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Abstract

Plants in nutrient-poor habitats converge towards lower rates of leaf net CO, assimilation (A...); however, they display
variability in leaf mass investment per area (LMA). How a plant optimizes its leaf internal carbon investment may have
knock-on effects on structural traits and, in turn, affect leaf carbon fixation. Quantitative models were applied to evaluate
the structural causes of variations in LMA and their relevance to A, in rapeseed (Brassica napus) based on their responses
to nitrogen (N), phosphorus (P), potassium (K), and boron (B) deficiencies. Leaf carbon fixation decreased in response to
nutrient deficiency, but the photosynthetic limitations varied greatly depending on the deficient nutrient. In comparison with
A, the LMA exhibited diverse responses, being increased under P or B deficiency, decreased under K deficiency, and
unaffected under N deficiency. These variations were due to changes in cell- and tissue-level carbon investments between
cell dry mass density (N or K deficiency) and cellular anatomy, including cell dimension and number (P deficiency), or both
(B deficiency). However, there was a conserved pattern independent of nutrient-specific limitations —low nutrient availability
reduced leaf carbon fixation but increased carbon investment in non-photosynthetic structures, resulting in larger but fewer
mesophyll cells with a thicker cell wall but a lower chloroplast surface area appressed to the intercellular airspace, which
reduced the mesophyll conductance and feedback-limited A,,.,. Our results provide insight into the importance of mineral
nutrients in balancing the leaf carbon economy by coordinating leaf carbon assimilation and internal distribution.

Keywords: Carbon investment, leaf anatomy, leaf carbon economy, leaf dry mass per unit leaf area, leaf photosynthesis,
nutrient deficiency.

Abbreviations: Aq.., light-saturated photosynthetic rate per unit leaf area; A, light-saturated photosynthetic rate per unit mass; AF,,, airspace fraction of the pal-
isade mesophyll layers; AFg,, airspace fraction of the spongy mesophyll layers; a, leaf absorbance; B, fraction of light absorbed by PSII; CV, mean cell volume; CV,,,
volume of palisade mesophyll cells; CVg,, volume of spongy mesophyll cells; D, dry mass density; I'*, CO, compensation point; g.,, mesophyll conductance to
COy; gs, stomatal conductance to H,0; g, stomatal conductance to CO,; J;, linear electron transport rate on the basis of chlorophyll fluorescence; Jp.y, the max-
imal rate of electron transport; Jy,q0, potential electron transport rate at PPFD of 1200 umol m=2 57" [ /Asestions length of mesophyll exposed to intercellular airspace
per cross-sectional area; LMA, dry mass per unit leaf area; NCA, number of cells per leaf area; NCL, number of cell layers; NCL,,, number of palisade mesophyll
cell layers; NCLgp,, number of spongy mesophyll cell layers; PPFD, photosynthetic photon flux density; Ry, day respiration rate; p., average bulk cell dry mass
density across epidermis and mesophyll tissues; p;., average dry mass density of the upper and lower cuticle; ®pgy, actual photochemical efficiency of photosystem
II; S,, chloroplast surface area exposed to intercellular airspace; S,,, mesophyll surface area exposed to intercellular airspace; T, cell wall thickness; T, leaf thick-
ness; TMA,, vein mass per leaf area; V.., Maximum rate of RuBP carboxylation; VPA, non-airspace volume of the tissue per leaf area.
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Introduction

Deleterious effects on plant productivity due to nutrient limi-
tation are widespread, particularly from a lack of essential elem-
ents and some micronutrients (Alloway, 2008; Ellsworth et al.,
2015; Sardans and Pefiuelas, 2015). Nutrient deprivation retards
light-saturated photosynthetic rate per unit leaf area (A,,,) in
green leaves and impacts the subsequent investment of assimi-
lates (Jakli et al., 2017; Trinkner et al., 2018; Xiong and Flexas,
2018; Lu et al.,2019). However, the carbon investment used for
leaf establishment is more complex as leaf mass per area (LMA)
can either increase or decrease in leaves deprived of mineral
nutrients. For instance, LMA was found to be increased in ni-
trogen (N)-deprived Oryza sativa L. leaves (Xiong et al., 2015)
and boron (B)-deficient Gossypium hirsutum L. leaves (Zhao
and Oosterhuis, 2002) but decreased in Oryza sativa L. leaves
under potassium (K) deficiency (Xie et al., 2020). As two key
traits, A,., and LMA are crucial for balancing the carbon
economy in plants, representing carbon acquisition and invest-
ment per unit leaf area, respectively (Wright ef al., 2002). The
trade-off expressed by the combination of these traits is an
indicator of the strategies employed by plants to adapt to the
prevailing environmental conditions, which largely underpin
the worldwide ‘leaf economics spectrum’ (Wright et al., 2004).
Leaves under nutrient deficiencies tends to have a lower
carbon fixation capacity but display diversity in carbon invest-
ment per unit leaf area, which indicates the possibility of dif-
ferent adaptations to nutrient-poor habitats within or across
species. However, little is known about this possibility and the
underlying driving forces.

To achieve real progress in understanding how plants cope
with nutrient deficiencies from the point of view of the leaf
carbon economy, we must assess the strategy of carbon alloca-
tion to leaves at different physiological or structural levels (i.e.
a comprehensive analysis of the compositional basis of LMA).
Prior studies have broken the LMA down into leaf thickness
(T1) and dry mass density (Dy), with LMA=T; XD (Witkowski
and Lamont, 1991), and determined the predominant driver of
variations in LMA. According to comparisons of LMA across
grasses, herbaceous dicots, deciduous species, and evergreen
woody species, Poorter ef al. (2009) concluded that Dy explained
80% of the difference in LMA, which was consistent with the
observations in rice (Xiong et al.,2016). However, LMA has also
been reported to be driven mainly by T} (Vile ef al., 2005), or
equally by Dy and T} (Villar et al., 2013). Therefore, it is difficult
to understand leaf carbon economics based on these gross struc-
tural traits because D; and 17 can have opposite effects on LMA.
By partitioning LMA as the sum of the tissue mass of different
cellular components or proposing models based on the hypoth-
esis that LMA is driven by anatomical traits (e.g. mesophyll cell
volume and number, airspace fraction, or leaf vein trait), previous
studies have shown that high-LMA species often show a higher
leaf tissue density and larger cell sizes (Sack et al., 2003; Shipley
et al., 2006; Poorter et al., 2009; Blonder et al., 2011;Villar et al.,
2013; John et al., 2017). Lack of nutrients retards leaf growth
through a set of influences on tissue- and cell-level properties,
including regulation of cell number and volume by mediating
cell division and expansion (Marschner, 2012; Miiller ef al.,2015)

Nutrition-mediated leaf carbon economy | 6525

and cell wall and cellular composition by mediating metabolic
fluxes (Amtmann and Armengaud, 2009; Poorter et al., 2009).
However, these influences are not consistent among different
types of nutrient deficiencies. For instance, N deficiency in-
creases cell wall thickness of rice by up-regulating carbon flow
to structural carbohydrates, but sufficient N is favourable to the
enlargement of chloroplasts (Li et al., 2009; Ali and Golombek,
2016); mesophyll cell size tends to increase in phosphorus (P)-
and B-poor orange leaves but decreases in Eucalyptus grandis
leaves suffering from K deficiency (Battie-Laclau et al., 2014;
Liu et al., 2014). In this sense, nutrition-mediated variations in
LMA may be effectively reflected by integration of anatomical
traits even when leaves under different nutrient starvation con-
ditions have similar LMA shifts, indicating the possible carbon
allocation strategies during adaptation.

Leaf carbon-fixation capacity, as another factor in balancing
the plant carbon economy, determines the carbon flux available
tor subsequent leaf establishment. Different nutrient deficiencies
may result in diverse leaf carbon flow rates and lead to vari-
ations in the distribution of carbon at the cell and tissue level.
Carbon allocations, including alterations in cell wall thickness,
mesophyll cell size, and chloroplast density, may also synchron-
ously influence leaf internal CO, diffusion, and, in turn, regulate
photosynthesis (Terashima et al., 2011;Tosens et al., 2012; Tomas
et al., 2013; Lundgren and Fleming, 2020). Given this interplay
between leaf carbon acquisition and investment, it is not sur-
prising that both processes are tightly co-regulated. Nutrient
supply is known to affect leaf anatomy by mediating internal
carbon distribution; however, the available research has not dis-
sected out the influence of different nutrients on leaf cell- and
tissue-level properties and the subsequent consequences for leaf
function. Also, the role of nutrient elements in modulating the
co-regulation of leaf carbon fixation and investment, particu-
larly considering the structural trade-offs, which may trigger
different adaptations to the prevailing nutrient deficiency, is un-
clear. Therefore, we hypothesized that nutrient-induced vari-
ations on an anatomical and compositional basis may underpin
the covariation of A,,., and LMA, allowing the leaf to cope with
variable nutrient stresses.

Winter oilseed rape (Brassica napus L.) is a herbaceous an-
nual plant that requires large amounts of N (147-333 kg
ha™'; Ren and Lu, 2016), P (29.6-77.9 kg ha ' Li et al.,
2011), and K (290-373 kg ha™'; Orlovius, 2003) during the
growth period. Deficiencies in these nutrients decrease seed
yield. Additionally, rapeseed is extremely sensitive to B defi-
ciency and will flower without seed setting when B is insuf-
ficient, reducing yields. Therefore, we examined the effects
of a variety of parameters on carbon assimilation and invest-
ment and the cellular and tissue anatomy in rapeseed under
N-, P-, K- and B-deficient conditions. The aims were: (i) to
verify the possibility of different adaptations within a single
species to nutrient-poor conditions by considering cell- and
tissue-level carbon trade-offs, (ii) to evaluate the influence
of nutrition-mediated structural properties on leaf carbon
fixation, and (iii) to identify the anatomical basis of adjust-
ments in A,., and LMA.

area
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Materials and methods

Study site and growth conditions

The field experiment was conducted during the 2017-2018 rapeseed
growing season in Wuxue County, Hubei Province, China (30°06"46”N,
115°36’9”E). The site has a subtropical monsoon climate and receives
877 mm of precipitation annually, with a mean temperature of 13.8 °C
during the growth period. The field soil was a sandy loam of pH 5.1
(1:2.5 soil: deionized water), with organic matter 32.3 g kg™, total N
1.8 g kg !, NH;OAc-K 49.8 mg kg ', Olsen-P 13.1 mg kg ', and hot-
water-soluble B 0.25 mg kg ™' in the topsoil layer (020 cm).

Experimental design

A complete randomized block design was carried out with five treat-
ments and four replications. The treatments were: (i) control treatment
(CK), with recommended fertilizer application for this region (180 kg
N ha™', 90 kg P,O5 ha™', 120 kg K,O ha™', and 1.6 kg B ha™"); (ii) N
deficiency; (i) P deficiency; (iv) K deficiency; and (v) B deficiency. In
the N-, P-, K-, and B-deficient treatments, the appropriate nutrient was
omitted. N (urea, 46% N) was applied in three splits: 60% as basal fertilizer,
i.e. Biologische Bundesantalt, Bundessortenamt and Chemische Industrie
(BBCH) 15-16 (Lancashire ef al., 1991), 20% during the overwintering
stage (BBCH 29) and 20% at the beginning of stem elongation (BBCH
30). P (superphosphate, 12% P,0Os), K (potassium chloride, 60% K,O), B
(borax, 10.8%) fertilizers were applied manually as basal fertilizers. The
plot was of 20 m?, with a length of 10 m and a width of 2 m.

Rapeseed seedlings were sown and grown in a nursery for approxi-
mately 4 weeks and were transplanted at the five- to six-leaf stage (BBCH
15-16) on 6 November 2017 in double rows spaced approximately 0.3
m apart, with 0.2-0.3 m between plants, corresponding to 112 500 plants
ha™'. The seedlings were grown under rain-fed conditions. Commercial
herbicides, insecticides, and fungicides were applied, and no visual symp-
toms of disease were observed during the growth season.

Leaf morphology and nutrient concentrations

Eighty days after the transplanting, plants within the same treatment had
grown consistently among different replicates. To obtain better estimates
of agronomic traits (such as seed yield at maturity), one of the four repli-
cates was not used for whole-plant destructive sampling. Therefore, plants
and third fully expanded leaves (from apex downwards) were randomly
sampled from three of the four replicate plots to determine plant biomass,
leat morphological traits and nutrient concentration (N, P, K, B). Leaf area
was measured using Image-Pro Plus 4.5 software (Media Cybernetics,
Silver Spring, MD, USA). Leat thickness was determined using a digital
thickness gauge (model 547-401; Mitutoyo, Kawasaki, Japan); care was
taken to avoid the midrib during measurement. For a given leaf, the
thickness of leaf tip, center and base were measured and then averaged.
The LMA was determined by dividing the leaf dry mass by the surface
area, and the leaf density was obtained by dividing the LMA by the leaf
thickness (Witkowski and Lamont, 1991). Dried leaves were milled and
digested with H,SO,~H,O, to determine the N, P,and K concentrations
(Thomas et al., 1967), and dry-ashed at 500 °C for 4 h and suspended in
0.1 M HCI to determine the B concentration (Dible ef al., 1954).

Leaf cross-sectional anatomy

Pieces (1-2 mm?) cut from the middle of the leaves (avoiding
midvein and secondary veins, Fig. 1) were fixed under vacuum
in 2.5% glutaraldehyde (v/v) in 0.1 M phosphate buffer (pH
7.4) for 4 h. Then they were washed and post-fixed in 2% os-
mium tetroxide at 4 °C for 4 h. Afterwards, the samples were
dehydrated in an ethanol series (10-100%) and propylene
oxide, and embedded in Epon 812 resin. Semi-thin (1 pm)
and ultrathin (90 nm) cross sections were cut with an LKB-5

ultramicrotome (LKB Co., Ltd, Uppsala, Sweden). The semi-
thin cross sections were stained with toluidine blue and photo-
graphed at X200 magnification with a Nikon 5 MP digital
microscope camera DS-Fil (Nikon Corp., Kyoto, Japan). The
ultrathin sections were examined with a transmission electron
microscope (H-750; Hitachi, Tokyo, Japan) after staining with
2.0% uranyl acetate (w/v) and lead citrate. Micrographs were
captured at magnifications of X2000-3000 to observe the dis-
tribution of chloroplasts and X20 000—40 000 for the measure-
ment of cell wall thickness.To avoid the possible effects of poor
staining and blurred imaging during the slicing process on the
effective observations, we added one leaf segment from the
fourth replicate, i.e. we used four leaves each from a different
field replicate to prepare cross sections and take photographs.
Measurements of the cross-sectional anatomy were performed
using Image-Pro Plus 4.5 software.

The mesophyll (S,,) and chloroplast surface area exposed to
intercellular airspace per unit leaf area (S.) was calculated ac-
cording to Syvertsen et al. (1995):

lm

Sm = —F
= (1
I

Sc == 7Sm (2)

' and [ are the
total lengths of the mesophyll cell wall and chloroplast touching
the plasma membrane appressed to the intercellular air space,
respectively. The curvature correction factor (F) that allows
cross-section lengths to be converted to surface area was de-
termined by assuming the palisade and spongy cells as capsules
(Thain, 1983; Harwood ef al., 2020). F was calculated for each
leat from the average ratio of cell width to height for palisade
and spongy cells (1.37 for the control and N deficiency treat-
ments, 1.39 for the P and K deficiency treatments and 1.41 for
the B deficiency treatment). The length of mesophyll exposed
to intercellular airspace per cross-sectional area (/,,/ A.cgon) Was
calculated by dividing [, by the total cross-sectional area ac-
cording to Nelson ef al. (2005).The fraction of the intercellular
air space of the mesophyll (AF), spongy (AF,), and palisade
(AF,,) layers was determined by dividing the corresponding
cross-sectional area of the intercellular air space by the area
of mesophyll tissue. The average cell cross-sectional area, cell
height of epidermis, palisade, and spongy cells, cell diameter
and perimeter, cell aspect ratio, and number of layers of epi-
dermal, spongy, and palisade cells were determined as described
in John et al. (2017).These parameters were analysed in at least
three different fields of view for each leaf cross section.

where ¥ is the width of leaf cross section, and [

Assessing the drivers of differences in LMA between
nutrient deficiency and control treatments

We applied the Exhaustive Anatomy and Composition of
Tissues (EXACT) approach proposed by John et al. (2017)
to assess the influence of anatomical traits on variations in
LMA between the nutrient deficiency and control treatments.
Briefly, for a given leaf, the LMA is the sum of the tissue mass
of each component:
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Fig. 1. Leaf symptoms (scale bar: 5 cm) and representative light micrographs (scale bar: 200 um) of leaf cross sections of control and nutrient deficiency
treatments in rapeseed under field conditions. The dashed boxes show where leaves were sampled for anatomical analysis. (This figure is available in

color at JXB online.)

LMA = (CV,, (NCA,.) + CV,,, (NCA,,)

+CV,, (NCAy,) + CVie (NCAL)) pectl

+ (VPAy 4+ VPA) pec + TMAy o)

where the subscripts ue, pa, sp, le, uc, and lc represent, re-
spectively, the upper epidermis, palisade mesophyll, spongy
mesophyll, lower epidermis, upper cuticle, and lower cu-
ticle. CV is the mean estimated cell volume and NCA is
the number of cells per leaf area. VPA is the non-airspace
volume of the tissue per leaf area. p. is the average bulk
cell dry mass density across epidermis and mesophyll tissues,
and p, is the average dry mass density of the upper and
lower cuticle, which was assumed to be constant (1.17 kg
m ) as in John et al. (2017). TMAy is the vein mass per leaf
area. Given the lack of data on TMAy, during the 2017-2018
growing season, we used the values from leaves in the same
position during the 2019-2020 growing season to evaluate
the influence of different nutrient deficiencies on vein mass
accumulation. Rapeseed plants from two growing seasons
were at the same growth stage (overwintering stage) and
the sampled leaves were similar in biomass, area, and LMA

(see Supplementary Table S1; Supplementary Protocol S1 at
JXB online). Since the leaf traits were not exactly the same
between the two years and any variations may result in dif-
ferent outputs of the model, we performed a sensitivity ana-
lysis by using +5% deviation of the TMAy to improve the
confidence in the quantitative calculations (Supplementary
Table S2). The results indicated that the deviation of TMAv
has a marginal influence on the contribution of each com-
positional traits to LMA variation under nutrient deficiency.
Equation 3 can be rearranged to enable p . to be calculated
from the measured LMA and anatomical traits:

- LMA x (1 — (PAEA)Re ) — TMAY
Pl = GV, (NCAue) + CV,, (NCA,,) + CV,, (NCAy) + CVy, (NCA)
(4)
VPA,. (the sum of VPA,. and VPA|) was calculated by as-

suming that the cuticle thickness was on average 3.6% of the
total leaf thickness (John et al., 2013). The CV of each tissue

could be modelled by assuming epidermal cells as cylinders,

palisade and spongy mesophyll cells as capsules; this required

determination of the cell diameter and height (Chatelet ef al.,

2013; John et al., 2017; Harwood et al., 2020). For palisade
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and spongy mesophyll cells, the NCA can be determined as
the total VPA minus the volume per unit area of the airspace
divided by the CV.The total VPA of a tissue x is calculated as:

VPA, = CH, x NCL, 5)

where CH, is the mean cell height and NCL, is the number
of cell layers.

We compared the mean LMA in plants under the nutrient
deficiency and control treatments, and its underlying compos-
itional basis, by evaluating the airspace fraction of the palisade
and spongy mesophyll layers (AF,, and AF,), CV,, NCL,, pq,
and TMAy.

Determination of contributions of variables to
LMA changes

We examined contributions to changes in the leaf LMA related
to variations in the contributing factors by quantifying differ-
ences in plant traits between the control (CK) and nutrient de-
ficiency (ND) treatments, using the approach of Buckley and
Diaz-Espejo (20154). This method is based on an infinitesimal
change in LMA equal to the sum of infinitesimal changes in
the underlying variables:

JLMA OLMA OLMA
dLMA = dx + dx, + dx,
8x1 axZ axn 6
_ N OIMA (©)
B dx;

To apply Eqn 6, this expression is integrated over the interval
of each variable between the CK and ND treatments, which
gives the finite difference in LMA, §LMA, between the two
treatments:

ND
OLMA 8LMA aLMA

X1
CK CK

7)

The integrals can be estimated numerically by approximating
the differentials and derivatives therein as finite differences and
ratios of the finite differences, respectively. Taking the term
with x; as an example:

OLMA ALMA
dxl - Z < AX1

k,k+1
>-Ax1
X2, ... Xy
(7a)

k,k+1
X2, ... Xy

where ¢ denotes the number of sub-intervals between the
CK and ND (k=0 and t, respectively), and numerical inte-
gration with t=1000 is adequate and feasible (Buckley and
Diaz-Espejo, 20154). The superscript ‘k, k+1° means that the
changes in ALMA and Ax; are computed between indices k
and k+1; and the subscript ‘x,, ... x,’ indicates that ALMA is

computed by changing x; while holding x,, ... x, constant.

A more simplified and generalized notation is this:

ND

OLMA - et
P dxy & Y [OLMA|dx1];

ex k=0

(7b)

On the right-hand side of Eqn 7b, variables after the vertical
bar are allowed to change, and all other variables are held con-
stant. The other terms of Eqn 7 (those involving x,, ... x,,) are
integrated using the same method. The numerical integration
X, vary
across the interval. For simplicity, we assumed that the variables
change at a uniform rate across the interval between CK and
ND. For example, at a given point in the interval, x; might be
10% of the way from its value in ND to its value in CK, and
the same is true for x, and all of the other variables. These
numerical procedures were performed using worksheets and
user-defined functions and Visual Basic for Applications sub-

in Eqn 7 requires an assumption about how xy, x,, ...

routines in a Microsoft Excel spreadsheet. A detailed computer
code example can be obtained from ‘Supporting Information
Note S2’ of Buckley and Diaz-Espejo (20154).

A completed integral denotes the absolute contribution of a
variable to the total change in LMA:

JLMA = 0LMA (due to x;)

+ 0LMA (due to x3) + - - - + 0LMA (due to x,)

®)
Then, the contribution from a variable x; (AFpa, AF,,, CV,,
NCL,, P and TMAy) to a change in LMA is defined as:
OLMA (due to x;
Py = 100 - ( ) ©)

JLMA

Gas exchange and fluorescence
measurements

Measurements were conducted on fully expanded leaves (the
third leaves from the apex downwards) using a LI-6400 port-
able photosynthesis system equipped with a 2 cm? LI-6400—40
chamber (LI-COR Inc., Lincoln, NE, USA). The leaves were
stabilized in the chamber at a temperature of 15 °C, a relative
humidity of 40-50%, a CO, concentration (C,) of 400 pmol
mol ™', and a photosynthetic photon flux density (PPFD) of
1200 wmol m™2 s™" (10: 90% blue: red light). After reaching a
steady state, the gas exchange parameters, fluorescence yield
(F,), and maximum fluorescence (F,,") were recorded. Given
that the calculation of mesophyll conductance to CO, (g,)
involves many assumptions and limitations that may reduce
the accuracy and repeatability, resulting in large standard de-
viations (Warren, 2006), four leaves each from a different rep-
licate plot were used for estimation. Then three of them were
randomly selected to measure CO, response curves at a PPFD
of 1200 pumol m™ s™". First, C, was decreased stepwise from
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400 to 50 wmol mol™';it was then increased to 400 pmol mol ™"

until the original A, was achieved. Next, C, was increased

from 400 to 1800 wmol mol™". In all cases, measurements of
A;lrea

at a given C,.The actual photochemical efficiency of photo-

were recorded after the gas-exchange rate had stabilized

system IT (Ppgy) was calculated:
F/m - Fs

Pps = y
F m

(10)

The linear electron transport rate on the basis of chlorophyll
fluorescence (Jp was computed as:

Jf = (ppSHPPFD OéB (11)

where a is the leaf absorbance and f is the fraction of light
absorbed by PSII. Their product was estimated from the re-
lationship between ®pgy; and @¢p, from the photosynthetic
light-response curves under non-photorespiratory conditions
in a low O, (<2%) atmosphere according to Valentini et al.
(1995). Briefly, light responses curves were carried out at <2%
O, on the same leaves used for gas exchange measurement by
progressively decreasing PPFD from 1500 to 300 wmol m™>
57! (see Supplementary Fig. S1). This allowed the calculation
of ®cp, as:

4 x (Aarca + Rd)

12
PPFD (12)

q)COZ =

where Ry is the day respiration rate, which was assumed to be
half of the dark respiration rate. The g,, and the chloroplastic
CO, concentration (C,.) were calculated based on the variable
J method (Harley et al., 1992):

Aarea
PO i VS TP ) (13)
' Jr—=4(AueatRa)
Aarea
Ce=CG—-—— (14)
gm

where C, is the intercellular CO, concentration and I'* is the
CO, compensation point in the absence of mitochondrial res-
piration. A I'* typical for rapeseed, 40.6 pumol mol ™', was used
in this study (Lu et al., 2016).

According to the Farquhar, von Caemmerer and Berry
(FvCB) model, the net photosynthetic rate is limited mainly
by Rubisco carboxylation or by RuBP regeneration (Farquhar
et al., 1980). Therefore, we calculated the maximum rate of
RuBP carboxylation (V) and the maximal rate of electron
transport (J,,..) at measurement temperature using the ‘fitacis’
function of the ‘plantecophys’ package (Duursma, 2015). Since
there is no way to ensure the PPFD (1200 pmol m 2 s™') was
truly saturating for all CO, response curves, J,.. is reported as
the potential electron transport rate at PPFD of 1200 pmol m 2
s™! (J1200; Buckley and Diaz-Espejo, 2015b). We performed fits
using A,..,, C;, PPFD, leaf temperature, measured g,,,, and Ry as
inputs. Other settings were left at default, as these should have
a limited impact on the objective of this study (comparing the
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differences between parameters obtained from different nu-
trient treatments). The sensitivity of A
ables was calculated to analyse the influence of individual traits

to underlying vari-

area

on the differences in A,., caused by nutrient deficiency. The

area

absolute change in A,., was partitioned into contributions

area
from diftfusion (stomatal conductance to CO, (g,) and g,,) and

biochemical parameters (J50, V,

cmax» and Rd) using the afore-
mentioned method used for partitioning changes in LMA.

Briefly, an infinitesimal change in A,,, is assumed to be equal

area
to the sum of infinitesimal changes in the following variables:

aA"larca
dAarea =
Ogic

aAarca

aAarCa
O¢m

aAﬂrCﬂ
dg, + ——d
9m + I 11200

aAarea
ORy4

dgs +

+

d VCl’llﬂX +

dR,
0 cmax ¢

(15)

Integrating this expression over the interval of each variable
between the control and nutrient deficiency treatments gives
the finite difference in A,

area*

CK CK CK

0A 0A 0A
5 Aarea _ area d . area d - area d
agsc & * / agm ¢ * a_]lZOO J1200

ND ND ND

CK CK
+ / aAAarea v + aAarea dR

0 chax e 8Rd ¢
ND ND
(16)

The integrals were evaluated numerically by dividing the
interval between the two treatments into 1000 steps (the same
method used for numerical integration of Eqn 7). A partial
derivation was estimated at each step in the interval by com-
puting the small finite change in A,,., with the implemented
computer code written by Buckley and Diaz-Espejo (2015aq).
After the integrals were completed, each of them represents an
estimate of the absolute contribution of each variable to the
total difference in A,.,. These individual contributions were
divided by the difference in A, and multiplied by 100 to
yield the percentage contribution of each variable to the vari-
ation in A,.,. A full elaboration of the calculations and equa-
tions is presented in Supplementary Protocol S2.

Statistical analyses

Descriptive statistical analyses were performed to assess the
ranges of variables and standard errors (SEs). One-way ana-
lysis of variance was performed to reveal statistically sig-
nificant differences across treatments in the studied leaf
traits using SPSS 18.0 software (SPSS, Chicago, IL, USA).
A principle components analysis was carried out using
the ‘factoMineR’ and ‘factoextra’ packages in R 3.6.1 (R
Foundation for Statistical Computing, Vienna, Austria) to
assess the relationship between functional and anatomical
traits. Graphics were created, and regressions were per-
formed using OriginPro 8.5 software (OriginLab Corp.,
Northampton, MA, USA).
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Table 1. Leaf gross structure as affected by N, P, K, and B nutrient during seedling stage

Trait Control N deficiency P deficiency K deficiency B deficiency
Plant biomass (g) 21.4+1.3a 6.9+1.0bc 5.9+0.8c 9.9+0.9b 9.4+0.7b
Leaf area (cm?) 299+22a 109+12¢c 88+3c 192+26b 131+8¢c

Leaf biomass (g) 1.90+0.11a 0.75+0.13c 0.68+0.03d 1.06+0.10b 1.20+0.08b
LMA (@ m™) 64.1+4.2cd 68.3+5.5bc 77.2+1.2b 55.8+2.3d 91.5+1.2a

Te (um) 343+7¢c 354+14c 493+9b 334+2c 549+7a

D, (g cm™) 0.187+0.012ab 0.193+0.016a 0.157+0.002b 0.167+0.007ab 0.167+0.002ab

Data are mean + SE of three leaves per treatment. Different letters indicate statistically significant differences (P<0.05) among the treatments. Dy, leaf

density; LMA, leaf mass per leaf area; T, leaf thickness.
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Fig. 2. Relationships between observed leaf mass per area (LMA) and leaf thickness and density. Data are mean + SE (n=3 plants). The line was fitted

using linear regression (significant at P<0.01).

Results

Variation in leaf gross and functional traits under
nutrient-deficient conditions

The leat gross traits were considerably different under nutrient-
deficient conditions from under the control condition (CK).
The plant biomass and leaf biomass and area significantly de-
creased under nutrient-deficient conditions, particularly under
P and N deficiency (Fig. 1;Table 1). The LMA showed consid-
erable variation, from 55.8 g m 2 under K deficiency to 91.5 g
m~? under B deficiency. The variation in leaf thickness (T})
was similar among the five treatments, resulting in a tight cor-
relation between LMA and T; (Fig. 2). However, leaf density
only changed 18.7%, from 0.157 g m ™ under P deficiency to
0.193 g m ™ under N deficiency, and was not correlated with
LMA. Nutrient deficiency decreased leaf vein mass per leaf
area (TMAy) by an average of 6.8% (see Supplementary Table
S1).

Leaf functional traits that closely correlated with leaf carbon
fixation were considerably changed under nutrient deficiency
(Table 2). Both area- and mass-based light-saturated photosyn-
thetic rates were significantly lower under nutrient-deficient
conditions. K and B deficiency caused the greatest decreases
in the leaf photosynthetic capacity, the main traits of which,
including stomatal conductance to H,O (g,), mesophyll con-
ductance to CO, (g,,), potential electron transport rate at
PPFD of 1200 umol m™2 s™" (J90), and maximum carboxyl-
ation rate (V..), were reduced by >50%. However, the effect

cmax,

of B deficiency on [y and V., was smaller than that of de-
ficiencies in other nutrients.

We evaluated the average contributions of variables to the
observed changes in photosynthetic capacity (Fig. 3). Diffusion
(the sum of stomatal and mesophyll conductance) and bio-
chemical factors were found to contribute equally to the
decreased leaf photosynthesis under N, P, and K deficiency,
whereas 95.3% of the decreased photosynthesis in B-deficient
leaves was explained by diffusion limitation. Mesophyll con-
ductance was a greater contributor to controlling CO, diffu-
sion in B-, N-, and K-deficient leaves.

Nutrient-mediated shifts in leaf cell- and
tissue-scale properties

We estimated the effects of nutrient deficiency on leaf cell-
and tissue-scale properties (Table 3). The majority of leaf ana-
tomical traits differed significantly among the treatments. The
cell cross-sectional area increased in leaf tissues under nutrient
deficiency, specifically the areas of P- and B-deficient leaves
were 1.56- to 2.33-fold greater than that of the CK group.
Noutrient deficiency increased the perimeter of different tissue
cells (+20.1% on average). Leaves with inadequate P and B
exhibited elongated palisade and spongy cells with longer cell
perimeter and higher cell aspect ratio. However, the increments
of epidermal cell perimeter in nutrient-poor leaves (relative
to control) were smaller in comparison with the changes of

20z Iudy 61 uo 3senb Aq G/ ///8G/%259/02/1 L/o101e/qx[/wod dno-olwspese//:sdpy wouy papeojumoq


http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/eraa356#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/eraa356#supplementary-data

Nutrition-mediated leaf carbon economy | 6531

Table 2. Leaf functional traits as affected by N, P, K.and B nutrient during seedling stage

Trait Control N deficiency P deficiency K deficiency B deficiency
Avrea (LMol m=2 g7 13.9+0.3a 8.1£0.2b 7.3+0.5bc 6.4+0.2¢ 6.8+0.6¢
Anass (Nmol g~' s7) 217+ba 118+3b 94+6¢C 115+4b 74+6d

Ry (umol m=2s7") 1.17+0.10b 1.42+0.22ab 1.34+0.20ab 1.44+0.07ab 1.70+0.04a
gs (Mol m=2s7) 0.156+0.007a 0.123+0.007b 0.095+0.009b 0.073+0.018b 0.064+0.011b
C: (umol mol™) 226+4ab 206+9b 197+2b 260+17a 204+15b
G (Mol M2 s7") 0.235+0.016a 0.165+0.029b 0.196+0.027ab 0.082+0.008¢c 0.075+0.007¢c
C, (umol mol™) 166+8a 149+15ab 160+3a 180+24a 112+10b
1200 (umol m=2 s77) 222+9a 175+10b 150+18bc 101+5d 199+8ab
Vgmax (LMol m™2 s7") 134+4a 106+11ab 87+11bc 64+8¢ 116+11ab

Data are mean + SE of three leaves per treatment for J;,00 and Ve, @nd four leaves per treatment for A, gs, Ci, gm, C., @nd Ry. Different letters
indicate statistically significant differences (P<0.05) among the treatments. A,.., light-saturated photosynthetic rate per unit leaf area; A .ss, light-
saturated photosynthetic rate per unit mass; C,, chloroplastic CO, concentration; C,, intercellular CO, concentration; g,,,, mesophyll conductance to
CO,; gs, stomatal conductance to H,0; J1o00, potential electron transport rate at PPFD of 1200 umol m™2 s7'; Ry: day respiration rate; Vpay, maximum

carboxylation rate.

N deficiency P deficiency K deficiency B deficiency

10} L g,
g,
20| [IBio

Contributions of individual
variables to changes in A (%)
&

o

-60 L

Fig. 3. Contributions of individual variables to changes of light-saturated
photosynthetic rate per unit leaf area (A,.,) under N, P, K, and B deficiency
when compared with control treatment. The average contributions of
stomatal conductance to CO, (gs.), mesophyll conductance (g,,), and
biochemical limitations (Bio) were estimated according to the method
reported by Buckley and Diaz-Espejo (2015a). (This figure is available in
color at JXB online.)

palisade and spongy cells. Nutrient deficiency decreased the
number of cells per leaf area, particularly in low P and B leaves,
of which the whole cross-sectional cell numbers decreased by
55.3% and 40.3%, respectively.

In most cases, the numbers of spongy and palisade meso-
phyll cell layers were independent of nutrient deficiency;
however, the number of palisade cell layers of B-deficient
leaves was 19.3% higher than that of the CK group. P defi-
ciency decreased the air space fraction of the mesophyll cell
layers, mainly due to decreased intercellular air space of the
spongy layers rather than of the palisade mesophyll layers.
Additionally, the air space fraction was affected little by N,
K, or B deficiency. Leaves deficient in K had 28.5% lower
cell dry-mass densities (p.o) than the CK group, whereas
N and B deficiency increased p . by 43.9% and 86.2%, re-
spectively. Also, N, P, and B deficiency enhanced the cell
wall thickness (T.,) by 1.57-,2.27-,and 3.97-fold compared
with the CK group. K deficiency had a non-significant ef-
fect on the T,.The length of mesophyll exposed to inter-
cellular airspace per cross-sectional area (I,,/Accion) ranged

from 0.036 (P deficiency) to 0.049 um™' (N and K defi-
ciency). The mesophyll surface area exposed to intercellular
airspace per unit leaf area (S,,) was similar under N, P, and K
deficiency and in the CK group, but was 31.4% larger under
B deficiency. Nutrient deficiency, particularly K deficiency,
resulted in a marked decrease in the chloroplast surface area
exposed to intercellular air space per leaf area (S.).

Compositional basis for the variations
in LMA

We used the EXACT model, which has a strong ability
to explain LMA from the numbers, dimensions, and mass
densities of leaf cells and tissues (John et al.,2017), to clarify
the compositional basis of nutrient-mediated differences
in LMA. The modelled LMA values of rapeseed leaves
were similar to those observed under multiple nutrient de-
ficiencies (R*=0.98, P<0.01; Fig. 4), indicating the good
explanatory power of this approach on calculated LMA.
By using air space fraction, number of cell layers, estimated
cell volume (since this metric is needed in the EXACT
model, we estimated it by assuming epidermal cells as cy-
linders, palisade and spongy mesophyll cells as capsules; see
Supplementary Table S3) and p ., we performed a quan-
titative analysis to identify which factors were important
realized determinants of LMA variations between the CK
and nutrient-deficiency treatments (Fig. 5). The slightly
higher LMA caused by N deficiency was predominantly
driven by the increased p . (101.7%), but negatively influ-
enced by vein mass per leaf area (TMAy, —33.8%). Under
P-deficient conditions, the LMA increased, which was
mainly attributed to the up-regulated volume of palisade
mesophyll cells (CV,,, 45.6%) and spongy mesophyll cells

(CVy,, 36.5%). Howgver, the decrease in TMAy (—27.0%)
of P-deficient leaves negatively impacted the increment of
LMA. K deficiency slightly decreased LMA by reducing
the p.y (127.2%) and TMAy (27.8%). The p.q (61.8%),
CV,, (17.6%), number of palisade mesophyll layers (NCL,,,
10.5%), and CV, (8.6%) were the important determinants

of the increased LMA of B-deficient leaves.
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Table 3. Leaf anatomical traits as affected by N, P, K, and B nutrients during seedling stage

Trait Control N deficiency P deficiency K deficiency B deficiency
Cell cross-sectional area (um?)
Upper epidermis 501+26b 556+42b 780+78a 607+78b 788+27a
Lower epidermis 364+28c 287+12d 562+17a 339+19c 468+31b
Palisade mesophyll 950+37b 1179+159b 2217+80a 1114+76b 2042+197a
Spongy mesophyll 724+64b 745+86b 1356+31a 718+35b 1178+35a
Cell perimeter (um)
Upper epidermis 84.4+8.6b 95.0+£3.9ab 106.1+6.0a 99.3+9.4ab 112.5+3.8a
Lower epidermis 72.6+2.8bc 66.0+2.6¢ 96.5+1.1a 77.2+1.5b 89.1+3.6a
Palisade mesophyll 125.2+5.2b 142.0+12.2b 201.1+5.6a 139.2+5.9b 199.2+14.1a
Spongy mesophyll 111.0+£9.9b 104.9+5.4b 142.8+2.6a 103.7+2.3b 132.2+2.8a
Cell aspect ratio
Upper epidermis 1.70+0.07ab 2.04+0.11ab 2.07+0.07a 1.99+0.26ab 1.65+0.01b
Lower epidermis 1.71+0.08a 1.77+0.07a 2.00+0.31a 1.70+£0.07a 2.01+0.09a
Palisade mesophyll 1.92+0.16b 1.88+0.21b 2.10£0.07b 2.12+0.05b 2.74+0.14a
Spongy mesophyll 1.44+0.05ab 1.42+0.04b 1.62+0.02ab 1.46+0.04ab 1.564+0.04a
Number of cells per leaf area (x10° m™)
Upper epidermis 3.26+0.66a 2.77+0.61a 1.25+0.27b 1.96+0.37ab 1.33+0.27b
Lower epidermis 1.92+0.53ab 1.99+0.36a 0.71+0.17¢c 1.39+0.13ab 1.08+0.24bc
Palisade mesophyll 2.30+0.35a 2.31+0.25a 1.03+0.20b 2.45+0.41a 1.86+0.40ab
Spongy mesophyll 4.49+0.61a 4.25+0.16a 2.38+0.46b 4.20+0.17a 2.90+0.38b
Mesophyll cells 6.79+0.96a 6.56+0.40a 3.41+0.66b 6.65+0.34a 4.76+0.45b
Whole cross-section 12.0+0.83a 11.3+0.60a 5.37+0.37b 10.0£0.31a 7.17+0.96b
Number of cell layers
Palisade mesophyll 3.06+0.06b 3.29+0.04b 3.32+0.12b 3.18+0.03b 3.65+0.22a
Spongy mesophyll 4.63+0.13a 4.40+0.28a 4.90+0.65a 4.64+0.18a 4.92+0.21a
Air space fraction (%)
Palisade mesophyll 26.2+0.81a 25.3+1.01a 25.5+1.46a 25.3+1.72a 23.7+1.89a
Spongy mesophyll 42.3+1.53 a 40.3+1.52a 34.3+£1.25b 41.5+2.37a 40.6+2.69a
Mesophyll cell layers 30.6+1.72ab 29.7+1.14ab 27.5+0.26b 30.2+2.15ab 33.4+1.51a
Other traits
Peer (kg m™) 116.3+6.6¢ 167.4+12.0b 115.6+5.1¢c 83.2+22.6d 216.6+9.0a
Tow (um) 0.153+0.006d 0.240+0.018c 0.347+0.015b 0.171+0.018d 0.608+0.036a
I/ Asestion (WM™ 0.046+0.001a 0.049+0.001a 0.036+0.001b 0.049+0.002a 0.038+0.001b
S (M2 m™ 22.4+0.66b 22.5+1.34b 24.2+0.95b 22.3+0.87b 30.3+1.36a
Se(M2m) 16.3+0.42a 12.8+1.21bc 15.4+0.45ab 11.4+1.38¢c 13.1+0.75bc

Data are mean + SE of four leaves per treatment. Different letters indicate statistically significant differences (P<0.05) among the treatments. //Asections
the length of mesophyll exposed to intercellular airspace per cross-sectional area; pg, cell dry mass density; S, chloroplast surface area exposed to
intercellular air space per unit leaf area; S,,,, mesophyll surface area exposed to intercellular airspace per unit leaf area; T, cell wall thickness.
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Fig. 4. Observed values for leaf mass per area (LMA) plotted against
values predicted by the EXACT model (John et al., 2017). Data are mean +
SE. The black line was fitted using linear regression (significant at £<0.01),
and the grey line represents 1:1.

Discussion

Leaf carbon investment strategy for coping with
nutrient deficiency is associated with internal
distribution of carbon between p.e and cellular
anatomy

Leaves cope with nutrient depletion by changing both the
magnitude and the cellular components of LMA. The results
of our sensitivity analysis indicate that the strongest drivers of
the changes in LMA under nutrient deficiency were p and
cellular anatomy, including the volumes of palisade and spongy
mesophyll cells and the number of palisade mesophyll layers. As
suggested by Poorter et al. (2009), p . was mainly determined
by the cellular chemical composition, including minerals, total
non-structural carbohydrates, total structural carbohydrates,
organic acids, soluble phenolics, proteins, lignins, and lipids.
Therefore, nutrient elements modulate LMA most likely by
modulating the flow of carbon into chemical components or
cellular structures.
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Fig. 5. Partitioning the influence of anatomical and compositional traits on the variations in leaf mass per area (LMA) between nutrient deficiency and

control treatment with EXACT model. AF,, and AFg, air fraction of palisade and spongy mesophyll; CVj,, CV,, CV.

spr CVie, Mean cell volume of lower

epidermis, palisade mesophyll, spongy mesophyll, and upper epidermis; NCL,,, and NCL,, the number of palisade and spongy mesophyll cell layers;

Pcels @verage cell dry mass density; TMA,, vein mass per leaf area.

In the present study, N and K had a moderate influence
on LMA (<15% shifts compared with the control treat-
ment) and p . was the predominant determinant, indicating
that N and K are particularly relevant to the allocation of
carbon to cellular components (Fig. 2). N deficiency report-
edly enhances the investment of carbon in cell wall com-
ponents such as total structural carbohydrates (Amtmann
and Armengaud, 2009; Ali and Golombek, 2016), lignin
(Sun et al., 2018), and phenolics (Booker, 2000), which in-
creased the average p.; in contrast, the lowered p g in
K-deficient leaves was mainly driven by the decreased ac-
cumulation of solutes (Amtmann and Armengaud, 2009). In
the case of P deficiency, more carbon was distributed to
construct leaves with larger epidermis, palisade, and spongy
cells and a lower air fraction of the spongy mesophyll, re-
sulting in LMA up-regulation (Fig. 1). The involvement of
P in cell expansion is primarily attributed to the sharply
decreased cell number (Table 3), because cell division may
be inhibited by lower leaf cytokinin levels (Hare et al., 1997;
Wang et al., 2006) and increased callose deposition in low-P
leaves (Mdller et al., 2015). B-deficient plants invested more
carbon to increase leaf chemical compositions (mainly cell
wall components) and the average cell volume, with p g and
anatomy traits contributing 61.8% and 45.3% of the total
increase in LMA, respectively (Fig. 5). These findings sug-
gest that nutrition-mediated shifts in LMA are attributable

to the alteration of carbon investment in p.y and cellular
anatomy, which is of particular relevance to the functions
of nutrients.

Among the elements studied, K has a non-structural role,
and its deficiency greatly decreased inorganic ions and cel-
lular metabolites (Amtmann and Armengaud, 2009) and
eventually the p.y and LMA. In contrast, plants suffering
from N, P, and B deficiency have tougher leaves (a higher
LMA) because of a larger p. (Poorter ef al., 2009) and/or
cell expansion. Since LMA plays a central role in various
plant strategy schemes, future research should scale up the
influence of micro components of LMA and comprehen-
sively consider the specific function of limiting nutrients in
assigning species’ resource-use strategies in an oligotrophic
ecosystem.

Functional consequences and causes of nutrition on
leaf carbon fixation: the importance of leaf anatomy

Distinct leaf carbon investments in nutrient-poor leaves result
in different leaf components (both structural and biochem-
ical) that could be incorporated to influence leaf carbon fix-
ation. One of the primary photosynthetic traits most relevant
to a combination of anatomical and biochemical factors is g,,
(Lehmeier ef al., 2017; Lundgren and Fleming, 2020). In the
present study, when diffusional limitation is broken down into
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Fig. 6. Principal component analysis of leaf functional and structural traits
for rapeseed plants under multiple nutrient deficiencies. The quality of
representation of the variables on factor map (cos2) is indicated in different
colors. A higher cos2 indicates a good representation of the variable on
the principal component. In this case the variable is positioned close to the
circumference of the correlation circle. A,.a, light-saturated photosynthetic
rate per unit leaf area; AR, and AF;, air fraction of palisade and spongy
mesophyll; CVjs, CVp,, CVgp, CVye, mean cell volume of lower epidermis,
palisade mesophyll, spongy mesophyll and upper epidermis; NCL,, and
NCL,,, the number of palisade and spongy mesophyll cell layers; pqy,
average cell dry mass density; S, chloroplast surface area exposed

to intercellular air space per unit leaf area; S,,, mesophyll surface area
exposed to intercellular airspace per unit leaf area; T, cell wall thickness;
TMA,, vein mass per leaf area. (This figure is available in color at JXB
online.)

individual variables, the contribution from g,, was larger in N-,
K-, and B-deficient leaves (Fig. 3), indicating the pivotal func-
tion of nutrients in regulating CO, flux within the mesophyll
(Xiong and Flexas, 2018; Lu ef al., 2019). The distinct changes
in S, and/or T, might underpin the observed decrease in
s nevertheless, the underlying mechanisms that trigger these
variations could be diverse depending on different mineral
elements. N, K, and B deprivation down-regulated S, thus re-
ducing the surface area for CO, dissolution to reach the site
of carboxylation. Given that the S, did not synchronously de-
crease with the S, or even increased in B-poor leaves (because
higher leaf thickness compensated for the decreased [,/ A .cion)»
the decreased S, in nutrient-deficient leaves was most likely
due to the decreased chloroplast quantity because of acceler-
ated chloroplast degradation (Hall ef al., 1972; Lu et al., 2016).
In plants undergoing nutrient stress, the degradation of chloro-
plasts and the recycling of their nutrients is an effective means to
ensure growth and delay senescence (Xie ef al.,2015). Especially
for K*, which accounted for up to 80% of the cations in the
chloroplast stroma, its low concentration in K-starved leaf (see
Supplementary Table S4) could not maintain homeostasis and
chloroplast development (Schroppel-Meier and Kaiser, 1988),
resulting in a more striking decrease in S.. Additionally, the
lower g,, values in N- and B-deprived leaves were related to
increased T, which is probably attributed to the enhanced

carbon flux to the cell wall (Ali and Golombek, 2016) and
impaired formation of dimeric B-dRGII pectin complexes
(Marschner, 2012), respectively. The role of K in mediating
TCVV

plasmic resistance by enhancing the distance of the chloro-

is marginal, but K starvation is known to increase cyto-

plast from the cell walls and between adjacent chloroplasts (Lu
et al., 2016). N and B deficiency may also impact cellular re-
sistances along the leat internal CO, diffusion pathway, but
to date, their magnitude and relative contributions have never
been quantified. Biochemical-based features, such as mem-
branes and aqueous compartments (aquaporins and carbonic
anhydrases) and apoplastic metabolism (modifying the physical
and chemical composition of the cell wall), could influence g,,,
and sometimes their contribution can be even larger than that
of leaf anatomy (Tomas ef al., 2013; Clemente-Moreno et al.,
2019). Nutrient status may influence these biochemical prop-
erties (Kanai ef al.,2011; Ding et al.,2018), but whether the de-
crease in g, is associated with biochemical factors is unknown.

In contrast, a doubling of cell wall thickness in P-deficient
leaves resulted in a slight decrease in g,,. This is largely because
the key determinant S, decreased by less than 10% in P-starved
leaves. P starvation suppresses the activity of ribonuclease poly-
nucleotide phosphorylase and to some extent reduces P con-
sumption during the degradation of chloroplastidial RINA,
which induces a phosphate sparing strategy in low-P plants
(Yehudai-Resheft et al., 2007). For cellular resistance, cell wall
contributed only 10% of the liquid-phase resistance in rapeseed
leaves, whereas most of the resistance was situated in the chloro-
plast stroma (40-55%; Lu et al., 2016). In this sense, g,, may not
be sensitive enough and cannot always be revealed by overt al-
terations in anatomical components such as cell wall thickness
(Lehmeier et al., 2017). If structural traits represent only a small
proportion of liquid-phase resistance, then one may not expect
that their variations would reveal similar-magnitude changes in
9., while other key determinants (e.g. S.) do not change much.
The possible changes in air channel diameter, connectivity, and
tortuosity, and cell wall porosity in P-deficient leaves may also
be responsible for the non-synchronous changes between cell
wall thickness and g, (Evans et al., 2009; Lehmeier et al.,2017).

Aurea @nd LMA respond co-ordinately under
nutrient-poor conditions

It is likely that A,,., contributes substantially to the plant carbon
flow available for leaf establishment under different carbon in-
vestment strategies, and that carbon flow has knock-on effects
on structural properties, which may, in turn, affect A,.,. The
carbon-investment trade-offs among those anatomical traits
may underlie the covariation of A,., and LMA. Therefore, by
principal component analysis of leaf functional and anatomical
traits, we assessed the relationship of A,,., and LMA and their
potential structural basis (Fig. 6). The two principal compo-
nents (dim 1 and dim 2) explained 56.8% of the variance in the
data set. A,,., was negatively correlated with LMA when the
results of all treatments were pooled. This relationship has been
regarded as a universality of the leaf economics spectrum across
species and communities and is used to interpret leaf resource-
use strategies (Wright et al., 2002; Poorter et al., 2009). A

area
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was found to be positively related to the combination of S, and
the air fraction of the palisade and spongy mesophyll, whereas
LMA was most closely related to T, the volume of spongy
mesophyll cells, and the number of palisade cell layers, which
was in close agreement with the observations of Shipley ef al.
(2006). Therefore, under nutrient-stress conditions, LMA 1is
likely to be increased by greater investment of carbon in meso-
phyll cells, leading to fewer but larger and slightly more tightly
arranged cells, a greater number of cell layers, and a thicker
cell wall. This is thought to be an adaption to increase leaf
lifespan by structural reinforcement under adverse conditions
that favour slow tissue turnover (Wright et al., 2002). Although
the LMA in K-deficient rapeseed leaves was decreased, the
carbon distribution was somewhat similar to those under N,
P, and B deficiency, with fewer cells and a slightly greater T,
Increasing the number of mesophyll cells enhanced A,,, by
manipulating S. (Ren et al.,, 2019; Lundgren and Fleming,
2020). However, S, was not affected by the smaller number of
cells in nutrient-poor leaves because S, remained unchanged
(N, P, K deficiency) or even increased (B deficiency). Therefore,
the decreased S, was likely due to the decreased investment of
carbon needed to maintain chloroplast quantity. Additionally,
the thicker cell wall in nutrient-poor leaves enhanced cell wall
resistance to CO, diffusion and decreased A,,., (Tomas et al.,
2013).Therefore, we confirmed the hypothesis that leaves with
a low mineral nutrient content exhibit reduced carbon fixation

(lower A,..,) and tend to invest more carbon to produce larger

)
area
cells with a thicker cell wall and smaller S., which decreases
mesophyll conductance and causes feedback limitation of A,,.,.

Our data provide insight into the importance of mineral nu-
trients in leaf trait trade-offs by considering the compositional
basis of two key attributes of the leat economics spectrum.
Moreover, the results reveal a conserved coordination between
A,res and LMA that is independent of nutrient-specific limi-

tations. This provides direct evidence that the microstructural

area

carbon distribution is a fundamental determinant of LMA and
Leaf cell and tissue traits should be
considered underlying determinants of variations in A

its covariation with A

area and
LMA and their relevance under multiple environments, espe-
cially when their covariation is weakened, or the relationship
does not map to the leaf carbon-use strategy (Peguero-Pina
et al.,2017; Anderegg et al., 2018; Nadal et al., 2018). Our ana-
lysis also suggests potential factors (e.g. cell dry mass density
and cell volume) in the leaf economics spectrum that may en-
hance our understanding of leaf internal carbon investment
and the observed trade-offs.

Conclusions

In nutrient-poor habitats, plants have a weaker carbon fix-
ation capacity (lower A,.,) and produce less carbon to flow
into the leat. However, LMA responds diversely in oligotrophic
habitats, being either increased or decreased. Our results show
that the variations in LMA are largely dependent on nutrient-
mediated shifts in the cell- and tissue-level carbon distribution
between Py and cellular anatomy. N, P, and B deficiencies
tend to increase LMA by enhancing carbon allocation to
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cellular chemical components (increasing pP.y) and/or to
support cell expansion, whereas decreased cellular solutes
(reducing p.q) could be the uppermost reason for the down-
regulation of LMA in K-starved leaves. Despite these striking
differences in microstructural carbon investment, leaves with
insufficient mineral nutrients tend to invest more carbon in
non-photosynthetic tissues to produce fewer but larger cells
with a thicker cell wall and smaller S, leading to feedback
regulation of A,,.,. Therefore, nutrient-induced variations in
carbon assimilation and internal distribution could respond
co-ordinately to balance the leaf carbon economy.
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