitrogen detected on EA/IRMS is derived from Chl. (i.e., No*-/ =0), Eq. (1) was rewritten

in terms of nitrogen as follows.
Yossnss & Nyses  ( 3)

Substituting Eq. (3) for Eq. (2) yielded the following equation.

2 1ns0ney 245,001 65y 0. 245 104 1
1"#$%&'( & ) * 10#,1',. )*+,%-,. & ) * JO#,1',. (4)

2y5t %-,. 2y54 %-,. 245yt 0%,

Given that C/Noi#23.24is 11.8 for Chl . (weight/weight, 55 carbon atoms and 4 nitrogen atoms) and the repeated nano EA/IRMS
measurement of our in-house Chl . standard gives analytical error of C/N + 1.2 (20), the analytically permissible range of the
impurity carbon percentage was from —11% to 9%, corresponding to C/Nse72,824from 10.6 to 13.0, respectively. This was used
as the criterion for sample Chl . purity in this study. It should be mentioned that the criterion is more relaxed compared to the
stricter one when the EA/IRMS measurement was implemented at a larger scale (Isaji et al., 2020).

To identify and characterize impurity carbon in the purified Pheo . fractions, three additional assessments based on (i) diode
array detector (DAD), (ii) Orbitrap MS, and (iii)) GC/MS spectra were performed. Assessment (i) was subject to all eight
samples, while assessment (ii) subject to 1952, 1968, 1973, 1982, and 1995 samples and assessment (iii) to 1952 and 1968
samples due to availability of leftover materials after CSRA. Experimental details and analytical settings of each assessment

are found in Supplemental Information.

1(@%&.0-'&%"-,*53&#/%353,$#

The radiocarbon content is reported as F**C (Reimer et al., 2004). The present study derived A'®*C (%o) from the reported F**C
value as follows.

’78! &_78! . /9:7;<:3)>* )+ (5)
where ) and 3 are the decay constant of '*C (1/8267 = 1.21 x 10"®) and the year when '*C was measured, respectively. A'*C is

expressed in %o, which is also formulated as follows (Stuiver and Polach, 1977).
, 781 & 0781 * 120771 ' 3(31452 ' 0781 5+ (6)

where 6% C, §'°C, and A" C are expressed in %o and carbon isotopic fractionations are internally corrected by 6% C (Stuiver and
Polach, 1977). The bulk leaf A®*C (A*®Co2:;) values of a small piece of leaves (3—4 mg dry weight) were determined using an
accelerator mass spectrometer (AMS) at the Institute of Accelerator Analysis (Kanagawa, Japan; AMS lab code IAAA) in
which analytical errors (1) were better than 4.0%o. The compound-specific radiocarbon analysis (CSRA) of Chl . (A®C<=y
were conducted according to Haghipour et al., (2019). In brief, 1640 pgC of purified Chl . fractions (' = 8) were submitted
to CSRA. The dried Chl . samples were dissolved in 30 uL of dichloromethane. 15-30 pL of each sample was transferred into
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a pre-cleaned (washed with DCM three times) tin capsule (3 mm diameter, 6 mm height, and 25 pL volume, P/N 84.9906.26,

Liidi Swiss, Switzerland) using a pre-cleaned glass syringe on a hot plate set at 80 °C. The syringe transfer was repeated three

times to increase recovery. The folded capsules were then placed on an autosampler, which is transferred into an elemental

analyzer (Elementar, Handforth, UK) where they were combusted to gaseous CO- before being sent to a gas ion

source/miniature carbon dating system (GIS/MICADAS) at Ion Beam Physics Laboratory, ETH Ziirich (lab code ETH) in

which analytical errors (16) were better than 8.1%.. Although the Chl

. standards that have modern *C (i.e., A® C >0%o) and

dead *®C (i.e., A®C ~—1,000%o) are commercially unavailable, we conducted a blank assessment for the entire procedure and

found that the procedural blank has 0.32 + 0.10 pgC (Fig. 2), which is smaller than that found in typical CSRA studies (e.g.,

Haghipour et al., 2019; Ishikawa et al., 2018). Even in the most extreme case where the wet chemistry blank A®C was —

1,000%o, the effect of the procedural blank on Chl .

procedural blank assessment is detailed in Supplemental Information.
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1(B*2-.34*

We used A®C data of atmospheric CO- and tree rings during 1950 and 2019 (monthly resolution, i.e., 12 data per year, ' =
833) in the Northern Hemisphere Zone 1 (NH1), which covers aerial Switzerland, provided by Hua et al., (2022). The

timeseries dataset (+= 1, 2, ...,

833) consists of decimal-year time points and A C values (hereafter referred to as A'®*C2)@ap

The decimal years nearest to the times when ,-$#)-% samples were collected were identified (+= 32: 1952.625; += 188:
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1965.625;*+= 197: 1966.375;*+= 225: 1968.708;*+= 283: 1973.542;*+= 391: 1982.542;*+= 545: 1995.375; and += 691:
2007.542). The difference in decimal years between the ,-$#)-% sample collection time and their nearest time +was 0.008 +
0.03 (* =8, equivalent to 2.9 = 9.9 days).

To interpret observed A**C values of Chl ., a two-pool model developed for the soil carbon pool (Koarashi et al., 2012) was

applied to our dataset with a modification. We considered two different carbon pools as follows.
-@.a>&-@,50) ¥ )87g* 9" )87g-p . 5 (7
-c.ars&-c ) *)87c* 95" )87c-g . s (8)*

where 4 is the F**C value, and 41#s, 51 , 4o4sand Soeare the F'*C at time +and turnover time of ,-$#)-% leaf and soil carbon
pools, respectively. We assumed that the Chl . compound is a mixture of these two carbon pools, and its 4 value is formulated

as follows.
e s>&  @as icc > ©

where 4<=>@4isF'®C of Chl . at time +and’6: and 6eare proportional size of ,-$#)-% leaf and soil organic matter, respectively
(61 +69%=1). ,-$#)-% is a deciduous tree with faster and less variable carbon turnover (i.e., 1-2 years, Ichie et al., 2013) than
the soil (van der Voort et al., 2019). Therefore, in the model,*51 was set at constant 1.5 years and 5S¢ was allowed to vary
between 0 and 3,000 years. 6owas allowed to vary between 0% and 30%. The stepwise model was run with intervals of 100
years and 0.1% for*5e (31 models) and 6% (301 models), respectively (31 % 301 = 9,331 models in total) to reconstruct
radiocarbon trajectories for each model from 1950 to 2019.

To constrain 5w(i.e., turnover time of the soil pool contributing to Chl . ) and 6e(percentage of the soil pool contributing to
Chl . ) at time +using the observed and modelled A*®C<=>@AA"® C<=c@ps72@and A'® C<=c@)paz>amaespectively) values, we
computed their absolute difference at each of the eight years (i.e., 1952, 1965, 1966, 1968, 1973, 1982, 1995, and 2007) for

mutually independent models as follows.

78 78 78
v 0 & S P opmmrisnes s> T 0 ! 2oemsEES 6,55 (10)

The closer to AA*®C = 0, the more plausible the Swand 6wexpected. Therefore, the Seand 6% values that gave the smallest
AAC values were explored for each of the eight years among the 9,331 models (van der Voort et al., 2019).
All the statistical analyses and graphing were performed using MATLAB 2025b (MathWorks, USA).

<*A3#H/4%

The §*C and §'¢N values of bulk leaves (5% Coz; and 8'Noz;;) ranged from —28.2%o to —24.1%o and from —5.7%o to +1.4%o,
respectively (Table 1). The C/N weight ratios of bulk leaves ranged from 17.2 to 23.0 and were not significantly different
between ,1*&-2$%)$'%nd ,1*&$+#.$.(Wilcoxon rank sum test, &> 0.99). The §*C and §'*N values of Chl . (8%C<=>and

10



8'%N<=>) ranged from —30.1%o to —25.4%o and from —3.0%o to +2.7%o, respectively (Table 1). There were significantly positive
correlations between 8% Coz; and 8% C<=>values (' = 8, 8% Co2; = +0.71 §*C<=>— 6.73, # = 0.70, &= 0.006) (Fig. 3a) and
240 between §'*Noz; and §'*N<=>values (' =8, §'*Noz; = +0.63 §'*N<=>— 1.57, #=0.72, &= 0.005) (Fig. 3b).
. ° .

"H#$%&B)! /561105881 < 4gopkt BTN <o) HBTI¥I, IN"_ 4goplt 87Ny PHI'@, D! %21'&LII'IHT 1A#&A 1 #BT#4+6'145//'46#58!G'+& 11*<=,D!
K'$&'11#581/#8' 1M < 4500k 'aCDAR <y bI?DABNICDAGFICDCC?H! ss0ck1aCD?B" _ IbI(D:AII'ICDA;»I''CDCC:,!1+&11.5F8D

The C/N weight ratios of Chl . and impurity carbon % in 1973, 1982, 1995, and 2007 were from 10.7 to 12.7 and from —10 to
245 7% (' =4), respectively, which were within the criterion (i.e., 10.6—13.0 and —11 to 9%). On the other hand, C/N and impurity
carbon % of Chl . in 1952, 1963, 1966, and 1968 (13.6-16.3 and 13-27%, respectively) (' = 4) were out of the permissible
range (Table 1). GC/MS analysis of selected samples (1952 and 1968 CE) identified that a minor amount of pentacyclic
triterpenoids (30 carbon atoms and no nitrogen) remained with Chl . even after two-step HPLC separation followed by liquid-
liquid extraction until CSRA measurements, which likely increased the resultant C/N ratios (Figs. S8—17). The carbon contents
250 derived from the hydrophobic triterpenoids (simiarenol, B-amyrin, and their derivatives; 13% in 1952 and 11% in 1968)
showed good agreement with the impurity carbon percentage estimated by Eq. (4) (13% in 1952 and 16% in 1968). The
differences between the two estimates (0.2% and 4.4% for the 1952 and 1968 Pheo . samples, respectively) were smaller than
our purity criterion (< 4.5%, 10) based on the C/N analytical error. Therefore, there is no evidence that the impurity in the
purified Pheo . samples has carbon other than simiarenol and B-amyrin, which were not derived from column bleed nor organic
255 solvents that had been potentially made from fossil-fuel products being depleted in '*C. The native triterpenoids are produced
by plants such as a leaf wax and are expected to have A'®C values close to those of either atmospheric CO" at the time of leaf

collection, bulk leaf, or Chl . , which does not make our conclusions unrealistic.
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265

270

The A®C values of the bulk archival leaves (i.e., A'®*Co2;;) followed trajectory of the bomb carbon signal of atmospheric CO-

(Fig. 4). The A'®Co2; values were lower by 4.4 to 44.6%o than the atmospheric A*®C at time HA'®C2)@a pwhen the leaf samples

were collected. The A Coz; value in 1952, which was sampled before the first hydrogen-bomb testing Operation Ivy was
conducted in November 1952, was below 0%o (—46.8%o, A*® C2)@a.5= —25.3%o). Soon after the Partial Test Ban Treaty (PTBT)
took effect in 1963, the A®Coz:; value in 1965 (+746.8%o, A'®C2)@a.e= +791.4%0) was highest in our dataset, followed by
+689.0%o0 (A C2)@a.8 +701.6%0) in 1966, +560.2%0 (A C2)@a.8 +578.1%0) in 1968, and have continuously decreased onward
(Table 1). The A®*C values of Chl . (A®C<=) were all lower than their corresponding A'®Coz;; values (Fig. 4). The highest
A"®C<=>value was found in 1966 (+624.1%o) rather than 1965 (+599.7%0) when the A'®Co2;; value was highest. There was a
significantly positive correlation between A'®Coz; and A'®C<=s@alues (' = 8, A®Coz; = +1.10 A®C<=>+ 34.8, #=0.99, &<
0.001). The difference between A™® C<=>and A'® Coz:; was greatest in 1965 (—147%o), followed by 1963, 1966, and 1973 (—65%o)
when A®C of atmospheric CO- was >+400%o (Fig. 4). In contrast, this difference compressed through time, 1982 (—46%o),
1995 (—40%o), and 2007 (~38%o) when A'®C of atmospheric CO- continuously decreased due to oceanic and biospheric '*CO-
exchange as well as '*C-free CO- dilution via fossil fuel combustion (Fig. 4). The difference was smallest in 1952 (~33%o)
which is before the first hydrogen-bomb testing (November 1952). These differences were all greater than the CSRA analytical
error (26 = 16%o) and were not significantly different between ,1*&-2%$%)$'%nd ,1*&$+#.$.(Wilcoxon rank sum test, &=

0.39).
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To minimize the effect of impurity on the estimation of soil carbon contribution to Chl ., the model results after 1972 CE ('
= 4) were only shown in Figs. 4 and 5. The difference between observed and modelled A'® C<=s@alues (AA*®*C) on the biplot
280 space of soil turnover time (54 years) versus soil proportion (6« %) varied depending on years when the samples were collected
(Fig. 5). The most plausible models for the four years that gave the smallest AA'®C (< 0.01%o) constrained Gorange as 15—
19% (17 £ 2%) (" = 4), while Swrange longer than 1,000 years (Table 1). The integrated heatmap that shows the arithmetic
mean of the AA®*C values from the four years gave the most plausible®6%as 15.4% while Seunconstrained (Fig. 6). It should
be mentioned that the model results using all Chl . data including those before 1972 CE (* = 4) indicated similar estimates
285  (AA'®C <0.03%o, 6%range 11-29%, and 6emean and standard deviation 17 + 6%) (Figs. S19 and S20). We also carried out a
sensitivity analysis by tweaking the*5: values from 0.5 to 5.0 years, and no substantial change was observed (Fig. S21),
suggesting that the model estimates are insensitive to the 51 values in this range. It should be noted that the leaf turnover time
> 5.0 years is unlikely because such an endmember cannot explain the 1965 and 1966 A'® C<=sgata (Fig. S25), which should

be lower than the endmember A'®C to satisfy the mass balance.
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300 The present study indicates that Chl . , which is an essential compound for photosynthesis in a variety of autotrophs, involves
carbon atoms that are not directly routed from atmospheric CO- (Fig. 7). Atmospheric *CO- concentrations in Northern
Hemisphere tend to be higher in winter and spring when the troposphere is well-mixed with the stratosphere to which a
significant amount of bomb-derived '*C was injected during the 1950s and 1960s (Randerson et al., 2002). Among the eight
years when our leaf samples were collected, intra-year variations in A®* CO- values reached up to 100%o in 1965, followed by

305 60%o in 1966, and <30%o in 1968 (Hua et al., 2022), all of which were excluded from our model in the interest of the Chl .
purity. The bomb '* C seasonality is overlapped but not perfectly concurrent with ,-$#)-% oak phenology where the leaf growth
and Chl . production are maximal in spring and summer (Mészéros et al., 2007). If our ,-$#)-% leaf samples, which had been
collected from late spring (May) to late summer (September), were predominantly made from '® C-enriched carbon available

in the springtime, their A'®*Co2;; values should be higher than atmospheric A®C values at time +(A'®C>)@a s of the respective
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320

325

year. Nevertheless, the A*® Co; was rather always lower than A*® C2)@agwhich is not explainable with the single carbon source.
The Chl . compound brings carbon being depleted in '*C by 33.4 to 147.1%o relative to the bulk leaf. Since the Chl .
concentration in the ,-$#)-% oak is at most 1-2% of the total weight in their leaves (Rodriguez-Calcerrada et al., 2008), its
contribution to the difference between A®Coz; and A*® C2)@ads approximately <30%. Therefore, it is demonstrated that Chl .
is not the only compound that lowers A Coz; values. By employing the high-resolution CSRA methodology, we found that

there exists other '*C-depeleted compound(s) that cannot be unveiled by conventional bulk radiocarbon measurements.

l Atmospherlc CcoO,

“Bomb
14C”

‘Quercus|Oaki
83&?2&%*

17-2-2%=p>

"#P%&N)U4L.2+6#41&'3&'1'86+6#58!50!6.#11168%7GD

The A'®C<=>value consistently lower than the A'®Ce2; value throughout the 50-year-long chronology suggests that very old
carbon is derived from elsewhere. Indeed, the difference between A'® C<=>and A'® Co2:: values is greater in the 1960s and 1970s
(when the bomb-derived radiocarbon remained in the atmosphere at high concentrations) than in the others. The results cannot
be explained without considering another source of carbon that has turnover time longer than the atmosphere. The A®C<=>
values after the 1970s suggest the scale of the turnover time of this additional carbon source. If the source’s turnover time was
decadal to centennial scales, its A'*C value should have become higher than atmospheric A'*C values at some point onward.
For example, the source’s turnover time 10, 50, and 100 years makes its A'*C endmember higher than atmospheric A*®C after
1973, 1989, and 1999 CE, respectively (Gaudinski et al., 2000). Under the condition where this additional carbon source
contributes to the Chl ., the A'®* C<=>values should be always higher than atmospheric A'*C. Obviously, this was not the case
in the present study, nor consistent with our previous study where Japanese blue oak ,-$#)-%*/0.-). collected in 2013 showed
a A'®C<=>value 37%o lower than its A'® Co2; (Ishikawa et al., 2015). Our data collectively suggest that the additional carbon

source has turnover time longer than 100 years. Although ,-$#)-% oak trees can live >100 years, forests accommodating such
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a long-living tree are rare in Europe due to frequent human disturbances (Martin-Benito et al., 2021). Therefore, such a carbon

source with >100-year turnover time is, most likely, in rhizosphere.

?(17-04*&%"-,*"-,$%0"/$0-,*$-*=64*

The most plausible (i.e., smallest AA*®C) two-pool models estimated contributions of soil carbon to Chl . in the ,-$#)-% leaf
(i.e., 69 significantly greater than 0% (mean and standard deviation, 17 + 2%). We designed our indeterministic model not to
deduce a unique algebraic solution from the differential equations, but to induce the most parsimonious and the least unlikely
constraint from available data. Although the four years (1973, 1982, 1995, and 2007 CE) that met our purity criterion did not
hold as large a A" C offset as the other four years (1952, 1965, 1966, and 1968 CE), all of them showed consistent 6¢values.
Even if our estimates were affected by currently unconsidered factors, the most plausible 6%values would not be <10% in all
the four years (Fig. 6) unless the soil turnover time Swwas extended to longer than 3,000 years, which is biogeochemically
improbable. We acknowledge that the Sevalues (1,000—3,000 years) were less constrained than 6%in our model, leaving a key
question “how deep and old carbon in soils is incorporated into plants” open to debate.

van der Voort et al., (2019) showed that the typical turnover time of surface soil (0-5 cm) in Switzerland is 14410 years.
Considering the ,-$#)-% trees grow their root down to 700 cm below ground level (David et al., 2013), it is most likely that
they acquire carbon below the soil organic layer via root uptake for synthesizing the Chl .. The turnover time of such soil
carbon (i.e., 59 was no shorter than 1,000 years in our most plausible model, which roughly corresponds to the soil deeper
than 20 cm (van der Voort et al., 2019). It might be somewhat surprising that carbon in Chl . is partly originated from such a
deep soil layer, as organic carbon content generally decreases with soil depth (van der Voort et al., 2019). The carbon pool
with turnover times on the order of millennium is believed to be tightly stabilized by minerals and hardly accessed by plants
or microbes. Therefore, such carbon is apparently the last candidate of a building block for the Chl . compound in ,-$#)-%
oak among all other carbon available in the rhizosphere. The present study shows the very first but preliminary evidence of
the millennial-aged carbon contributing to Chl ., which contrasts sharply with the current pedological paradigm. However,
our observation is associated with analytical (lack of working standards) and methodological (unconstrained 5 values)
limitations as mentioned earlier. Furthermore, it is challenging to estimate the exact soil depth where the old carbon is sourced
because it would depend on temperature, precipitation, soil type, and aboveground vegetation, all of which are highly uncertain
and beyond the scope of this study. In fact, ¥ C and §'®N values varied greatly among the eight ,-$#)-% leaf samples,
suggesting that their growing condition was quite different from each other. This would also be one of the reasons the estimated
6wand Sevaried. Further investigations are needed to demonstrate the validity of our results, the potential significance of this
process, and the broader relevance with respect to carbon cycling.

Direct uptake of Chl . from soil through root would be unlikely due to its hydrophobicity, phototoxicity, and instability outside
the cell (Matile et al., 1999). ,-$#)-% is one of the oak trees that develops a symbiosis with ectomycorrhizal fungi (Smith and
Read, 2008). It is possible that the ectomycorrhizal symbiosis plays a critical role in breaking down organo-mineral complex

in soils (Landeweert et al., 2001) and mobilizing carbon as inorganic forms such as HCO#”or as hydrophilic compounds such
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as phytol or amino acids that can permeate fine roots of their host plants (Jones et al., 2005, 2009). Although these organic
compounds are mainly derived from photosynthetic products, their A'®*C values near the interface between fine roots and
ectomycorrhizal fungi might be extremely low (Trumbore, 2000). It is reported that amino acids and monoterpenes are
translocated via xylem with water to synthesize a variety of organic compounds including storage proteins or secondary
metabolites (Martin et al., 2002; Nabais et al., 2005). Therefore, there is no reason to conclude that Chl . is the only organic
compound to which soil-derived carbon is incorporated, as discussed earlier with respect to A'®*C2)@agA'®Coz;;, and A*®C<=>
values. If this was the case, radiocarbon age and provenance within and among compounds in a single tree would be more
diverse than previously thought.

Despite no direct evidence on what kind of soil carbon, either organic or inorganic, contributes to the Chl . biosynthesis in
chloroplast, previous isotope-labeling studies using ' C, '*C, and "N showed that plants do take up organic carbon and nitrogen
from the soil (Moran-Zuloaga et al., 2015; Rasmussen et al., 2010). Given that some organic nitrogen in plants is derived from
soil (Nasholm et al., 1998), so is carbon would be unsurprising. However, microbial remineralization of the labile and labeled
organic matter such as amino acids before root uptake particularly evident in agricultural soils is controversial (Farzadfar et
al., 2021). Furthermore, it is highly uncertain about the fate of such soil-derived organic matter in the plant metabolism in
which Chl . plays a significant role (Masuda and Fujita, 2008). As reported in Cress 7#.28("&%8%*+9.08lschebeck et al.,
2006) and cyanobacteria :;'$)9");%+8%p. (Vavilin and Vermaas, 2007), the side chain (phytol, 20 carbon compound) of the
Chl . (55 carbon compound) could be salvaged from its catabolic pathway. It is believed that the remaining chlorophyllide .
(35 carbon compound) is not recycled because the compound is photo-toxic for plant cells (Matile et al., 1999). This leads us
to a hypothesis that plants uptake nitrogen-rich amino acids such as glutamine from rhizosphere, use its amide as a nitrogen
source, and transfer the resulting glutamic acid or carbon skeleton to the Chl . biosynthesis. Although speculative, it is possible
that approximately 30% of chlorophyllide . or half of phytol derived from the rhizosphere explain the 6% value (17 + 2%)

constrained in our two-pool model.

@r=-,'4/#0- #*&,.*05840'&$0- #*

Our current understanding about global carbon cycle does not take account of a feedback pathway from rhizosphere to
biosphere. The findings of this study may not be limited to ,-$#)-% but applicable to other vascular plants. Given that 10—
20% of previously overlooked carbon is recovered from the sequestered soil pool, the current picture of carbon cycling between
biosphere and rhizosphere would be considerably revised. Furthermore, if other compounds constituting the leaves are also
old in age, the carbon supplied from the rhizosphere to the biosphere deserves to be considered qualitatively. The two major
carbon sources for terrestrial plants, atmosphere and rhizosphere, offer us a unique opportunity to analytically solve the two-
pool model using A'®*C values. Our finding may also be relevant to aquatic photoautotrophs where the A'*C values of Chl .

and its derivatives have been used as tools to determine the age of sediment formation and their depositional processes (Kusch
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etal., 2010; Yamamoto et al., 2020). The results raise an intriguing question of whether these aquatic photoautotrophs partially
recycle carbon from sources other than ambient CO- (i.e., dissolved inorganic carbon) to synthesize Chl* .

The retrospective analysis in this study was made possible by hydrogen-bomb tests in the atmosphere during the Cold War
period that unintentionally created a natural laboratory on the surface Earth for tracing centennial-scale carbon cycle (Oeschger
et al., 1975). Instead of adding '*C-labeled carbon to rhizosphere, we demonstrated the naturally labeled '*C signal in
atmosphere as a promising tracer for carbon trade between biosphere and rhizosphere. The bomb radiocarbon dating has been
widely applied for annually growing biological samples, such as tree rings (Hua et al., 2022), wines (Burchuladze et al., 1989),
bivalve shells (Kubota et al., 2018), and shark vertebrae (Hamady et al., 2014), to reconstruct their recent past chronology. On
the other hand, since Eglinton et al., (1996) first proposed the CSRA methodology, its application to a variety of organic
compounds has significantly contributed to advancing biogeochemical research (e.g., Eglinton et al., 1997; Ingalls and Pearson,
2005; Kruger et al., 2023; Mollenhauer et al., 2007; Ohkouchi et al., 2002). This advance has been established upon the
experimental and instrumental developments that enabled to downsize carbon amounts as well as procedural blank and to
diversify targeted organic compounds for CSRA (e.g., Haghipour et al., 2019; Ishikawa et al., 2018). In line with this context,
the present study sheds light on botanical and other biological collections in herbariums or museums as a chronological
recorder promising for CSRA. In addition to already existing applications mentioned above, the present study will be able to

open a new research frontier of the CSRA biogeochemistry.
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