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Abstract
The stimulation effect of elevated [CO2] (e[CO2]) on plant growth is modulated by 
nitrogen (N) availability, yet the mechanisms of this modulation under patchy N sup-
ply remain largely elusive. This study aimed to investigate the mechanisms by which 
patchy nutrient supply in the root- zone influence on N uptake, partitioning and use ef-
ficiency of tobacco plants (Nicotiana tabacum L.) grown under e[CO2]. A split- root pot 
experiment was conducted on tobacco plants grown at ambient (a[CO2], 400 μmol L−1) 
and e[CO2] (800 μmol L−1) conditions during anthesis. Plants were subjected to two 
fertilizer levels [0 and 113- 29- 214 (N- P- K) mg kg−1 soil] and three fertilization regimes 
(partial root- zone fertilization, PRN, couple root- zone fertilization, CRN and no ferti-
lization, CK). Elevated [CO2] significantly decreased N concentrations in all tobacco 
organs, with the greatest reduction in leaves. Positive responses of tobacco biomass 
and NUE to e[CO2] were recorded, and a large amount of 15N labelled fertilizer- N was 
partitioned to stems at the expense to leaves. Compared to the partially fertilized 
root, an equal N concentration was observed in the non- fertilized root. In addition, 
compared with CRN, PRN increased the root exudates of sugar and organic acid; how-
ever, the increased root biomass by nutrient patchiness did not enhance plant total N 
uptake. Collectively, e[CO2] could sustain N assimilation and distribution of tobacco 
plants in response to natural heterogeneous nutrient available in the soil caused by 
patchy fertilization.
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1  |  INTRODUC TION

Atmospheric CO2 concentration ([CO2]) has risen to 414 μmol L−1, 
more than 40% above its pre- industrial level (Jiang et al., 2020; 
Smith et al., 2016; Zhang et al., 2021), and 550– 1000 μmol L−1 is pre-
dicted by the end of this century (IPCC, 2014; Singer et al., 2020). 
Although the elevated [CO2] (e[CO2]) is known to increase the photo-
synthetic rate and carbohydrate accumulation in C3 plants (LeBauer 
& Treseder, 2008; Menge et al., 2012; Norby et al., 2010), there 
are considerable uncertainties about the extent to which the plant 
could sustain the stimulating effects on carbon assimilation when 
growth under e[CO2]. Higher growth rates of plant grown under 
e[CO2] could stimulate nitrogen (N) acquisition due to increased N 
requirement (Feng et al., 2015; Kuzyakov et al., 2018). On the other 
hand, it is well established that soil N availability could modulate 
plants' response to e[CO2] (Eric et al., 2018; Kuzyakov et al., 2018; 
Reich et al., 2006). For instance, when grown under e[CO2], NH+

4
 

supply promoted a faster plant growth than NO−
3
 and the photo- 

reduction of NO−
3
 is inhibited (Bloom et al., 2012; Kim et al., 2003; 

Kimball, 2016; Reich et al., 2014; Yang et al., 2007). Nitrogen acqui-
sition is positively correlated with leaf- level photosynthetic capac-
ity and negatively with carbon (C) storage (Ciampitti & Vyn, 2012; 
Terrer et al., 2018). In general, e[CO2] decreases the assimilation of 
NO−

3
 into proteins in leaves of C3 plant (Bloom et al., 2020; Cohen 

et al., 2019; Yang et al., 2007). Elevated [CO2] can also decrease the 
transpiration- driven flow of N from soil into the plants root. For ex-
ample, Bloom et al. (2012) reported the growth rate of plant under 
e[CO2] is slower than ambient CO2 (a[CO2]) when NO−

3
 serves as the 

sole N source compared to NH+
4
. However, Andrews et al. (2019) 

reported that the N form does not influence e[CO2] effects on N 
assimilation and growth of C3 vascular plants. The whole plant N 
uptake increased when grown under e[CO2] due to enhanced plant 
biomass, but the N concentration often declined (Terao et al., 2005; 
Yang et al., 2007). However, the magnitude of the reduction varies 
with soil nutrient conditions (Bloom et al., 2014; Murray et al., 2000; 
Reich et al., 2014).

Soil N is heterogeneously distributed due to uneven fertiliza-
tion, including fertilizer banding to the side of the plants, broadcast-
ing on the surface of soil and anhydrous ammonia injections (Niu 
et al., 2019, 2020; Ruzicka et al., 2010). The recently developed 
partial root- zone drying (PRD) irrigation technology, if operated to-
gether with fertilization (fertigation), could also lead to root- zone 
nutrient patchiness (Fernandez et al., 2006). However, the effect of 
patchy root- zone fertigation on root nutrient acquisition has rarely 
been studied. When plant exposure to short period of soil nutrient 
patchiness, its physiological alterations may be pervasive and effec-
tive for improving nutrient uptake and achieving higher productivity 
(Hodge, 2004; Ivans et al., 2003). For example, Wang et al. (2007) 
reported that putting fertilizer at one side of oilseed rape plants in-
creased the nutrient uptake. The mechanisms underlying this pro-
cess could be well illustrated by applying the split- root technique in 
plants, where only partial root- zone is excessively fertilized, and the 
other part is unfertilized (Niu et al., 2019, 2020 and literatures cited 

therein). The split- root fertilization treatment forms an imbalance 
of nutrient supply, one partial root- zone could suffer ion toxicity 
(e.g. NH+

4
) while and the other part exposes to nutrient deficiency. 

Nutrient heterogeneity could modify root uptake ability by produc-
ing more root in the N- enriched soil, hereby enhancing the local re-
source uptake (He et al., 2003; Nanzyo et al., 2004; Niu et al., 2019; 
Wang et al., 2007; Watt & Evans, 2003). On the contrary, previous 
studies have also reported that nutrient uptake rate of plant root, 
which developed in nutrient starve patches was higher or equal than 
those in nutrient- rich patches (Hodge, 2004; Kembel & Cahill, 2005). 
The plants respond to nutrient- rich patches by proliferating the 
roots or by increasing rates of ion uptake; however, little is known 
about the interaction of e[CO2] and nutrient patchiness on the plant 
growth and nutrient uptake.

Elevated [CO2] effect on C assimilation and partition abo-
veground is linked to N availability and acquisition belowground 
(Terrer et al., 2018). And low- N availability in soil is a primary con-
straint reducing the stimulating effect of e[CO2] on biomass accu-
mulation by reducing photosynthetic capacity and limiting leaf area 
expansion and thus light interception (Norby et al., 2010; Reich 
& Hobbie, 2013; Schneider et al., 2004; Sigurdsson et al., 2013). 
Plants produce more roots in nutrient- enriched soil micro- sites, 
thereby enhancing the local resource uptake (Einsmann et al., 1999; 
Nanzyo et al., 2004; Watt & Evans, 2003). In some cases, e[CO2] 
enhances the plants tolerance to abiotic stress such as nutrient 
deficiency and ion toxicity via increasing efflux of root exudates 
(AbdElgawad et al., 2016; Huang & Xu, 2015). The increased root 
exudates under e[CO2] were closely associated with the improve-
ment of plant nutrient uptake despite fewer studies have validated 
the association (Dong et al., 2021). However, soil nutrient patchi-
ness did not enhance plant performance under all circumstances 
(Kembel & Cahill, 2005). Therefore, the response of plant growth 
and nutrient use efficiency to e[CO2] environment and soil nutrient 
patchiness is an important research topic that merits further stud-
ies. In particular, experiments investigating N uptake and assimila-
tion, and N remobilization under patchy fertilization are rare (Kant 
et al., 2011); and little is known about synergistic effects of e[CO2] 
and patchy nutrient supply on plant N uptake and N use efficiency 
(NUE) (Reich et al., 2006).

Key points

• Plants experience heterogeneous N availability in soil.
• Split- root pot experiment was conducted for testing [CO2] 

effect on tobacco N uptake under patchy N soil.
• Elevated atmospheric [CO2] increased the tobacco NUE 

and reduced leaf N concentration.
• Identical N concentration was observed in the non- 

fertilized and the fertilized root.
• Patchy root- zone fertilization increased the total root exu-

dates of sugar and organic acid.
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Tobacco (Nicotiana tabacum L.), an economically important 
and extensively cultivated crop worldwide, requires significant 
number of inputs including N fertilizer during the growing sea-
son. Tobacco mainly grown on acidic soil (pH = 5.5– 5.7), where 
increased nutrient patchiness is often seen due to leaching and 
microbial decomposition. N supply at anthesis is critical in de-
termining tobacco leaf N concentration and influencing nicotine 
synthesis and accumulation, which determines the tobacco quality 
(Huang et al., 2017; Lewis, 2019; Wu & Lu, 2000). To date, only a 
few studies have focused on the interactive effect of N supply and 
e[CO2] on tobacco growth and NUE. Débora et al. (2020) reported 
the response of tobacco to e[CO2] was dependent on N supply. 
Matt et al. (2001) reported e[CO2] increased the NO−

3
 uptake by 

tobacco when NO−
3
 is the sole N source, but increased NH+

4
 uptake 

and inhibited NO−
3
 uptake when ammonium nitrate was supplied. 

Kruse et al. (2002) further elucidated that e[CO2] increased the 
tobacco growth and NO−

3
 uptake induced by the higher root to 

shoot ratio. To our knowledge no information is available about 
the synergistic effects of patchy nutrient supply and e[CO2] on N 
uptake and NUE in tobacco crops at anthesis. Therefore, the aim 
of this study was to provide novel insights into e[CO2] effect on N 
allocation and NUE of tobacco plants under heterogeneous soil N 
availability.

2  |  MATERIAL S AND METHODS

2.1  |  Experimental materials and growth conditions

Tobacco seeds (N. tabacum L. Yunnan No. 87) were pre- germinated 
at 14– 16°C and kept in darkness for 4 days until sprouts emerged. 
The pre- germinated seeds were sowed on 2nd of July, 2019 in the 
centre (2 cm depth) of each pot (5 cm × 5 cm; diameter × height) 
with commercial potting soil (85% organic, 15% clay). The plants 
had two leaves on 14th of July, then seedlings with equal size 
were selected and transplanted into 0.75 L pots (had a top diam-
eter of 11 cm) filled with 450 g potting soil. These plants were a 

grown in climate- controlled greenhouse (CO2 concentration of 
400 μmol L−1) with a regime of 14/10 h (day/night), temperature 
of 25– 28°C, relative humidity at 60 ± 2% and the photosynthetic 
active radiation (PAR) at >500 μmol m−2 s−1 supplied by sunlight 
plus LED lamps. All pots were daily watered with distilled water 
for keeping ca. 60% of water holding capacity (volumetric water 
content was 17.5%).

2.2  |  Split- root pot experiment

The split- root pot experiment was a 3 × 2 design, with three fertili-
zation regimes and two [CO2] environment, with two harvest time 
during anthesis period (Figure S2). At four- leaf stage (82- day- old), 52 
uniform plants were transplanted into the centre of the 4.0 L split- 
root pots. Each of the pots was evenly divided with plastic sheets into 
two equal sub- compartments to avoid water exchanges, as shown in 
Figure S1. Specifically, the whole plant was taking out from the small 
pot, subsequently, each plant was transplanted into the split- root 
pot and equally divided the root into two cells. Each pot was filled 
with 4.4 kg of sandy loam, which had a pH of 5.2 and N content of 
1.4 g kg−1, P of 0.37 g kg−1 and K of 19.2 g kg−1. The experimental soil 
was collected from a nutrient depletion experiment, which had been 
previously fertilized with 60 kg N ha−1 year−1, 60 kg K ha−1 year−1 and 
25 kg S ha−1 year−1 and deprived of P fertilizer since 1964 resulting in 
a very low nutrient condition (Van Der Bom et al., 2017).

Ten days after transplanting (given no fertilizer), solution 
fertilizer was applied either homogenously between the two 
sub- compartments of the pot or heterogeneously to only one sub- 
compartment of the pot as described in Table 1 and Figure S2. 
Three fertilization regimes were setup in the experiment: no nutri-
ent supply (CK); nutrient was supplied on both sub- compartments 
of the pot (CRN); and fertilization was fixed to one of the sub- 
compartment (the same amount fertilizer as the CRN treatment) 
while leaving the other sub- compartment without nutrient (PRN). 
The nutrients used for split- root pot experiment were N, 113 mg kg−1 
soil, P, 29 mg kg−1 soil and K, 214 mg kg−1 soil (N:P:K was 4:1:7), by 

TA B L E  1  Description of treatments used in the experiment

Treatment Description

Factor 1 (main plot): Nutrient (N) management PRN application applied chemical fertilizer in partial root zone, at 100% 
recommended dose of NPK (N, 113 mg kg−1 soil, P, 29 mg kg−1 soil and K, 
214 mg kg−1 soil)

CRN applied chemical fertilizer in the whole root zone, at 100% recommended dose 
of NPK

CK without fertilizer application

Factor 2 (sub- plot): CO2 environment Ambient: The [CO2] level was 400 ppm in chamber

Elevated: The [CO2] was 100% higher than the ambient, that is = 800 ppm, 
maintained in another chamber

Harvest time: weeks after flower topping NPK fertilizer was added 10 days prior to separate to different CO2 chambers. 
When first flower budding, the flower buds were removed and 15 valid leaves 
were left on each plant. And, the plants were exposed to either a[CO2] or e[CO2] 
environments and harvested at 7 and 14 days thereafter
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blending (NH4)2SO4 with K2SO4 and K2H2PO4. The (NH4)2SO4 used 
in this experiment was labelled with 8% 15N. When the first floral 
bud appeared (10 days after onset of nutrient regimes), the panicle 
and three spires were removed and 15 valid leaves were left on 
each plant.

Thereafter (10 days after fertilization), these different fertilization- 
treated plants were separately conducted in two greenhouse cells 
with CO2 concentration of 400 μmol L−1 (ambient CO2, a[CO2]) and 
800 μmol L−1 (elevated CO2, e[CO2]). Specifically, half of the plants (26) 
were moved into a greenhouse cell with e[CO2] environment, while 
the other 26 plants were grown in the greenhouse with a[CO2] envi-
ronment. There were 6 treatments in this experiment, for both [CO2] 
environments, each fertilization treatment had 10 repetitions (CRN 
and PRN) and 6 replications per treatment for the non- fertilization 
control (CK). In each greenhouse, computer- controlled CO2 supply 
system automatically adjusted the [CO2], the [CO2] concentration was 
monitored every 6 s by a CO2 Transmitter (Serie GMT220; Vaisala 
Group) and evenly distributed in the whole cell. The climate in green-
houses was monitored every 5 min and was controlled by a climate 
computer. The air temperature was keeping at 20/18 ± 2°C day/night, 
relative humidity at 60 ± 2%, photoperiod of 16 h and the photosyn-
thetic active radiation (PAR) at >500 μmol m−2 s−1 supplied by sunlight 
plus LED lamps. The vapour pressure deficit in each greenhouse was 
0.8– 1.0 kPa. The soil water content of each pot was kept within the 
range of 60 ± 2% (volumetric water content was 17.5%) and watered 
daily with distilled water at 16:00 h, according to the water loss de-
tected by TDR moisture probes (time domain reflectometer, TRASE, 
Soil Moisture Equipment Corp.).

2.3  |  Harvest and sampling

Period after removing the panicles is critical in leaf N concentration 
and nicotine accumulation, thus tobacco plants were harvested at 7 
and 14 days after topping (i.e. 7 and 14 days after exposure to [CO2] 
treatment; 17 and 24 days after 15N labelling). At each harvest, five 
plants of PRN and CRN, three plants of CK in each greenhouse were 
removed from the pots, and the soil attached on root surface, that is 
rhizosphere soil, was collected on glossy paper by shaking. Afterwards, 
root exudates including sugars and organic acids were extracted ac-
cording to Bornø et al. (2018). Briefly, after collecting the rhizosphere 
soil, the roots, which were not washed with water, were dunked in 
100 ml 0.2 mm CaCl2 solution for 2 min to wash down the leftover 
rhizoplane soil and collected the extraction solution. The roots were 
then washed clean with tap water and oven- dried for mass weighting. 
Twenty- five millilitre of the CaCl2 extraction was transferred to a new 
tube after filtering (0.45 μm), then immediately stored at −20°C. The 
root exudates of sugars (fructose, sucrose and glucose) were deter-
mined on a Metrosep Carb 1– 150 column using ion chromatography 
(Metrohm AG), while the measurement of organic acids was con-
ducted on a Carbohydrate H+. 0.5 mm sulphuric acid and 10% acetone 
were used as column eluent. Results were calculated as μmol g−1 root 
dry weight.

In addition, at harvest, each plant was divided into shoot (leaf and 
stem) and two sub- parts of roots. These plant organs were firstly 
dried in an oven at 105°C for 30 min then at 70°C to constant weight. 
Plant samples (leaf, root and stem) were cut into small pieces and 
ground to fine powder. The soil samples were air- dried and ground 
into fine powder. The ground plant samples were used for the mea-
surements of N concentration and δ15N. Soil samples taken from the 
two sub- compartments were collected and oven- dried at 70°C for 
analyses of the residual N and δ15N.

2.4  |  Determination of N concentration and δ15N

Soil NH+
4
 and NO−

3
 were extracted with 2 m KCl and the δ15N were 

detected with sequential diffusion method (Holmes et al., 1998). 
Briefly, 25 ml of 2 m KCl extraction solution were added into the 
reagent bottle with screw cap (100 ml). The ammonia trap (filter 
pack) was made by placing 1 cm diameter GF/D filters (Whatman 
#1823010, combusted at 450°C for 4 h) on the centre of a 2.5 cm 
diameter Teflon membranes (10 μm pore- size; Millipore LCWP 
02500), and 25 μl of 2 m H2SO4 were pipetted onto the centre of 
the GF/D filter, then PTFE tape was immediately sealed with twee-
zers. The prepared filter pack and 3 g L−1 reagent grade MgO were 
immediately put into the bottle. Then the samples were incubated 
at 25°C for 7 days and kept shaking (140 rpm) on a custom- made 
shaker. When the incubation finished, the filter pack was transferred 
to desiccator with silica gel and an open container of concentrated 
sulphuric acid (to remove trace ammonia) for 1– 2 days, then the small 
filter was stored in individual vials for detecting the δ15N of NH+

4
. The 

incubation solutions were kept shaking for 2 days to allow the NH3 
in the bottle was vented. 0.2 g Devarda’s Alloy were added into the 
solution, and the filter pack were suspended and incubated as above, 
finally obtaining the samples for δ15N of NO−

3
 detection.

The total N concentration and δ15N of plant and soil samples were 
analysed by an Elemental Analyser System (vario PYRO cube; Elementar 
Analysensysteme GmbH) coupled to an Isotope Mass Spectrometer 
(Isoprime 100; Elementar Analysensysteme GmbH). The amount of 
15N recovery in plant organs derived from the applied fertilizer and the 
amount of 15N retention in soil N derived from the applied fertilizer, and 
the percentage of 15N- labelled fertilizer recovery efficiency by plants 
(15NRE) and soil (15N- fertilizer retention efficiency in soil) were calcu-
lated using the following equations according to Sun et al. (2019):

where, Nplant (g per plant) and 15Nlp (%), respectively, represents the 
total N uptake and 15N abundance (atom %), and 15Nl (%) is the 15N 
enrichment of the fertilizer (atom 8%), while 15Nnatural (%) denotes the 
natural abundance of 15N (atom 0.3682%). The total plant N uptake (g 
per plant) was calculated as a sum of N uptake by plant shoot (leaves 
and stems) and root.

The equation of 15N- fertilizer retention in soil (g per plant) was 
similar to formula (1):

(1)15N−¬fertilizer recovery=Nplant×
(

15Nlp−
15Nnatural

)

∕
(

15Nl−
15Nnatural

)
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where, Nsoil (g kg−1) and 15Nls (%) are the soil total N amount and 15N 
abundance (atom %) in the labelled soil, respectively.

The calculation of 15N- fertilizer recovery efficiency in plant 
organs (15NRE, %) and 15N- fertilizer retention efficiency in soil (%) 
were calculated from Equations (3) and (4), respectively:

Nitrogen use efficiency (NUE) of plant organs and whole plants 
were determined as amount of dry matter per unit absorbed N and 
was calculated as follows: 

2.5  |  Statistical analysis

Data were statistically analysed using SigmaPlot 14.0 and SPSS 22.0 
software (IBM SPSS Software). The effects of [CO2] and nutrient 
regimes and their interaction on variables were analysed using two- 
way analysis of variance (ANOVA). When the interaction between 
the [CO2] and fertilization regimes was significant, Duncan's Multiple 
Range Test was conducted to determine the significant differences 
between the six treatments. Differences between treatments were 
significant when p < .05.

3  |  RESULTS

3.1  |  Nitrogen concentrations of different plant 
organs

Interactive effect of [CO2] and nutrient regime on plant total N 
and 15N content were not significant (Figure 1a,e); however, the 
interaction effect were significant (p < .05) for leaf N concentra-
tion at 7 days, e[CO2] notably decreased leaf N concentration re-
gardless of nutrient regime (Figure 1b and Table S1). Meanwhile, 
the root N concentrations were affected by the nutrient regime, 
root N concentration of PRN was significant lower than that of 
CRN (p < .01) at day 7, there was, however, no significant dif-
ference at day 14 after exposure to e[CO2] (Figure 1d). To test 
whether the PRN treatment resulted in measurable 15N uptake 
and translocation, δ15N was assayed in plant organs (Figure 1e– h). 
Approximately 60%– 80% of the plant N was attributed by the 15N 
labelled fertilizer at 14 days after exposure to e[CO2]. Compared 
with tobacco plants grown under a[CO2], e[CO2] decreased the N 
concentrations in leaves of both PRN and CRN. At 14 days after 

exposure to e[CO2], the 15N labelled fertilizer- N contained in leaf 
was 35%– 52% lower than those at 7 days, whilst the stem 15N- 
fertilizer was increased by 59%– 115%, indicating that there was a 
N translocation from leaf to stem (Figure 1).

3.2  |  Plant N uptake and N use efficiency

More than 50% of the 15N labelled fertilizer- N was taken up by plants, 
of which approximately 40% was stored in leaf (Figure 2). Compared 
with a[CO2], e[CO2] decreased the amount of 15N- fertilizer stored in 

leaf and root but increased it in stem. The amount of fertilizer- N in 
leaf at day 14 was lower compared with that at day 7, whereas the 
fertilizer- N recovery in root was increased. This indicates that N was 
redistributed from leaf to root at the anthesis stage. Table 2 shows 
e[CO2] decreased the fertilizer- N recovery efficiency in plant and 
soil, regardless with the nutrient regimes. Moreover, according to 
the two- way ANOVA analysis (Table S1), [CO2] and nutrient regimes 
and their interaction had significant effect on plant NUE. The NUE 
of shoot and whole plant under e[CO2] were 17%– 23% and 10%– 
21%, respectively, higher than those under a[CO2]. Since the larger 
amount fertilizer- N uptake by tobacco shoot grown under e[CO2] 
than under a[CO2], less fertilizer- N was left in soil under e[CO2].

3.3  |  Nitrogen partitioning between the 
fertilized-  and unfertilized root- zones

Both [CO2] and nutrient regime had significant effect on soil and 
root N concentrations (p < .05, Figure 3 and Table S1). Significantly 
higher root N concentration was observed in PRN- N than in PRN- O 
at day 7, but not at day 14. Compared to that on day 7, root 15N 
concentrations increase 3.6– 6.0 folds at day 14; whereas the total 
root N concentration remained unchanged. Despite a similar root 
N concentration between the fertilized and the unfertilized root- 
zone, significantly (p < .0001) lower N concentration was noticed in 
the PRN- O soil as compared to that of the PRN- N soil (Figure S3).

3.4  |  Root exudates

Compared with day 7, root exudates of sugar and organic acid 
decreased by 39%– 68%, at day 14; however, the extend of the 
decrease depend on the fertilization regimes (Figure 4). Elevated 
[CO2] enhanced tobacco root exudate of sugar (average 40%– 
221%) and organic acid than a[CO2], except PRN- N. There was 
higher root exudates of sugar and organic acid of the PRN- N roots 
than the PRN- O roots when growth under a[CO2], but not under 
e[CO2].
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F I G U R E  1  Total N (a– d) and 15N labelled fertilizer- N concentrations (e– h) of total plant, leaf, stem and root of tobacco harvested at 7 
and 14 days. Effects of [CO2] environments and nutrient regimes (N) as well as their interactions (CO2 × N) are presented (two- way ANOVA). 
One- way ANOVA and Duncan test were performed to test for significant difference (p < .05) between the different treatments when there 
is a significant interaction between the [CO2] and nutrient regimes. There was no statistical difference in 15N- TN concentration (EFGH) of 
plant organs among the treatments
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4  |  DISCUSSION

4.1  |  Effect of e[CO2] on tobacco leaf N 
concentration under patchy root- zone fertilization

In this study, plants grown under e[CO2] generally had higher bio-
mass (data in Zhang et al., 2021) but equal or lower N concentration 
in plant organs compared to those grown under a[CO2] at 7 days after 
exposure to the two [CO2] treatments, and the biggest decrease of 
N concentration appeared in leaves (Figure 1). This e[CO2] effect 
on biomass increasing and leaf N dilution were have been generally 
reported in various crops (Taus et al., 2017), for example wheat (Li 
et al., 2019), rice (Zhang et al., 2020), barley (Schmid et al., 2016). 
Recently, a comprehensive meta- analysis involving 386 published 
reports and including 4481 observations confirmed that e[CO2] 
significantly reduced the plant N concentration by 9.73% (p < .001) 
(Du et al., 2019). In addition, previous studies also suggested that re-
duction of plant N concentration under e[CO2] was associated with 
the decreases in stomatal conductance and transpiration, as for the 
decreases of stomatal conductance and transpiration resulted the 
reduction of NO−

3
 mass flow to root (Halpern et al., 2019; McDonald 

et al., 2002).
Elevated [CO2] can promote net photosynthetic rates of plants 

and thus stimulates crop yields of various crops including cereals 
and vegetables, but leads to lower tissue and grain N concentra-
tions, raising concerns about nutritional quality in crops (Dong 
et al., 2018; Panozzo et al., 2019; Taus et al., 2017). As for to-
bacco, N concentration in leaf is an important indicator of tobacco 
quality, generally ~25 g kg−1 of N content was recognized as the 
optimal value (Huang et al., 2017; Liu et al., 2016). However, in 
the current study, e[CO2] significantly decreased the leaf N con-
centration, meaning that e[CO2] potentially lowered the tobacco 
leaf quality though increased the tobacco yield (Figure 1). A meta- 
analysis reported e[CO2] decreased the nitrate concentration of 

all vegetables by 18%, could potentially decreased the leafy crops 
quality (Dong et al., 2018). In this study, reduction of leaf N con-
centration and recovery when grown under e[CO2] coincided with 
an increased leaf senescence were observed (Figures 1 and 2), 
indicating a fast N remobilization from leaf to other organs (Kim 
et al., 2003). Collectively, e[CO2] decreases leaf N concentration 
could be attributed to the dilution effect by an enhanced plant 
biomass, or to decreased root N acquisition, increased plant N loss 
and unbalanced translocation of C and N in plant (Feng et al., 2015; 
Guo et al., 2015; Leakey et al., 2009; Pang et al., 2006).

4.2  |  Effect of e[CO2] and patchy root- zone 
fertilization on plant N allocation and NUE

For the plants grown under e[CO2], a steady decrease in leaf 15N al-
location was observed (Figure 2). As reported by Jiang et al. (2020) 
there was a great N translocation from leaf to panicles during an-
thesis. To some extent, tobacco topping could cause the N removed 
from plant, although N loss is small amount. This could have been 
the case here that e[CO2] induced higher biomass and N accumu-
lation in panicle than did a[CO2], the removing of panicle resulted 
the N loss and leading to a lower total 15N uptake in the e[CO2] 
than in the a[CO2] plants upon removing the panicles. Consistent 
with this, both Seneweera (2011) and Yang et al. (2007) observed 
a significant decrease of N fractions in leaves when grown under 
e[CO2] and suggested that the effect of e[CO2] on plant N uptake 
was closely linked to the soil N availability. For example, upon ex-
posure to e[CO2], increased photo- assimilation could enhance C ac-
cumulation in plant organs including panicles, such that more N is 
needed to be translocated from vegetative parts to panicles in order 
to keep the balance between C and N metabolism (Du et al., 2019; 
Guo et al., 2015). Moreover, a larger root biomass of the PRN plants 
(PRN- O plus PRN- N; 8.21 ± 0.77 and 5.78 ± 0.65 g DW for a[CO2] at 

F I G U R E  2  15N labelled fertilizer- N recoveries of plant leaf, stem and root at 7 and 14 days after exposure to different [CO2] 
concentrations. The letters on the bar shows the significance information between the four treatments in two [CO2] environments. One- way 
ANOVA and Duncan test were performed to test for significant difference (p < .05) between the different treatments
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7 days and 5.43 ± 0.70 and 6.41 ± 1.42 g DW for e[CO2] at 14 days) 
did not improve leaf N concentration and total N uptake compared 
with the CRN plants (4.28 ± 0.93 and 4.55 ± 1.49 g DW for a[CO2] at 
7 days and 3.34 ± 0.88 and 5.67 ± 1.67 g DW for e[CO2] at 14 days) 
having a smaller root biomass (Figure 1, biomass data cited by Zhang 
et al., 2021). This could be due to that low soil N availability only 
stimulates the elongation of primary and lateral roots, whereas the 
density of lateral root is less affected, which determines the root 
N uptake capacity (Gruber et al., 2013). Drew and Saker (1975) 
reported when only part of a root axis of barley is supplied with a 
higher concentration of nitrate in the rooting zone, the growth of 
lateral roots was increased in a water culture experiment.

The NUE is an indicator of N utilization for C acquisition in plants 
(Jiang et al., 2020). Here, greater plant NUE was recorded under 
e[CO2] during anthesis. Elevated [CO2] decreased the plant 15N re-
covery efficiency as compared with a[CO2] (Table 2). Therefore, the 
enhanced NUE of the plants grown under e[CO2] was attributed 
both to the increased plant biomass and decreased N content in 
relation to plants grown under a[CO2]. Yang et al. (2007) reported 
that shoot N concentration declined under e[CO2], but N uptake and 
NUE increased to different magnitudes. In the present study, sig-
nificantly lower fertilizer- 15N recovery for leaves and total plant was 
found when plant grown under e[CO2] than under a[CO2] at the last 
harvest (Figure 2), consistent with findings in earlier studies (Reddy 
et al., 2010).

Besides, the plant nitrogen uptake could be influenced by fer-
tilization regimes. Here, the PRN treatment caused lower 15N fer-
tilizer recovery for leaves than did CRN under e[CO2] (Table 2), but 
had no statistical significance at 7 days. Plant exhibiting greater 
NUE revealed the stimulation of photosynthesis thereby avoiding TA
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F I G U R E  3  Total N and 15N labelled fertilizer- N concentrations of 
tobacco plants. Effects of [CO2] environments and nutrient regimes 
(N) as well as their interactions (CO2 × N) are presented (two- way 
ANOVA). One- way ANOVA and Duncan test were performed 
to test for significant difference (p < .05) between the different 
treatments when there is a significant interaction between the 
[CO2] and fertilization treatment
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photosynthetic acclimation under e[CO2], resulting in a greater bio-
mass accumulation (Eric et al., 2018). Plants have developed efficient 
mechanisms by which the stored N is released and translocated from 
older to younger leaves or to sinks during reproductive development 
via protease activities during senescence (Kant et al., 2011). This to 
some degree might have also enhanced NUE.

4.3  |  Effect of e[CO2] and patchy root- zone 
fertilization on N distribution between fertilized-  and 
unfertilized roots

Under patchy root- zone fertilization, the root system might expe-
rience different nutrient provisions, which could possibly induce 
a reciprocal communication within the plant (Hodge, 2004; Niu 
et al., 2019). The root has been reported to increase uptake capac-
ity in the fertilized zone (Jing et al., 2012; Tantanasarit et al., 2013; 
Yu et al., 2014), which could result in compensatory effect on nu-
trient uptake for the whole root system (Hu et al., 2006; Matimati 
et al., 2014). This is seemingly the case here that the tobacco root 

exhibited the compensatory effect in N uptake by increasing root 
mass and achieving a similar root N concentration between the 
fertilized-  and the unfertilized zones, indicating that there was a 
translocation of root N from N- enriched patchy to the shoot and 
then to the unfertilized root portion (p > .05) (Figure 3). Likewise, 
Hodge (2004) showed that roots in the nutrient- rich patches could 
enhance their physiological ion- uptake capacities compared to 
roots of the same plant outside the nutrient- rich patches. Niu 
et al. (2019) also reported that when one side of root system was 
irrigated with a nutrient solution, the ion- uptake capacity in-
creased within a 3- day period and showed as much as 88% higher 
N uptake rate compared to the control where both sides of the 
root system were supplied with nutrients solution. Nonetheless, 
considering that the two soil sub- compartments were physically 
separated, a direct distribution of N within the root can be ruled 
out, suggesting a shoot- mediated N translocation between the 
root in the fertilized-  and the unfertilized zones might exist result-
ing in a similar root N concentration between the two zones (Hu 
et al., 2009; Tantanasarit et al., 2013). Although the observation 
of N balance and reallocation between the two partial root- zones 

F I G U R E  4  Root exudates of total sugar and organic acid of tobacco harvested at 7 and 14 days. One- way ANOVA and Duncan test were 
performed to test for significant difference (p < .05) between the different nutrient regimes (N) in each [CO2] chambers
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is interesting, the underlying mechanisms are not known and merit 
further studies.

4.4  |  Effect of e[CO2] and patchy root- zone 
fertilization on root exudates

Elevated CO2 has been reported to increase root exudate efflux of 
total soluble sugars by 84% and total amino acids by 74% (Dong 
et al., 2021). In this study, the effect of e[CO2] on root exudate 
increasing was much weaker than fertilization did (Figure 4). As 
for different fertilization regimes, compared with CRN, PRN im-
proved the root exudates (total sugar and organic acid of PRN- O 
plus PRN- N) of tobacco under a[CO2]; while e[CO2] significantly 
offset the exudates differences caused by patchy root- zone ferti-
lization (Figure 4). Likewise, e[CO2] has been reported can poten-
tially enhance plant tolerance to environment stresses (nitrogen 
deficiency) via increased soluble sugars, antioxidants and root 
exudates (Bhattacharyya et al., 2013; Dong et al., 2021; Huang & 
Xu, 2015; Kumar et al., 2020). Meanwhile, these components also 
play different roles that ultimately affect nutrient acquisition by 
plants. Under e[CO2], exudates (sugar and organic acid) of CK were 
generally lower than PRN and CRN (Figure 4). This could cause by 
low nutrient availability limits the e[CO2] effect on plant photo-
synthetic rates (Gruda & Tanny, 2015), probably resulting in less 
carbon available for synthesizing secondary compounds. Meta- 
analyses show that, indeed, e[CO2] increases belowground C in-
puts through enhanced fine- root production by 44% (Dieleman 
et al., 2010) and rhizodeposition by 37.9% (Nie et al., 2013). The 
increased CO2 fixation under e[CO2] promotes the synthesis of 
triose phosphate in leaves (Long et al., 2004), which can be fur-
ther transformed into other carbohydrates, for example glucose 
and sucrose. Increased inputs of labile C to soils via root exudates 
caused by e[CO2] resulting in higher C/N in the rhizosphere could 
slow down the net N mineralization, this would have been the case 
for the plants grown under e[CO2] and patchy soil fertilization re-
gimes in the present study. While these rhizosphere priming ef-
fects could be influenced by soil N content, that is for low- N soil, 
the process of N mining by plants and microorganisms is more in-
tensive compared to N- rich soil, leading to the larger rhizosphere 
priming effect in low- N soil (Fontaine et al., 2011).

5  |  CONCLUSIONS

We now have detailed information related to changes in N uptake 
in response to e[CO2] and soil patchy nutrient supply. However, 
little is known on crop response when these two stresses occur 
together during plant development and survival under natural 
field conditions. Collectively, the results of this study indicated 
that both e[CO2] and patchy soil fertilization affected biomass and 
N utilization of tobacco plant. In most cases, tobacco grown under 
e[CO2] increased the biomass and NUE, but decreased the leaf 

N concentration potentially lower the tobacco leaf quality than 
grown under a[CO2]. The patchy fertilization enhanced the root 
growth and stimulated root exudation of sugar and organic acid. 
However, the increased root biomass by nutrient patchiness did 
not enhance plant total N uptake. After one growing season, the 
15N labelled fertilizer- N evenly distributed between the fertilized-  
and the unfertilized roots under the PRN regime. Nitrogen defi-
ciency and tobacco quality decrease induced by e[CO2] were likely 
occurred, thus it is necessary to improve the leaf N concentration 
by improving tobacco fertilization especially N in a future CO2- 
enriched environment. Additionally, it would be an ideal strategy 
for developing partial root- zone fertilization along with the partial 
root- zone irrigation under changing global climate. Future study 
should focus on the effect of partial root- zone irrigation and fer-
tilization on efflux rates of some specific root exudates, which are 
closely related with the availability of nutrients, and on connec-
tions of root exudates with the corresponding transporters from 
both plant physiological and molecular perspectives.
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