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The role of root-derived dissolved inorganic carbon (DIC) has been
emphasized lately, as it can provide an alternative source of carbon for
photosynthesis. The fate of newly fixed DIC and its effect on non-structural
carbohydrate (NSC) pools has not been thoroughly elucidated to date. To this
end, we used 3C (NaHCO;) as a substrate tracer to investigate the incorpo-
ration of newly fixed bicarbonate into the plant organs and NSC compounds
of Camptotheca acuminata seedlings for 24 and 72h. NSC levels across
the organs were all markedly increased within 24 h of labeling treatment
and afterward only decreased in stems at 72 h. The variation range of NSC
concentrations in roots was considerably smaller than in the stem and leaves.
As time passed, the §"3C in NSC compounds was significantly affected by
13C labeling and was more positive in the roots than in the stem and leaves.
Starch was more '3C-enriched than was soluble carbohydrate, and the §'3C
of root starch was as high as —4.70%.. Bicarbonate incorporation into newly
formed NSC compounds contributed up to 0.24% of the root starch within
72 h. These data provided strong evidence that bicarbonate not only acted as
a C source that contributed slightly to the NSC pools but also stimulated the
increase in NSC pools. The present study expands our understanding of the
rapid change of NSC pools across the organs in response to bicarbonate.
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Introduction

The role of root-derived dissolved inorganic carbon
(DIC) has been emphasized lately, as it can provide
an alternative source of carbon for photosynthesis and
contribute to the total C gain (Ford et al. 2007, Aubrey
and Teskey 2009, Wu and Xing 2012, Rao and Wu
2017). Soil DIC may contain CO,, H,CO,, HCO;~
or CO,427, depending on the solution pH. In general,
HCO, ™, resulting from hydration of CO, or ionization of
bicarbonate, is more stable and abundant than CO, and
CO,%~ at pH 7-9. A small quantity of CO, or HCO4~

is absorbed by roots and transported to aboveground
tissues along the transpiration stream (Stringer and Kim-
merer 1993, Epron etal. 2012, Bloemen et al. 2016).
The delivery of DIC through the xylem is notably fast. An
earlier study revealed that HCO,~ with '*C labeling was
transferred to the leaves of willow plants within 5 h and
reached the highest level after a 10 h labeling period
(Vuorinen et al. 1989). In tomato, the amount of *C
was 61% in the roots and 39% in the shoots and leaves
after 72 h of labeling (Bialczyk and Lechowski 1992).
The xylem DIC efflux was reported to range from 0.03 to
0.35pmolm=2 s7" in certain woody plants (Levy et al.

Abbreviations — DIC, dissolved inorganic carbon; DW, dry weight; g, stomatal conductance; MCW, methanol, chloroform
and water; NSCs, non-structural carbohydrates; PDB, Pee Dee Belemnite; PEPC, phosphoenolpyruvate carboxylase; Pn, net
photosynthetic rate; PPFD, photosynthetic photon flux density; Tr, transpiration rate.
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1999, Aubrey and Teskey 2009). DIC fixation was also
associated with the catalysis of phosphoenolpyruvate
carboxylase (PEPC) to generate malic acid and citric
acid in the roots (Shahabi et al. 2005, Msilini et al. 2009,
Covarrubias and Rombola 2013). It is likely that malic
acid was decarboxylated again, transported to the leaves
and then refixed in the carboxylation site of the chloro-
plast (Rombola etal. 2005). The proportion of CO,
supplied from root-derived DIC accounted for 0.8-8%
of the total C gain, and an even greater proportion
(approximately 20%) was observed when encountering
stressors (Ford et al. 2007, Aubrey and Teskey 2009, Rao
and Wu 2017). Previous studies demonstrated that most
13C derived from root-uptake DIC was allocated in the
roots (Rombola et al. 2005, Ford et al. 2007), but did not
reveal whether basipetal photosynthate transport was
supplied from DIC. We once speculated that the §'3C
of roots was more likely influenced by the new photo-
synthates, rather than '3C tracer retained in the roots
(Rao and Wu 2017), but direct evidence was lacking. To
date, little is known regarding the fate of recently fixed
DIC. Taken together, these above-mentioned studies
renewed the interest in photosynthates supplied from
DIC, as well as addressing the need for understanding
post-photosynthetic C partitioning.

As we know, photosynthates are primarily starch,
soluble sugars and sorbitol (Moing et al. 1992, Raines
2011). During daytime, a fraction of the carbohy-
drates remain in the chloroplast to synthesize transitory
starch (Thalmann and Santelia 2017). This starch is
then degraded and converted to soluble sugars (mainly
sucrose) to supply the plants with carbohydrates during
the following night (Smith and Stitt 2007, Zeeman et al.
2010). Most studies only used '*CO, labeling to track
the partitioning of newly fixed C into different tissues
(Meng et al. 2013, Bloemen et al. 2015, Li et al. 2016).
The pattern of soil DIC assimilation, with respect to
post-photosynthate allocation, should be similar to
that of atmospheric CO,. Therefore, it is also feasible
to determine the photosynthates supplied from DIC
allocated into different compartments. Nevertheless, the
813C of bulk tissues or organs after *C labeling often
provide imprecise information, as they contain many
types of metabolites with different isotope signatures
(Eglin etal. 2009). In addition, it is highly difficult to
distinguish within an organ between the upstream C
fluxes from those downstream, as previously stated. It
is thus necessary to determine the concentration and
C-isotope composition at the level of compounds.

The non-structural carbohydrates (NSCs), of which
more than 80% are soluble carbohydrate (sucrose,
glucose and fructose) and starch, exist in leaves,
branches, stem and roots (Hoch et al. 2003, Gottlicher
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et al. 2006, Carbone et al. 2013). As a C reserve, NSC is
basically required for growth, transport, osmoregulation,
defense and reproduction (Chapin et al. 1990, Zeeman
etal. 2010, Hartmann and Trumbore 2016). NSC con-
centration variations usually reflect the current C supply
status (Hoch et al. 2003). Studies from individuals to the
ecosystem scale have shown that NSC concentrations
are dynamic in response to varying environmental cues
at different time scales (Chapin et al. 1990, Rosas et al.
2013, Quentin et al. 2015). Nevertheless, no conclusive
pattern is apparent in the change of NSC concentration
when plants are exposed to environmental stressors
(reviewed by Thalmann and Santelia 2017). The transfer
of NSC from the canopy to the soil compartments is
rapid in some species, usually within 1 day (Ruehr et al.
2009, Gavrichkova etal. 2011). However, drought or
other stresses were observed to prolong the transfer of
recently assimilated NSC (Ruehr etal. 2009, Blessing
etal. 2015). To date, the dynamic of NSC allocation
under bicarbonate treatment remains poorly investi-
gated. The effect of bicarbonate on plants seems to be
associated with its concentration. Low level of bicar-
bonate supply usually leads to a plant growth increase
(Enoch and Olesen 1993), while high concentration of
bicarbonate often induces growth inhibition, stomatal
closure and a decreased photosynthetic C uptake (Peiter
et al. 2001, Cambrollé et al. 2014, Rao and Wu 2017).
Under this circumstance, NSC concentration is expected
to show great variations due to negative carbohydrate
balances. In addition, bicarbonate itself acts as a C
source that may also affect the NSC level. Therefore,
an understanding of NSC dynamics is very important
for predicting post-photosynthetic C partitioning in
response to bicarbonate. In this regard, we hypothesized
that the NSC concentration would increase in all organs,
and more starch would accumulate in the roots under
bicarbonate stress.

Camptotheca acuminata is native to China and mainly
used for extraction of Camptothecin (Ma etal. 2012).
This tree is adapted to most soil conditions, such as
lightly waterlogged or drought, alkaline or acid soil
(Wang etal. 2009, Ying etal. 2015). In addition, we
chose this species to extend the research on bicarbonate
utilization from our previous study (Rao and Wu 2017).
In this study, we used the combination of a hydroponic
13C label and monitoring NSC dynamics to trace the
fate of newly fixed DIC in C. acuminata seedlings. The
objectives of this work were to (1) study the effect of
bicarbonate on the dynamics of NSC concentration; (2)
investigate the incorporation of '*C into plant organs
and NSC compounds and (3) determine whether the root
NSC was a major C sink pool.
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Materials and methods
Plant materials

The experiment was conducted in the phytotron of
the Institute of Geochemistry, Chinese Academy of Sci-
ence, Guiyang, China. The phytotron was 10 x5 x4 min
length, width and height, respectively (LabTech, Beijing,
China). Uniform C. acuminata seedlings were selected
after 2 months of growth. All plant materials were incu-
bated in a photoperiod of 16/8 h of light/dark conditions.
The temperature was set at 25/19°C in light/dark and the
relative humidity was maintained at 55—60%. Light was
supplied by metal halide lamps (Philips, Amsterdam, The
Netherlands), with 500 =50 pmolm=2 s=! of photosyn-
thetic photon flux density (PPFD).

3C labeling

To manipulate the precise '*C labeling, 10 mg of
high '3C-abundance NaHCO; (98% atm., Merck
KGaA, Darmstadt, Germany) and 98.7 mg of low
13C-abundance NaHCO; (1.08% atm.) were weighed,
dissolved and mixed in the same bottle filled with
250 ml of modified Hoagland solution to generate 5 mM
of 10% (atm.) NaH'3COj. Thus, the modified Hoagland
solution contained 5 mM NaH'3CO,, 2 mM Ca(NO,),,
2.5 mM KNO,, 0.5 mM NH,NO,, 0.125 mM KH,PO,,
1 mM MgSO, and micronutrients. The solution pH was
adjusted to 7.5+0.2. The experiment started when the
seedlings were exposed to the nutrient medium in the
flask. The treatment groups included 24 and 72h of
labeling. Each treatment contained four replicates, with
one replicate (seedling) in each bottle. The flasks were
quickly sealed and CO,-free air (trapped by NaOH) was
pumped from the top of the flask into the solution for
root respiration. The outlet air was driven through plastic
tubing out of the phytotron. After 24 and 72 h, plants
from both treatment groups were harvested.

Measurement of leaf gas exchange

Leaf gas exchange was determined by a portable pho-
tosynthesis system (Li-6400; Li-Cor, Lincoln, NE). The
PPFD was set at 500 pmol m=2 s=! and the CO, concen-
tration at 380 pmol m=2 s~'. The net photosynthetic rate
(Pn), stomatal conductance (g,) and transpiration rate (Tr)
were measured from 09:00 to 11:00.

Determination of dry weight and C content

At the final harvest, the root, stem and leaf samples
were dried at 80°C for 3 days, weighed and ground
for analysis of C content. The C content measurement
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was performed on an elemental analyzer (vario MACRO
cube; Elementar, Frankfurt, Germany).

Preparation of carbon fractions

The purifications of soluble carbohydrate and starch
were prepared according to the method of Wanek et al.
(2001) and the modified protocol of Richter et al. (2009).
Briefly, 100 mg of plant materials were extracted with
1 ml methanol:chloroform:water (MCW; v/v/iv 12:5:3) at
70°C for 30 min. After cooling, the samples were cen-
trifuged at 12000g for 5 min. The suspension (0.65 ml)
was transferred to another centrifuge tube with the addi-
tion of 0.2 ml of chloroform and 0.7 ml of deionized
water. Next, the tube was centrifuged at 12000g for
5 min. A methanol and water phase (upper) was used
to extract the soluble carbohydrate via ion exchange
resin (Dow Chemical, Midland, MI). The purification
method contained cation exchange resin (0.5 g, Dowex
50 x 8, 50-100 mesh, H* form) and anion exchange
resin (0.6 g, Dowex 1 x 8, 50—100 mesh, HCOO~ form).
The efflux was collected, transferred into tin capsules and
stored in an oven at 60°C overnight (Galiano et al. 2017)
for the measurement of the C-isotope composition. After
the above MCW extraction steps, the insoluble substance
was resuspended in 1T ml MCW, incubated at 70°C for
30min, and then centrifuged at 12 000 g for 5 min. The
precipitate was washed three times with deionized water
and hydrolyzed with a pre-ultrafiltered a-amylase solu-
tion. The product of the starch hydrolysis was collected
and processed like soluble carbohydrate.

Determination of the NSC concentration

The concentrations of soluble carbohydrate and starch
hydrolysate were measured by high-performance liquid
chromatography (LC-20A; Shimadzu, Kyoto, Japan)
equipped with a refractive index detector. The com-
pounds were separated on a 150 x 4.6 mm Inertsil NH,
column (Shimadzu, Kyoto, Japan). The soluble carbohy-
drate referred to the sum of sucrose, glucose and fructose.

Carbon isotope composition analysis

The dried organs and prepared C fractions were fur-
ther processed for isotope composition determination
performed by a continuous-flow isotope ratio mass spec-
trometer (MAT 253; Thermo Fisher Scientific, Waltham,
MA). The natural abundance of '*C in the samples is
expressed as

513C (%) = [(RSamp[e /Rtandard ) = 1] x 1000 (1)
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where Rg,npe @and Rgiyngarg are the >C/12C ratios of the
samples and the Pee Dee Belemnite (PDB), respectively.
The sp of repeated measurements of the laboratory
standards was 0.10%. for 6'3C.

13C allocation

The 13C enrichment in plant samples is expressed as the
13C atom% excess. Therefore, §'%C was first converted to
atom% values as follows:

)
100-0.0112372~(m+1)

atom% = (2)

5
1+0.0112372-(m+1)

where 0.0112372 is the standard value for the isotopic
13C/"2C ratio of the PDB standard. The excess '*C incor-
porated into plant organs was determined as follows:

atom%,-atom%,,
100

C%
100

excess'?C = DW 3)
where atom%, and atom%,, are the atom% of the |labeled
samples and unlabeled background, respectively; DW is
the dry weight of the organs and C% is the C content of
the organs. The relative distribution of '3C allocated in

different organs is expressed as

e 100 - excess °C,
C distribution% = — X (4)
excess'3C,

where excess '3C, is the amount of excess '*C in a
specific organ and excess '3C, is the total amount of
excess '3C in the whole plant.

In addition, we introduced the two end-member mix-
ing model to roughly estimate the contribution of bicar-
bonate to the §'3C in different compartments after '3C
labeling, which is expressed as

where 8y, is the new §'3C value of the compartment after
mixing; fg is the fraction of bicarbonate contributing to

the C-isotope composition of the mixed compartment;
g is 613C value of the label (NaHCO,) and & is the
613C value of the control. The fractionation of *C label
occurring in transport or the reactions was very small in
relative to 6'3C of the label and was thus neglected.

Statistical analysis

All measured variables were characterized by descriptive
statistics (means and sg, n=4). The effect of bicarbonate
with different labeling times on photosynthesis, DW, C
content, NSC concentration, §'>C of organs and NSC
compounds, 3C allocation and fg were assessed by
analysis of variance (general linear model). Significant
differences between the means were calculated with
Duncan’s multiple range tests. Pearson’s correlation
coefficient was calculated between the NSC concentra-
tion and the §'3C of the NSC compounds. Tests were
considered to be significant at P < 0.05. Statistical anal-
yses were carried out with SAS version 9.4 statistical
package (SAS Institute, Cary, NC).

Results
Photosynthesis and biomass

Overall, bicarbonate supply had a significant effect on
leaf gas exchange (Table 1). The Pn decreased by 26.6
and 41.1% after 24 and 72 h labeling, respectively, com-
pared to the control. Similar decreasing trends were
observed for g, and Tr. The DW of different organs
showed no change while only the C content of the stem
was influenced and slightly decreased (P =0.006).

Soluble carbohydrate and starch concentrations

Variations in NSC concentration differed strongly from
organ to organ, and soluble carbohydrate concentra-
tion was generally higher than starch under the same
treatment (Fig. 1). Soluble carbohydrate concentration
increased significantly in all organs after 24 h labeling

Table 1. Means and SE of leaf gas exchange and DW and C content of organs for the control, 24 and 72 h labeling. The P values were obtained from
multiple comparison analysis; r? represented the adjusted coefficients of determination. *Values of Pn, g, and Tr were reported in pmolm=2 s=!, mol
H,0 m=2 s~ and mmol H,0 m=2 s, respectively. Bold values indicated significant differences at P < 0.05.

Photosynthetic parameters” DW (g) C content (%)

Pn 9s Tr Roots Stem Leaves Roots Stem Leaves
Control ~ 7.62(0.53) 0.05(0.00) 1.43(0.08) 0.96(0.06) 1.99(0.07) 3.06(0.12) 33.43(0.55) 40.53(0.31)  40.08 (0.40)
24h 5.59(0.43) 0.03(0.01) 0.87(0.16) 0.92(0.04) 1.96(0.04) 3.05(0.07) 34.44(0.48)  38.71(0.36) 40.20(0.27)
72h 4.49(0.27) 0.02(0.000 0.41(0.05) 0.89(0.02) 1.89(0.06) 2.95(0.08) 34.71(0.68) 39.08(0.27)  40.28(0.93)
P 0.002 <0.001 <0.001 0.537 0.439 0.653 0.303 0.006 0.973
re 0.757 0.830 0.837 0.129 0.167 0.091 0.233 0.645 0.006
Physiol. Plant. 165, 2019 783
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Fig. 1. Concentration (mgg~' DW) of (A) soluble carbohydrate and
(B) starch in different organs for the control, 24 and 72 h labeling in
Camptotheca acuminata seedlings. Different lowercase letters indicate
significant differences among the labeling time (P < 0.05).

relative to the control, which showed an increase by
33.0, 58.5 and 53.3% in the roots, stem and leaves,
respectively (Fig. TA). After 72 h of treatment, soluble
carbohydrate in the roots reached the highest level
(47.31mgg™"). Nevertheless, the stem and leaves
showed different change patterns, in particular, a large
decline in the stem after 72 h labeling. Starch concen-
trations in all organs were lower in the control, with
a mean value of 21.66mgg™" (Fig. 1B). Notably, the
bicarbonate-induced stress resulted in the generation
of starch, leading to 2.6- and 2.4-fold increases in the
stem and leaves within 24 h. After 72 h labeling, the
starch concentration remained high in the leaves while
returning to the control level in the stem. During the
whole treatment period, the starch content showed a
slight increase in the roots with less variation than in the
stem and leaves.

C-isotope composition

The 6"C of the roots, stem and leaves were all
B3C-enriched after labeling compared to the con-
trol, with an approximately 10%. increase in the 5'3C
of roots after 24 h labeling (Fig. 2A). As time passed, the
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Fig. 2. §'3C of (a) bulk material, (b) soluble carbohydrate and (c)
starch in different organs for the control, 24 h labeling and 72 h labeling
in Camptotheca acuminata seedlings. Different lowercase letters show
significant differences among labeling time (P < 0.05).

813C in the roots showed greater variations than in the
stem and leaves. After 72 h labeling, —17.98, —23.78
and —27.18%. were observed in the §'*C of the roots,
stem and leaves, respectively.

A compound-specific C-isotope composition was
determined in the different organs (Fig. 2B, C). The 6'3C
of soluble carbohydrate in all organs was significantly
affected by '>C labeling but was never positive than
—20%o. Under 72 h labeling, approximately 5.21, 4.93
and 1.92%. more "3C-enriched soluble carbohydrates
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Table 2. Pearson’s correlation between NSC concentration and 6'3C
of NSC among the different organs. Bold values indicated significant
differences at P < 0.05.

Soluble carbohydrates Starch
Roots Stem Leaves Roots Stem Leaves
r 0.848 0.026 0.567 0.705 -0.155 0.142
P 0.001 0.935 0.055 0.011 0.631 0.659

were observed in the roots, stem and leaves, respec-
tively, than in the control. The §'3C of starch in roots
was significantly positive compared to the control, with
values of —16.45 and —4.70%0 after 24 and 72h of
treatment, respectively. Nevertheless, the §'3C of starch
in the stem and leaves showed less variation than in the
roots. In addition, the correlation between §'3C and the
NSC concentration (Table 2) was only positively signifi-
cant in the roots (r=0.848 for soluble carbohydrate and
r=0.705 for starch, respectively).

13C allocation and contribution to the 63C
of different compartments

The 3C dynamic among different organs revealed the
13C allocation pattern. Under 24 h of treatment, the dis-
tribution of *C was on average approximately 36.48,
38.41 and 25.10% in the roots, stem and leaves, respec-
tively. However, the '3C allocation showed no difference
among the organs after 72 h labeling, indicating a slow
transfer of 13C.

Greater f; was observed in the roots than in the
stem and leaves whether the compartments were bulk
organs or NSC compounds (Table 3). In bulk organs, only
the roots showed a continuing increase in fg after 72 h
labeling (P=0.047). In addition, soluble carbohydrate
exhibited no change in f; between the 24 and 72h
labeling periods in all organs analyzed. Starch in the
roots and stem showed significant increases in f; after
72 h labeling.

Discussion

This study was the first attempt to track the fate
of recently fixed photoassimilates supplied from

bicarbonate together with monitoring the NSC dynam-
ics and C-isotope composition across the organs. The
hydroponic '*C labeling was much different from the
short-term pulse 1*CO, labeling (usually a few hours), in
which the 3C enrichment from the latter could surpass
1000%o in the leaves within 1 day (Ruehr et al. 2009,
Galiano et al. 2017). Nevertheless, DIC labeling was
continuous and required a longer time, varying from
5h to 10 days (Vuorinen etal. 1989,Rombola etal.
2005 , Ford et al. 2007). Similar to our study, previous
work showed that the '3C enrichment in leaves was
less than —20%o throughout the experiment (Rombola
etal. 2005, Ford etal. 2007). Even though a small
amount of bicarbonate was assimilated, the NSC level
and C-isotope composition were greatly affected across
the organs after exposure to bicarbonate for 24 h. Our
study revealed that the photosynthates supplied from
bicarbonate were incorporated into recently formed
NSC and then allocated to C sink pools in a short time
as a rapid response to bicarbonate.

Dynamics of NSC level within organs

The NSC levels across the organs showed significant
increases within 24 h but decreased in the stem after
72 h labeling. This finding was in keeping with results
obtained regarding the drought stress effect, in which
the NSC level increased in the early stage (40days
since the drought inception) and eventually declined
(McDowell 2011, Hoch 2015). Several studies also
exhibited a slow change in NSC levels in response to
variable drought stress (Hummel et al. 2010, Hartmann
etal. 2013, Galiano etal. 2017). This phenomenon
was observed because drought stress resulted from
gradual declines in soil water availability (Chaves and
Oliveira 2004), thereby imposing an osmotic stress that
could lead to turgor loss (Krasensky and Jonak 2012).
However, our study differed from prior results in that
plants seemed to respond quicker to bicarbonate than
to water deficit, because roots were in direct contact
with high concentration of bicarbonate. The alkaline
solution usually affects ion balance and osmotic adjust-
ment, and subsequently results in water loss, stomatal

Table 3. Contribution of bicarbonate (fg) to the §'3C of different compartments after 24 and 72 h labeling. The P values were obtained from multiple
comparison analysis; r? represented the adjusted coefficients of determination. Bold values indicated significant differences at P < 0.05.

Organs (%) Soluble carbohydrates (%) Starch (%)
Roots Stem Leaves Roots Stem Leaves Roots Stem Leaves
24h 0.11(0.01) 0.05 (0.01) 0.02 (0.01) 0.05(0.01) 0.02 (0.01) 0.01(0.01) 0.11(0.01) 0.02 (0.01) 0(0.00)
72h 0.14 (0.00) 0.08 (0.01) 0.03 (0.00) 0.06 (0.01) 0.06 (0.01) 0.02 (0.00) 0.24 (0.00) 0.08 (0.01) 0.01 (0.00)
P 0.047 0.137 0.107 0.628 0.060 0.356 0.001 0.005 0.094
r? 0.509 0.329 0.375 0.042 0.471 0.143 0.987 0.759 0.397
Physiol. Plant. 165, 2019 785



closure and toxic effect because of the accumulation
of Na* (Shahabi et al. 2005, Yang etal. 2008, Aroca
et al. 2012). In the present experiment, the adverse con-
ditions hampered photosynthesis and the water supply
more severely but largely facilitated the formation of
NSC within 24 h (Table 1; Fig. 1). The newly formed
NSC was mainly composed of three parts originating
from remobilization of stored C reserve, atmospheric
CO, and dissolved bicarbonate. Stomatal limitations
reduced photosynthesis, which seemed to conflict with
the increase in NSC concentration. Presumably, this
finding was observed because large stored NSC pools in
the leaves and stem remained accessible to plant tissues
(Hoch etal. 2003, Carbone etal. 2013, Hoch 2015).
These NSC pools became autonomous from the stored
C reserve to overcome adversity when the C demand
and supply were unbalanced (Hoch etal. 2003). The
increasing NSC was regarded as an active NSC accu-
mulation at the expense of growth (Krasensky and Jonak
2012, Sala et al. 2012, Galiano et al. 2017), which was
preferentially consumed for osmotic adjustment, restora-
tion and respiration rather than used for other functions
(Zeeman etal. 2010, McDowell 2011). Specifically,
bicarbonate utilization also resulted in the increase in
NSC. The '3C enrichment of NSC in all organs supported
this claim (Fig. 2). In addition, rough estimates of f; also
showed that bicarbonate assimilation and incorpo-
ration into the total NSC compounds contributed up
to 0.24% within 72 h, double that after 24 h of label-
ing (Table 3). The present work clearly demonstrated
that the assimilated bicarbonate had become a part
of the NSC.

Variability of 5'*C in organs and NSC compounds

As a single proxy, the 3C tracer provided more pre-
cise evidence for monitoring C mobilization than NSC
dynamics. The 6'3C of bulk organs and NSC compounds
was observed to be continuously '*C-enriched, indicat-
ing a bottom-up transport of DIC and downward translo-
cation of photosynthates within 24 h (Fig. 2). The entire
process was achievable because it only took 2—6 h to
transport DIC and 3-27 h to allocate recently fixed pho-
tosynthates from the leaves to the roots in many species
(Vapaavuori and Pelkonen 1985, Ruehr etal. 2009,
Epron etal. 2012, Blessing etal. 2015). We observed
that the 6'C in bulk organs were isotopically heavier in
the roots than in the stem and leaves (Fig. 2) due to DW
differences between the organs (dilute effect, Table 1).
It could also be explained by several other factors: (1)
a fraction of the absorbed H'3CO;~ ion was retained
in the roots. This is reliable because the §'>C of the
label was far more positive than that of the background

786

in this study (approximately 8887 vs —30%.). Rombola
et al. (2005) divided the belowground tissues into main
roots and fine roots, which showed that the §'C of the
latter sharply increased to 2500%., whereas the main
roots only reached 10%. under 10 days of high abun-
dance '3C labeling (20% atm.). This finding might be
observed due to different functions between the main
roots (xylem transport) and the fine roots (uptake); (2)
bicarbonate was directly catalyzed by PEPC to gener-
ate organic acids in the roots; (3) newly fixed photo-
synthates supplied from bicarbonate were allocated to
the stem and roots. The data showed that photosynthates
supplied from bicarbonate had a greater influence on
the 6'3C of NSC compounds in the roots than in the
stem and leaves (Tables 2 and 3). Both soluble carbo-
hydrate and starch in the roots were more '3C-enriched
and thus contributed to the more positive §'*C value of
the roots. The present work differed from our previous
experiment carried out with 14 days of labeling, which
indicated that 6'3C in the roots was more likely influ-
enced by the new photosynthates allocated to the roots
(Rao and Wu 2017). In the present experiment, the NSC
content only represented 2—-6% of the root DW (Fig. 1).
If NSC compounds were all starch with a 6'3C value of
—4.70%o (Fig. 2), according to the isotope mixing model,
the 6'C of the roots would not change compared to
the control.

Effect of bicarbonate on the NSC pools

The variation range of NSC concentrations among the
organs exhibited different patterns, which reflected the
organ-specific differences of the NSC pool sizes (Sala
et al. 2012, Hoch 2015). This finding was consistent with
several studies showing that the NSC concentration and
variation in the roots were generally less than in the
stem and leaves (Hartmann et al. 2013, Galiano et al.
2017). Interestingly, while the NSC concentration in the
stem and leaves increased, it only slightly accumulated
in the roots after 72 h labeling. This was different from our
assumption. Thus, it was difficult to see that the root NSC
served as a major C sink pool, at least in the short term.
Two factors could potentially explain this phenomenon:
(1) the export of leaf transitory starch was limited because
starch degradation and sucrose export to the phloem
generally proceed at night (Zeeman et al. 2010). In addi-
tion, the phloem transport of photosynthetic products
was insufficient due to hydraulic constraints (Ruehr et al.
2009, Ainsworth and Bush 2011, Zang et al. 2014). The
slow change in §'3C and "3C allocation between the
24 and 72 h labeling periods supported this argument
(Fig. 2); (2) root growth, respiration and exudates were
also part of the C sink pools, even though photosynthesis
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Fig. 3. Schematic concept for the effect of bicarbonate supply on the NSC pools of Camptotheca acuminata. Box and arrow sizes are roughly
proportional to the NSC pool sizes and fluxes among the organs. P means photosynthates. P- and Py represent newly fixed photosynthates supplied
from CO, and bicarbonate, respectively. The direction (dotted arrow) of the bicarbonate stress effect on fluxes or pools are indicated by + (increase)

and — (decrease).

was curtailed (McDowell 2011, Hartmann and Trumbore
2016). To elucidate the effect of the bicarbonate supply
on the NSC pools of all organs, a schematic concept
is introduced here (Fig. 3). Initially, bicarbonate-induced
stress led to the decline of g, and thus reduced photo-
synthetic CO, uptake. Then, the stored C reserve was
triggered and became mobilized NSC in different organs.
At the same time, photosynthates supplied from bicar-
bonate and CO,, as well as a part of mobilized NSC,
were both transported downward but were constrained
by bicarbonate to some extent. Finally, the mixture
of old NSC, newly fixed photosynthates and stored C
reserve shaped the size of the new NSC pools across
the organs.

Conclusions

Bicarbonate triggered a dramatic decrease in photosyn-
thesis but an increase in NSC concentration across the
organs. The majority of the NSC was derived from stored
C reserves, presumably being consumed for osmotic
regulation, restoration and respiration. The combination
of 3C labeling and NSC dynamics accurately recorded
the fate of recently fixed bicarbonate in C. acuminata
seedlings, which affected the 5'*C values of organs and
NSC compounds. Nevertheless, the increased NSC in
the leaves and stem only slightly accumulated in the
roots, suggesting that root NSC might not be a major C
sink pool. We acknowledge that our findings are limited
to several days of observations and bulk roots rather than
separation between fine and coarse roots. Long-term
NSC allocation into subdivided C sink pools, such as
coarse roots and phloem sap, needs to be investigated
in future studies.

Physiol. Plant. 165, 2019

Author contributions

S.R. designed and undertook the experiments and wrote
the manuscript. Prof. Y. W. and Dr R. W. conceptualized
and supervised the manuscript.

Acknowledgements —We thank the Chinese government
for financial support through the National Natural Sci-
ence Foundation of China (U1612441) and the National
Key Research and Development Program of China
(2016YFC0502602). We also thank Dr Jing Tian for
assistance in determination of carbon isotope samples, and
two anonymous reviewers for valuable comments on this
manuscript.

References

Ainsworth EA, Bush DR (2011) Carbohydrate export from
the leaf: a highly regulated process and target to
enhance photosynthesis and productivity. Plant Physiol
155: 64-69

Aroca R, Porcel R, Ruiz-Lozano JM (2012) Regulation of
root water uptake under abiotic stress conditions. J Exp
Bot 63: 43-57

Aubrey DP, Teskey RO (2009) Root-derived CO, efflux via
xylem stream rivals soil CO, efflux. New Phytol 184:
35-40

Bialczyk J, Lechowski Z (1992) Absorption of HCO,~ by
roots and its effect on carbon metabolism of tomato.
Plant Nutr 15: 293-312

Blessing CH, Werner RA, Siegwolf R, Buchmann N (2015)
Allocation dynamics of recently fixed carbon in beech
saplings in response to increased temperatures and
drought. Tree Physiol 35: 585-598

Bloemen J, Bauweraerts I, De Vos F, Vanhove C,
Vandenberghe S, Boeckx P, Steppe K (2015) Fate of

787



xylem-transported ''C-and '3C-labeled CO, in leaves of
poplar. Physiol Plant 153: 555-564

Bloemen J, Teskey RO, McGuire MA, Aubrey DP, Steppe K
(2016) Root xylem CO, flux: an important but
unaccounted-for component of root respiration. Trees
30: 343-352

Cambrollé ], Garcia JL, Figueroa ME, Cantos M (2014)
Physiological responses to soil lime in wild grapevine
(Vitis vinifera ssp. sylvestris). Environ Exp Bot 105: 25-31

Carbone MS, Czimczik Cl, Keenan TF, Murakami PF,
Pederson N, Schaberg PG, Xu X, Richardson AD (2013)
Age, allocation and availability of nonstructural carbon
in mature red maple trees. New Phytol 200: 1145-1155

Chapin FS, Schulze ED, Mooney HA (1990) The ecology
and economics of storage in plants. Annu Rev Ecol Syst
21:423-447

Chaves MM, Oliveira MM (2004) Mechanisms underlying
plant resilience to water deficits: prospects for
water-saving agriculture. ] Exp Bot 55: 2365-2384

Covarrubias JI, Rombola AD (2013) Physiological and
biochemical responses of the iron chlorosis tolerant
grapevine rootstock 140 Ruggeri to iron deficiency and
bicarbonate. Plant and Soil 370: 305-315

Eglin T, Fresneau C, Lelarge-Trouverie C, Francois C,
Damesin C (2009) Leaf and twig §">C during growth in
relation to biochemical composition and respired CO,.
Tree Physiol 29: 777-788

Enoch HZ, Olesen JM (1993) Plant response to irrigation
with water enriched with carbon dioxide. New Phytol
125:249-258

Epron D, Bahn M, Derrien D, Lattanzi FA, Pumpanen J,
Gessler A, Hogberg P, Maillard P, Dannoura M, Gérant
D, Buchmann N (2012) Pulse-labelling trees to study
carbon allocation dynamics: a review of methods,
current knowledge and future prospects. Tree Physiol
32:776-798

Ford CR, Wurzburger N, Hendrick RL, Teskey RO (2007)
Soil DIC uptake and fixation in Pinus taeda seedlings
and its C contribution to plant tissues and
ectomycorrhizal fungi. Tree Physiol 27: 375-383

Galiano L, Timofeeva G, Saurer M, Siegwolf R,
Martinez-Vilalta J, Hommel R, Gessler A (2017) The fate
of recently fixed carbon after drought release: towards
unravelling C storage regulation in Tilia platyphyllos and
Pinus sylvestris. Plant Cell Environ 40: 1711-1724

Gavrichkova O, Proietti S, Moscatello S, Portarena S,
Battistelli A, Matteucci G, Brugnoli E (2011) Short-term
natural 5'3C variations in pools and fluxes in a beech
forest: the transfer of isotopic signal from recent
photosynthates to soil respired CO,. Biogeosci Dis 8:
2403-2437

Gottlicher S, Knohl A, Wanek W, Buchmann N, Richter A
(2006) Short-term changes in carbon isotope
composition of soluble carbohydrate and starch: from

788

canopy leaves to the root system. Rapid Commun Mass
Spectrom 20: 653-660

Hartmann H, Trumbore S (2016) Understanding the roles
of nonstructural carbohydrates in forest trees—from what
we can measure to what we want to know. New Phytol
211:386-403

Hartmann H, Ziegler W, Trumbore S (2013) Lethal drought
leads to reduction in nonstructural carbohydrates in
Norway spruce tree roots but not in the canopy. Funct
Ecol 27: 413-427

Hoch G (2015) Carbon reserves as indicators for carbon
limitation in trees. In: Littge U, Beyschlag W, Cushman
J (eds) Progress in Botany, Vol. 76. Springer Verlag,
Heidelberg, pp 321-346

Hoch G, Richter A, Kérner C (2003) Non-structural carbon
compounds in temperate forest trees. Plant Cell Environ
26: 1067-1081

Hummel I, Pantin F, Sulpice R, Piques M, Rolland G,
Dauzat M, Christophe A, Pervent M, Bouteillé M, Stitt
M, Gibon Y, Muller B (2010) Arabidopsis plants
acclimate to water deficit at low cost through changes of
carbon usage: an integrated perspective using growth,
metabolite, enzyme, and gene expression analysis. Plant
Physiol 154: 357-372

Krasensky J, Jonak C (2012) Drought, salt, and temperature
stress-induced metabolic rearrangements and regulatory
networks. ] Exp Bot 63: 1593-1608

Levy PE, Meir P, Allen SJ, Jarvis PG (1999) The effect of
aqueous transport of CO, in xylem sap on gas exchange
in woody plants. Tree Physiol 19: 53-58

Li L, Qiu'S, ChenY, Xu X, Zhao X, Christie P, Xu M (2016)
Allocation of photosynthestically-fixed carbon in plant
and soil during growth of reed (Phragmites australis) in
two saline soils. Plant and Soil 404: 277-291

Ma CH, Wang SY, Yang L, Zu YG, Yang FJ, Zhao CJ, Zhang
L, Zhang ZH (2012) lonic liquid-aqueous solution
ultrasonic-assisted extraction of camptothecin and
10-hydroxycamptothecin from Camptotheca acuminata
samara. Chem Eng Process 57: 59-64

McDowell NG (2011) Mechanisms linking drought,
hydraulics, carbon metabolism, and vegetation
mortality. Plant Physiol 155: 1051-1059

Meng F, Dungait JA, Zhang X, He M, Guo Y, Wu W (2013)
Investigation of photosynthate-C allocation 27 days after
3C-pulse labeling of Zea mays L. at different growth
stages. Plant and Soil 373: 755-764

Moing A, Carbonne F, Rashad MH, Gaudillere JP (1992)
Carbon fluxes in mature peach leaves. Plant Physiol
100: 1878-1884

Mesilini N, Attia H, Bouraoui N, M’rah S, Ksouri R, Lachaal
M, Ouerghi Z (2009) Responses of Arabidopsis thaliana
to bicarbonate-induced iron deficiency. Acta Physiol
Plant 31: 849-853

Peiter E, Yan F, Schubert S (2001) Lime-induced growth
depression in Lupinus species: are soil pH and

Physiol. Plant. 165, 2019



bicarbonate involved? J Plant Nutr Soil Sci 164:
165-172

Quentin AG, Pinkard EA, Ryan MG, Tissue DT, Baggett LS,
Adams HD, Maillard P, Marchand J, Landh&usser SM,
Lacointe A, Gibon Y, Anderegg WRL, Asao S, Atkin OK,
Bonhomme M, Claye C, Chow PS, Clément-Vidal A,
Davies NW, Dickman LT, Dumbur R, Ellsworth DS, Falk
K, Galiano L, Griinzweig JM, Hartmann H, Hoch G,
Hood S, Jones JE, Koike T, Kuhlmann I, Lloret F, Maestro
M, Mansfield SD, Martinez-Vilalta J, Maucourt M,
McDowell NG, Moing A, Muller B, Nebauer SG,
Niinemets U, Palacio S, Piper F, Raveh E, Richter A,
Rolland G, Rosas T, Joanis BS, Sala A, Smith RA, Sterck
F, Stinziano JR, Tobias M, Unda F, Watanabe M, Way
DA, Weerasinghe LK, Wild B, Wiley E, Woodruff DR
(2015) Non-structural carbohydrates in woody plants
compared among laboratories. Tree Physiol 35:
1146-1165

Raines CA (2011) Increasing photosynthetic carbon
assimilation in C, plants to improve crop yield: current
and future strategies. Plant Physiol 155: 36-42

Rao S, Wu Y (2017) Root-derived bicarbonate assimilation
in response to variable water deficit in Camptotheca
acuminate seedlings. Photosynth Res 134: 59-70

Richter A, Wanek W, Werner RA, Ghashghaie J, Jaggi M,
Gessler A, Brugnoli E, Hettmann E, Géttlicher SG,
Salmon Y, Bathellier C, Kodama N, Nogués S, Sage A,
Volders F, Sorgel K, Blochl A, Siegwolf RTW, Buchmann
N, Gleixner G (2009) Preparation of starch and soluble
sugars of plant material for the analysis of carbon
isotope composition: a comparison of methods. Rapid
Commun Mass Spectrom 23: 2476-2488

Rombola AD, Gogorcena Y, Larbi A, Morales F, Baldi E,
Marangoni B, Tagliavini M, Abadjia J (2005) Iron
defciency-induced changes in carbon fixation and leaf
elemental composition of sugar beet (Beta vulgaris)
plants. Plant Soil 271: 39-45

Rosas T, Galiano L, Ogaya R, Pefiuelas J, Martinez-Vilalta
(2013) Dynamics of non-structural carbohydrates in
three Mediterranean woody species following long-term
experimental drought. Front Plant Sci 4: 400

Ruehr NK, Offermann CA, Gessler A, Winkler JB, Ferrio JP,
Buchmann N, Barnard RL (2009) Drought effects on
allocation of recent carbon: from beech leaves to soil
CO, efflux. New Phytol 184: 950-961

Sala A, Woodruff DR, Meinzer FC (2012) Carbon dynamics
in trees: feast or famine? Tree Physiol 32: 764-775

Edited by C. Foyer

Physiol. Plant. 165, 2019

Shahabi A, Malakouti MJ, Fallahi E (2005) Effects of
bicarbonate content of irrigation water on nutritional
disorders of some apple varieties. ) Plant Nutr 28:
1663-1678

Smith AM, Stitt M (2007) Coordination of carbon supply
and plant growth. Plant Cell Environ 30: 1126-1149

Stringer JW, Kimmerer TW (1993) Refixation of xylem sap
CO, in Populus deltoides. Physiol Plant 89: 243-251

Thalmann M, Santelia D (2017) Starch as a determinant of
plant fitness under abiotic stress. New Phytol 214:
943-951

Vapaavuori EM, Pelkonen P (1985) HCO,~ uptake through
the roots and its effect on the productivity of willow
cuttings. Plant Cell Environ 8: 531-534

Vuorinen AH, Vapaavuori EM, Lapinjoki S (1989)
Time-course of uptake of dissolved inorganic carbon
through willow roots in light and in darkness. Physiol
Plant 77: 33-38

Wanek W, Heintel S, Richter A (2001) Preparation of
starch and other carbon fractions from higher plant
leaves for stable carbon isotope analysis. Rapid
Commun Mass Spectrom 15: 1136-1140

Wang GB, Cai JF, He XH (2009) Effect of waterlogging
stress on morphology and physiology of Camptotheca
acuminata. Chin J Plant Ecol 33: 134—140 (in Chinese)

Wu YY, Xing DK (2012) Effect of bicarbonate treatment on
photosynthetic assimilation of inorganic carbon in two
plant species of Moraceae. Photosynthetica 50:
587-594

Yang C, Shi D, Wang D (2008) Comparative effects of salt
and alkali stresses on growth, osmotic adjustment and
ionic balance of an alkali-resistant halophyte Suaeda
glauca (Bge.). Plant Growth Regul 56: 179-190

Ying YQ, Song LL, Jacobs DF, Mei L, Liu P, Jin SH, Wu JS
(2015) Physiological response to drought stress in
Camptotheca acuminata seedlings from two
provenances. Front Plant Sci 6: 361

Zang U, Goisser M, Grams TE, Haberle KH, Matyssek R,
Matzner E, Borken W (2014) Fate of recently fixed
carbon in European beech (Fagus sylvatica) saplings
during drought and subsequent recovery. Tree Physiol
34:29-38

Zeeman SC, Kossmann J, Smith AM (2010) Starch: its
metabolism, evolution, and biotechnological
modification in plants. Annu Rev Plant Biol 61:
209-234

789



