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Abstract

Background and aims Plasticity of plants refers to their
ability to produce different phenotypes in different en-
vironments. Plants show plasticity aboveground as well
as belowground. The influence of the arbuscular mycor-
rhizal fungal (AMF) symbiosis on root plasticity is
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poorly known. This study aimed to quantify plasticity
of root-system related, morphological, physiological or
mycorrhizal traits along a soil phosphorus (P) supply
gradient.

Methods Six varieties of maize (Zea mays L.) were
grown in pots with or without AMF at five rates of P
supply. Fifteen root traits were measured and calculated
after seven weeks of growth.

Results Root system traits (biomass and length) and
physiological traits (phosphatase activity at the root
surface and in the rhizosphere) showed high plasticity
along the P gradient, whereas morphological traits (spe-
cific root length and root diameter) exhibited low plas-
ticity. Mycorrhizal presence reduced root-system plas-
ticity (biomass and length), increased morphological-
trait plasticity (specific root length and proportion of
fine roots), but had little effects on other traits.
Conclusion Our results indicate that trait plasticity re-
lated to the root system constitutes the most important
adaptive strategy for maize to variation in P supply, and
that the mycorrhizal symbiosis reduces root-system
plasticity.

Keywords Physiological traits - Morphological traits -
Root/shoot ratio - Specific root length

Introduction
Phosphorus (P) is an essential nutrient for plant growth,
development and reproduction. Because most soil P

occurs in fractions with slow desorption kinetics, the
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major limiting factor for crop production is soil P avail-
ability rather than the total amount of soil P (Vance et al.
2003). In order to acquire sufficient P, plants can allocate
(relatively) more biomass to roots (increasing root/shoot
ratio; an architectural or root-system trait), regulate root
morphological (root diameter and specific root length)
and/or physiological traits (exudation of phosphatase,
carboxylates and protons) to enhance P acquisition in P-
limiting environments (Lambers et al. 2006, 2015).
Furthermore, most plant species form symbioses with
arbuscular mycorrhizal fungi (AMF), which improve P
capture (Smith and Read 2008). Different plant species
have distinct strategies with different combinations of
(mycorrhizal) root traits to respond to environmental
stress (Li et al. 2017; Zemunik et al. 2015). Different
varieties of a species may also exhibit different strate-
gies based on different trait combinations. Still, how
belowground traits respond to variations in P supply
remains obscure.

Trait plasticity, i.e. species’ adjustment of trait values
in response to changing environmental conditions
(Callaway et al. 2003), is a vital factor affecting the
plant’s ability to withstand environmental stress. Differ-
ent root and mycorrhizal traits show diverse plastic
responses to variation in soil nutrient availability
(Iversen et al. 2017; Lambers et al. 2006). Fort et al.
(2015) found that at low P availability, members of the
Fabaceae increased root/shoot ratio and root surface
phosphatase activity. Bayuelo-Jimenez et al. (2011) re-
ported that under P deficiency maize (Zea mays L.)
increased root/shoot ratio, nodal rooting, nodal root
laterals, nodal root hair density and first-order laterals.
These studies indicated that root morphological traits
have different variation ranges in response to differences
in P availability.

In addition, the presence of AMF also impacts on the
plasticity of root traits. Meta-analysis showed that AMF
often increase root biomass and root length but decrease
root/shoot ratio (Veresoglou et al. 2012), however the
mycorrhizal effect on root/shoot ratio was not signifi-
cant after correction for mycorrhizal effects on plant
biomass. Ryan et al. (2016) also reported that AMF
significantly decreased root mass ratio (root mass divid-
ed by total plant mass) of subterranean clover (7rifolium
subterraneum L.). Zhu et al. (2003) found that AMF
significantly reduced specific root length of two barley
(Hordeum vulgare L.) genotypes with 10-30%. Among
Musa genotypes, AMF had positive, but unequal effects
on primary (higher-order) and secondary and tertiary
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(lower-order) roots, resulting in a more branched root
system in the mycorrhizal condition (Elsen et al. 2003).
Mycorrhizal impacts on physiological root traits have
also been described, for example, Ryan et al. (2012) and
Gao et al. (2012) reported that AMF downregulated the
production of carboxylates.

Interactions between P and AMF on root trait
plasticity have also been described. In a study of two
inbred lines of maize, Hao et al. (2008) reported a
negative effect of both P supply and AMF on specific
root length, and the magnitude of both effects was
dependent on the specific inbred line studied. Currently,
there is only little information how AMF affects plastic-
ity of diverse root traits in relation to P supply, apart
from impacts of P supply on mycorrhizal root coloniza-
tion. Earlier studies have shown that varieties of the
same crop species differ in their dependency on, and
response to, the mycorrhizal symbiosis (Hetrick et al.
1992; Kaeppler et al. 2000; Zhu et al. 2001, 2003).
These studies mainly focused on how P level, AMF
and their interaction impacted on shoot growth and P
uptake. How AMF and P supply alter root traits, has not
yet been explicitly investigated. Plasticity in P transport-
er expression in roots (with or without induction by
AMF) can change with P supply. At low soil P supply,
a phosphate transporter located in the periarbuscular
membrane of AMF-colonized roots was expressed more
strongly than transporters in the root cell plasma mem-
brane (Harrison et al. 2002). Conversely, at high plant P
status, the mycorrhizal P uptake pathway was almost
completely repressed and the P transporter genes in-
duced by AMF were down-regulated (Nagy et al. 2009).

Crop species may have different plasticity response
patterns because crop breeding has often sought to re-
duce plasticity in order to achieve yield stability over a
range of environmental conditions (Semchenko and
Zobel 2005). Breeding for yield stability could also have
been an underlying cause of modern crop genotypes
being less responsive to the mycorrhizal symbiosis than
their wild progenitors (Galvan et al. 2011; Kaeppler
et al. 2000), although exceptions exist as some modern
hybrids of maize have even higher mycorrhizal respon-
siveness than older landraces (Chu et al. 2013). The
importance of maintaining plasticity during crop breed-
ing is increasingly recognised (Matesanz and Milla
2018; Sadras and Denison 2016). Understanding the
degree of root trait plasticity, including mycorrhiza-
dependent root trait plasticity, is therefore crucial for
breeding cultivars for sustainable agriculture.
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Maize is one of the most widely cultivated crops
globally and is used as human and animal food, forage
and a source of bio-ethanol. Maize varieties including
inbred lines, hybrids, and landraces are always colo-
nized by AMF under field conditions (An et al. 2010).
Current agricultural intensive management (e.g. high
fertilizer input, monoculture, and high tillage frequency)
impacts on the abundance and functional traits of the
mycorrhizal symbiosis (Verbruggen and Kiers 2010;
Wang et al. 2018b) and therefore modification of root
trait plasticity by AMF is likely important. Understand-
ing root trait plasticity in relation to P supply in the
presence or absence of AMF may help to improve P
acquisition of maize varieties, a prerequisite for breed-
ing for high P uptake efficiency (at a given P level) as a
way of saving P in the framework of sustainable agri-
culture. We therefore selected six maize varieties based
on our previous research (Chu 2013; Chu et al. 2013;
Wang et al. 2017), including one landrace bred in 1950s,
three hybrids bred from 1970 to 2010, and two inbred
lines from the beginning of twenty-first century (more
information about these six maize varieties in the M&M
section). These six varieties were grown at five P supply
levels in the absence or presence of AMF to quantify the
magnitude of change in root traits and to evaluate the
effects of AMF on root trait plasticity in response to
variation in P supply.

In this study, we mainly focused on how P supply,
AMF and their interaction affected 15 root traits of six
maize varieties, and specifically addressed the following
questions: 1) do different maize root traits show similar
plasticity in response to variation in P levels; ii) how do
the mycorrhiza-related traits change in plasticity in re-
sponse to different P levels; and iii) does the presence of
AMF alter root trait plasticity.

Materials and methods
Experimental design

A calcareous loamy soil was collected from field plots at
the Changping Long-Term Fertilizer Station of China
Agricultural University in Beijing, China (40°05'32"N,
116°20'41"E). Bulk density of the soil was 1.38 g cm .
The soil contained 17.8 g kg~ ' organic matter,
870 mg kg ' N (C:N=10), 2.9 mg kg ' Olsen-P,
156 mg kg ' exchangeable K, and had pH 7.8 (in
0.01 M CaCl,). The soil was passed through a 2-mm

sieve and sterilized by radiation with ®°Co y-rays at
10 kGy.

The experiment was a 2 x 6 x 5 factorial with two
mycorrhizal treatments (with and without inoculation
with Rhizophagus irregularis), six maize (Zea mays
L.) varieties (197, 181, NE15, ND108, ZD2 and
HMY; reasons why we chose these varieties were ex-
plained below), and five P addition levels (0, 20, 50, 100
or 250 mg of P kg_l soil as KH,POy,). There were four
replicates per treatment. To achieve the same soil K
level among all treatments, K,SO4 was supplied at
315, 289, 252, 189 and 0 mg K kg71 soil in the treat-
ments with increasing P levels. In addition, the follow-
ing mineral nutrients were added to all treatments (per
kg soil): 200 mg of N (as KNOj3), 50 mg of Mg (as
MgS0,), 5 mg of Zn (as ZnSQ,), and 2 mg of Cu (as
CuSOQy,). The nutrients were uniformly mixed in soil
before placing the soil in plastic pots (18 cm in height,
16 cm in diameter, 2 kg of soil pot ).

The AMF Rhizophagus irregularis (Kruger et al.
2012), formerly Glomus intraradices, isolate BGC
BJ08, was kindly supplied by Prof. Youshan Wang from
the Bank of Glomeromycota of China, Institute of Plant
Nutrition and Resources, Beijing Academy of Agricul-
ture and Forestry Research, China. The fungus was
propagated on maize plants growing in a 5:1 mixture
(w/w) of zeolite and river sand for 4 months in a green-
house, and the inoculum consisted of substrate contain-
ing spores (150 g ' potting substrate), mycelium and
fine-root segments. The inoculum (20 g kg ' soil for
each pot in the mycorrhizal treatment, and 20 g sterilized
inoculum kg ' soil for each pot in the non-mycorrhizal
treatment) was added. To minimize differences in mi-
crobial communities of mycorrhizal and non-
mycorrhizal treatments, 10 mL of AMF-free filtrate
from the inoculum was added to each non-mycorrhizal
pot, and 10 mL of deionized water was added to each
mycorrhizal pot.

Six Chinese maize varieties were used: 181 and 197
were inbred lines. Variety 181 was defined as a P-
efficient, and 197 was defined as a P-inefficient variety
(Liu et al. 2004). These two varieties were selected from
among 100 lines in a 2-year field experiment in a P-
deficient soil (Olsen-P 5.8 mg kg™ ') where no P fertilizer
had been supplied since 1986; variety 181 showed no
symptoms of P deficiency, whereas 197 showed severe
symptoms (purple leaves and stem) at the seedling stage.
At maturity, 181 showed significantly higher biomass
and grain yield than 197. The results by Liu et al. (2004)
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suggested that, compared with 197, the P-efficient line
181 had a larger root system (including root biomass
and length), higher capacity of proton release to acidify
the rhizosphere, and increased phosphatase activity at
the root surface. NE15 and Nongdal08 (ND108),
single-cross varieties, were developed in the 1990s and
2000s, respectively; Zhongdan2 (ZD2), a mid-maturity
hybrid, was developed in the 1970s; Huangmaya
(HMY), an open-pollinated, early-maturity landrace,
was developed in the 1950s (Chu et al. 2013). HMY
had high biomass and responded strongly to AMF at
low P level, whereas ND108 had low biomass and a
relatively low mycorrhizal responsiveness; ZD2 pro-
duced intermediate values between those for HMY and
ND108 (Yang 2009).

Seeds of maize were surface-sterilized in 10% (v/v)
hydrogen peroxide for 10 min and rinsed at least five
times in deionized water. Three germinated seeds were
sown into each pot and were thinned to one seedling per
pot after emergence (seedlings with similar size were
retained for the four replicates).

The experiment was conducted in a greenhouse at the
China Agricultural University (40°01'267"N, 116°16’
36"E). The greenhouse temperature range was from
25 °C (night) to 30 °C (day), and average photosynthet-
ically active radiation was 380 umol m > s '. There was
no supplementary lighting.

The greenhouse experiment was set up as a random-
ized complete block design. Pots within each block were
re-randomized weekly, to further decrease effects of
plant location within blocks. In the process of re-
arranging the relative locations of plants, the possibility
of injury to plants was avoided (Hardy and Blumenthal
2008). However, relocation was likely unnecessary. Wa-
ter was supplied daily, and the pots were weighed every
three days to adjust soil moisture content to 20% (w/w);
differences in plant weight among treatments were
ignored.

Plant harvest and root trait measurements

Plants were harvested seven weeks after sowing. We
measured 15 traits belonging to four categories
(Bardgett et al. 2014): 1) whole-root system or architec-
tural traits: root biomass, root/shoot ratio and root
length; 2) root morphological traits: specific root length,
proportion of fine-root length, root tissue density and
root diameter; 3) root physiological traits: pH of rhizo-
sphere soil, acid phosphatase at the root surface (RP)
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and alkaline phosphatase in the rhizosphere (SP); and 4)
mycorrhizal traits: mycorrhizal colonization, hyphal
length density (HLD), hyphal length per unit root length
(HLRL), mycorrhizal root biomass and mycorrhizal root
length. A full description of every root trait is provided
below in the section on measurements.

At harvest, shoots and roots were separated. Shoots
were oven-dried at 70 °C for three days, weighed and
ground to fine powder. After digestion in a H,SO,4 and
H,0O, mixture (Bao 2000), shoot P concentration was
quantified by the molybdo-vanado-phosphate method
(Kitson and Mellon 1944). In this paper, because we
mainly focus on root trait changes with P levels and
AMEF, we supply shoot biomass, P content and P con-
centration in the supporting materials (Table S1; Figs.
S1, S2, and S3).

Roots were carefully lifted out of the soil and shaken
to remove loosely adhering soil around roots (consid-
ered to be bulk soil), with the tightly adhering soil
around roots defined as rhizosphere soil (Veneklaas
et al. 2003). The roots with tightly adhering rhizosphere
soil were immersed in 100 mL of 0.2 mM CaCl, solu-
tion and shaken repeatedly and carefully for 1 min. Care
was taken to minimize root damage. The resulting soil
suspension was used to measure the rhizosphere soil pH
and alkaline phosphatase activity of the rhizosphere.
The pH of the suspension was measured with a micro-
electrode (Waterproof pHTestr® 10 BNC pH tester,
Eutech Instruments, Pte. Ltd., Singapore) (Li et al.
2010). Alkaline phosphatase activity of the rhizosphere
[p-nitrophenylphosphate (p-NPP); pmol p-NPP h ™' g!
dry soil was measured according to Alvey et al. (2001).
Two 0.5-mL aliquots of soil suspension were transferred
into 2-mL centrifuge tubes for measurement of alkaline
phosphatase activity (Alvey et al. 2001; Neumann
2006). The rhizosphere soil in the CaCl, suspension
was separated by centrifugation for 10 min at
12,000%g, dried at 60 °C and then weighed. The con-
centration of p-NP (derived from p-NPP added before
the centrifugation into 2-mL centrifuge tubes) in the
supernatant was measured spectrophotometrically at
405 nm. After analysis the dry weight of soil in the
tubes was determined to report alkaline phosphatase
activity of the rhizosphere per mass unit.

Acid phosphatase activity at the root surface (pumol
p-NPP h™! ¢! root fresh weight) was measured accord-
ing to the method of Neumann (2006). Excised 1-2 cm
maize root segments (a fresh batch of root samples)
were washed 3—5 times in acetate buffer (0.2 mol L™},
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pH 5.2) in 2-mL centrifuge tubes and immersed in the
solution containing 0.5 mL water, 0.4 mL acetate buffer
(0.2 mol L', pH 5.2) and 0.1 mL 0.15 mol p-NPP
substrate. After reaction for 10 min at 25 °C, 0.8 mL
of the reaction mixture was transferred to a new tube,
and 0.4 mL of 0.5 mol L™' NaOH was added to termi-
nate the reaction. The concentration of p-NP (derived
from p-NPP) was measured spectrophotometrically at
405 nm. After analysis the fresh weight of root in the
tubes was determined to report acid phosphatase activity
at the root surface per mass unit.

Roots were washed with deionized water, blotted and
preserved at —20 °C. Root length and diameter were
measured using a WinRHIZO scanning and image-
recording system (EPSON 1680, WinRHIZOPro2004b).
Specific root length (m g ') was assessed as the ratio of
root length over root weight. The proportion of fine-root
length over total root length (roots with a diameter <
0.3 mm were defined as fine roots; Li et al. 2014) was
determined by WinRHIZO software automatically. We
calculated root tissue density, assuming roots as perfect
cylinders (Ostonen et al. 2007).

After scanning, a weighed subsample of the root
system was cleared and stained for mycorrhizal coloni-
zation. Mycorrhizal colonization was assessed by the
method of Trouvelot et al. (1986). Roots were cut into 1-
cm segments and thoroughly mixed, and a 0.5-g sub-
sample was cleared with 10% (w/v) KOH at 90 °C for
2 h and stained with trypan blue. The remaining roots
were oven-dried at 70 °C for 3 days and weighed.
Whole dry root biomass was determined according to
the whole fresh root biomass and then root/shoot ratio
was calculated. We also calculated mycorrhizal root
biomass and mycorrhizal root length, which were deter-
mined as the product of fractional mycorrhizal coloni-
zation and root biomass and root length. The soil sam-
ples for each pot were taken for determination of HLD
(meters of hyphae gram-' dry soil). HLD was deter-
mined according to Jakobsen et al. (1992). We also
calculated HLRL, hyphal length per unit root length.

Data analysis

We used three-way ANOVA to test for effects of my-
corrhiza, P levels, varieties and their interactions on 10
root traits (P <0.05). When the three-way interaction
was significant, it was presented in figures; if the
three-way interaction was non-significant, only the sig-
nificant two-way interactions were presented. In

addition, we used two-way ANOVA to test for effects
of P levels and varieties and their interaction on five
mycorrhizal root traits (P <0.05). To subsequently ad-
dress how roots of maize varieties responded to various
P supply levels, we calculated the coefficient of varia-
tion for each trait across five P treatments. We did this
separately for non-mycorrhizal and mycorrhizal treat-
ments, to evaluate how the mycorrhizal symbiosis af-
fected trait plasticity. We assessed the mycorrhizal effect
on plasticity using t-test. All analyses were carried out in
PASW Statistics 20.0 (IBM Corp., Armonk, NY, USA).

Results
Root traits variation due to AMF and soil P levels

All 15 root traits were significantly affected by varieties
and P supply levels. The interaction varieties X P levels
was significant for 14 out of 15 root parameters; only for
average root diameter was that interaction not a signif-
icant source of variation. For the ten roots traits that
were assessed under both mycorrhizal and non-
mycorrhizal conditions, mycorrhiza was a significant
source of variation for root biomass, root length, and
rhizosphere pH. Mycorrhiza x varieties interactions
were significant sources of variation for root system
traits and root physiological traits, but not for root
morphological traits. Mycorrhiza x P levels were only
significant sources for variation for root system traits,
but not for root morphological and physiological traits.
There were also several significant three-way interac-
tions (Table 1).

Among root system traits, root biomass and root
length increased with increasing P supply (Fig. 1a and
¢). In the presence of mycorrhiza, root biomass and root
length were also higher than in the non-mycorrhizal
condition. Root/shoot ratio declined with increasing P-
levels but there was no effect of mycorrhiza on this trait
(Fig. 1b). Significant P x mycorrhiza interactions were
due to the fact that mycorrhizal benefits peaked at inter-
mediate P-supply levels. At the highest P supply, my-
corrhiza had no significant effect on root biomass and
root length when averaged over the different varieties
(Fig. la and c). At Py, ND108 and HMY showed a
greater difference between mycorrhizal and non-
mycorrhizal plants (higher mycorrhizal responsiveness)
than the other varieties (Fig. 1a). The root/shoot ratio
significantly decreased by mycorrhizal inoculation in
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Table 1 The results of 3-way ANOVA [maize varieties (V), mycorrhiza (M) and phosphorus level (P)] regarding four root trait categories

Categories  Traits Varieties (V) Mycorrhiza Plevels(P) V*M V *P M#*P V*M
M) *P
Root system Root biomass (g plant ") 271 *** Q3% T16¥**  53%wk Fkkk 2 FHE [ FF*
Root/shoot ratio Q7Hk 1.5 ns 2%k 8.7 4.5%%% 5k k Dk
Root length (m plant ') 52%%% 7.27%% 158*#*  0.61 ns 4.57+¥*¥*% 29% 15ns
Morphology Specific root length (m g ) 11 4.2 ns 20%** (.53 ns 34%%%  18ns 14 ns
Fine root length proportion (%) 14 0.93 ns 72%*% (.33 ns 1.7* 0.50 ns 1.6*
Averaged root diameter (mm) TS5H*E 3.1 ns 7.0%%* 1.5 ns 1.9% 0.58 ns 2.0%*
Root tissue density (g cm ) 43 k% 0.77 ns 090 ns  0.82 ns 3.0%%% 0.17ns 2.0%*
Physiology  pH of rhizosphere soil 419%skk 5.9% 26%#* 10%** 33k 15ns  1.7%
Phosphatase at root surface 105%#%* 0.02 ns 64%** 5.0%%% [ 5k** 1.6ns 14ns
(umol h™' ¢! root FW)
Phosphatase in rhizosphere soil 245 04 ns 49%#* 4.5%% 4.9%* 1.1 ns 1.0ns
(umol h™! ¢! soil DW)
Mycorthiza Mycorrhizal colonization (%) 4.2%* 36%H* 7.9%*
Hyphal length density (m g ") 9.27%%% 2% 4.9k
Mycorrhizal root mass (g plant ') 16%** 627 20
Mycorrhizal root length (m plant ')~ 11%%* 36%H* 9.17%%*
Hyphal length per unit root length ~ 12%*** S50%** 1.7%

(mm™)

F values are shown
ns = not significant
*P<0.05, **P<0.01, and ***P <0.001

varieties 197 and HMY at P, and increased in variety
ZD2 at Py and Pygq (Fig. 1b). While root length in-
creased with an increase in P levels, these increases were
smaller in variety 197 than ND108 (Fig. 1c), and were
larger at P, compared with the other four P levels (Fig.
1c inset).

Among root morphological traits, only specific root
length was not significantly affected by the interaction
of varieties x mycorrhiza x P levels. Specific root length
and the proportion of fine-root length decreased with
increasing P supply, whereas root diameter increased
with increasing P supply, and root tissue density hardly
changed with increasing P supply (Fig. 2). Variety 181
tended to have higher specific root length than the other
varieties at Py, P> and P55, but not at the other two P
levels (Fig. 2a). Variety NE15 had a smaller proportion
of fine-root length in mycorrhizal than in non-
mycorrhizal plants at Py, Psq and Py (Fig. 2b). Only
in three cases did AMF significantly increase the pro-
portion of fine-root length, and two of these (variety 197
and HMY) were at P,5, (Fig. 2b). Average root diameter
increased by mycorrhization only in some varieties in
the range of P levels of Pso-P,s0, particularly in ZD2 at
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P10 and P,sq (Fig. 2¢), whereas root diameter decreased
only in two cases (variety 197 and HMY) by
mycorrhization at P,5, (Fig. 2¢). Only in four cases did
AMF significantly affect root tissue density, and these
were at Py (variety ND108 and HMY), P (variety
ZD2) and P,sq (variety 197) (Fig. 2d).

Among the three root physiological traits, only rhi-
zosphere pH was significantly affected by the three-way
interaction (Table 1). Across mycorrhizal treatments and
varieties, rhizosphere pH increased with increasing P.
Importantly, ND108 had the lowest rhizosphere pH
among all varieties, with mycorrhiza decreasing pH of
the ND108 rhizosphere significantly at all P levels ex-
cept Py (Fig. 3a). AMF significantly increased the HMY
rhizosphere pH at P,, Psq and Py (Fig. 3a). Both acid
phosphatase activity at the root surface and alkaline
phosphatase activity in the rhizosphere were influenced
significantly by the varieties x mycorrhiza and varieties
x P levels interactions (Table 1). Both phosphatase
activities significantly decreased with increasing P
(Fig. 3d and e). Compared with the other varieties,
NE15 and ZD2 had a relatively high phosphatase activ-
ity at the root surface (Fig. 3b), particularly at Py and P,
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Fig. 1 Variation in the whole-root-system traits (root biomass, a;
root/shoot ratio, b; root length, ¢) as influenced by P rates (0, 20,
50, 100 and 250 mg kg ' soil), AMF and maize varieties (197,
181, NE15, ND108, ZD2 and HMY). If the three-way interaction
varieties (V) x mycorrhiza (M) x P rates (P) was significant, the

(Fig. 3d). Varieties 197 and ZD2 had a relatively high
phosphatase activity in the rhizosphere soil (Fig. 3c),
again particularly at Py and P, (Fig. 3e).
Non-mycorrhizal maize roots, inoculated with steril-
ized AMF inoculum, remained free of mycorrhizal col-
onization. All five mycorrhiza-related traits were signif-
icantly affected by the varieties x P levels interaction
(Table 1). Mycorrhizal colonization tended to be lower
at the extreme P levels (Py and P,s) than at the other
three P rates (Fig. 4a). Maize varieties 181 and ZD2 had
relatively high colonization at Py, but the order of vari-
eties varied at other P levels. HLD was significantly
higher at P,, Pso and Py than that at P, and P,s.
HLD was higher in varieties ND108 and HMY at P,
(and in ZD2 at P,59) compared with the other varieties
(Fig. 4b). Mycorrhizal root biomass of six varieties
varied at five P levels (Fig. 4c). At Py, ND108 and
HMY had higher mycorrhizal root biomass than other
varieties, and ZD2 had the highest mycorrhizal root
biomass at P, 5, (Fig. 4c). At Py, mycorrhizal root mass
was highest and at P, lowest (Fig. 4c). Generally,

complete data set was presented; if not, the significant two-way
interactions were presented. *, P<0.05; ** P<0.01; *** P<
0.001. Significant t-test analyses for effects of mycorrhizal treat-
ment within a variety at a given P rate were displayed as asterisks
above the bars. Means + SE

mycorrhizal root length showed similar trends as my-
corrhizal root biomass (Fig. 4d). There was a significant
positive correlation between mycorrhizal root biomass
and length (»=0.96; P<0.001). HLDL significantly
decreased with increasing P (Fig. 4e). Compared with
the other varieties, 197 tended to have a relatively high
HLRL at all P levels.

Root trait syndromes

Syndromes here are defined as sets of traits that occur
together. Averaged over P supply levels, variety ND108
exhibited a much lower rhizosphere pH than the other
varieties. At the same time ND108 exhibited higher
root/shoot ratio, thinner root diameter, lower root tissue
density, lower proportion of fine-root length, lower spe-
cific root length and lower phosphatase levels at both
root surface and rhizosphere compared to the other
varieties (Figs. 1, 2, 3, and 4). Also mycorrhizal coloni-
zation in ND108 tended to be lower than in the other
varieties. Variety 197 generally had lowest root biomass,
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Fig. 2 Variation in the morphological traits (specific root length,
a; proportion of fine-root length, b; root diameter, ¢; root tissue
density, d) as influenced by P rates (0, 20, 50, 100 and
250 mg kg71 soil), AMF and maize varieties (197, 181, NE15,
ND108, ZD2 and HMY). If the three-way interaction varieties
(V) x mycorrhiza (M) x P rates (P) was significant, the complete

root length and root/shoot ratio (Fig. 1). At the same
time it showed the highest root tissue density in most
cases (Fig. 2d). Moreover, 197 had the lowest mycor-
rhizal root biomass and length, and the highest HLRL
compared with the other varieties (Fig. 4). Compared
with variety 197, variety 181 had a much lower RSR
plasticity under both non- and mycorrhizal conditions as
well as higher plasticity of root tissue density, phospha-
tase activity and four mycorrhiza-related traits at the root
surface when plants were colonized by AMF (Table 2).

Root trait plasticity
Data on root trait plasticity are shown in Table 2. There
was large variation in trait plasticity both between and

within trait categories. Rhizosphere pH was the least
plastic trait. Low trait plasticity was also observed for
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data set was presented; if not, the significant two-way interactions
were presented. *, P<0.05; **, P<0.01; *** P<0.001. Signif-
icant t-test analyses for effects of mycorrhizal treatment within a
variety at a given P rate were displayed as asterisks above the bars.
Means + SE

root/shoot ratio, specific root length, the proportion of
fine-root length, and root diameter. The other traits
showed a much higher variability. Mycorrhizal root traits
were only assessed for the inoculated plants. In that trait
category, HLD showed less plasticity than mycorrhizal
root colonization. Different varieties varied in their plas-
ticity for individual traits, however, there was little evi-
dence that some varieties were more plastic than others as
a general varietal characteristic. Plasticity in root/shoot
ratio was much higher for 197 than for the other varieties,
and much lower for NE15 (particularly when plants were
non-mycorrhizal). ZD2 showed high plasticity of physi-
ological traits both in the absence and presence of AMF,
but showed lower plasticity of all five mycorrhiza-related
traits than the other varieties (Table 2). HMY, on the other
hand, showed higher plasticity of mycorrhiza-related
traits than other varieties.
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Fig.3 Variation in the physiological traits (pH of rhizosphere soil,
a; acid phosphatase at the root surface, b and d; alkaline phospha-
tase in the rhizosphere, ¢ and e) as influenced by P rates (0, 20, 50,
100 and 250 mg kgﬁ1 soil), AMF and maize varieties (197, 181,
NE15, ND108, ZD2 and HMY). If the three-way interaction
varieties (V) x mycorrhiza (M) x P rates (P) was significant, the

The effect of AMF on the plasticity of different root
traits

The effect of AMF on root trait plasticity is shown
in Fig. 5. AMF reduced root system trait plasticity
for both root biomass and root length and had a
marginally significantly positive effect on root/
shoot ratio. Root morphological traits were signifi-
cantly affected by AMF, with proportion of fine-root
length showing a significantly higher plasticity, and
specific root length showing a marginally signifi-
cantly higher trait plasticity. Mycorrhization did
not affect the plasticity of physiological traits.

Discussion

Our six maize varieties showed significant plasticity
in their responses to variation in P supply. However,
the degree of plasticity was different in the absence
and in the presence of AMF for key functional traits
such as root biomass, root length and root diameter,
but not for three root physiological traits. Our study
provides evidence for changes in plasticity of P
uptake-related root traits among maize varieties.
Next to varietal differences in root traits, and in

P20 P50 P100

P250

complete data set was presented; if not, the significant two-way
interactions were presented. *, P<0.05; **, P<0.01; *** P<
0.001. Significant t-test analyses for effects of mycorrhizal treat-
ment within a variety at a given P rate were displayed as asterisks
above the bars. Means + SE

the degree of plasticity, the effect of AMF on plas-
ticity was substantial across these six varieties, im-
plying that breeding directly and indirectly (through
symbiosis with AMF) impacts on root trait plasticity
(Table 2). Furthermore, our results showed that the
plasticity of different categories of functional traits
(root system, morphology and physiology) was af-
fected by AMF in different ways (positively,
negatively or neutral; Fig. 5), which may have im-
plications for breeding efficient maize varieties un-
der environmentally variable conditions.

Variation in plasticity of root functional traits
among varieties in response to different P levels
and AMF

Maize varieties showed different plasticity pattern in
four categories of functional traits, and the presence of
AMF generally changed the plasticity of each root trait
for each variety (Table 2). These results indicate that
different varieties have different strategies when
responding to variation in P supply. For example,
ND108 has the strongest rhizosphere effect (Fig. 3a)
and the largest root diameter (Fig. 2c), but at the same
time the lowest root tissue density, proportion of fine
root length (Fig. 2b and d), and low enzymatic activity.
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the two-way interaction varieties (V) X P rates (P) is presented.

ZD2 and HMY) in the mycorrhizal treatment. The significance of
ANOVA results as follows: *** P<0.001. Means = SE

250 mg kg7l soil) and maize varieties (197, 181, NE15, ND108,

mycorrhizal root length, d; hyphal length per unit root length
(HLRL), e) as influenced by P rates (0, 20, 50,100 and

Fig. 4 Variation in the mycorrhizal traits (mycorrhizal coloniza-
tion, a; hyphal length density, b; mycorrhizal root biomass, ¢;

variety 181

As described elsewhere (Liu et al. 2004),
was more P-efficient than variety 197.

firmed this report because,

offs among different functional traits were also

Trade-

Our study con-

which showed higher plasticity of

evident for ZD2,

compared with variety 197,

physiological traits both in the presence and absence

variety 181 had higher root biomass and root length, higher

of AMF (Table 2), but lower mycorrhizal trait plasticity

shoot biomass and shoot P content, and also higher phos-
phatase activity at the root surface (but not in the rhizo-

than the other varieties (Table 2). So there is a possible

trade-off among root traits, consistent with the view-

sphere soil). Our results also demonstrated varietal differ-
ences in root plasticity: mycorrhizal traits were more plas-

point of Denison (2012). Thus, it may be impossible that

breeding programs can stack different plant traits that
increase P nutrient uptake in one variety (Bayuelo-

Jimenez et al. 2011).

tic in variety 181 than variety 197, whereas root/shoot ratio

exhibited higher plasticity in variety 197. Our data also

pringer
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Table 2 Coefficient of variation (%) for six maize varieties as
influenced by variable P supply with or without AMF inoculation.
Root biomass (RB), root/shoot ratio (RSR), root length (RL),
proportion of fine root length (FRLP), specific root length
(SRL), root diameter (RD), root tissue density (RTD), pH of

rhizosphere, phosphatase at root surface (RP), phosphatase in
rhizosphere soil (SP), mycorrhizal colonization (MC), hyphal
length density (HLD, mycorrhizal root biomass (MRB), mycor-
rhizal root length (MRL) and hyphal length per unit root length
(HLRL)

-AMF +AMF
Categories ~ Traits 197 181 NEI5 NDI108 ZD2 HMY Average 197 181 NEI5 NDI08 ZD2 HMY Average
Root system RB 67 66 78 72 74 65 70 59 69 68 57 74 41 61
RSR 44 11 14 13 10 26 18 58 19 6.6 88 15 26 22
RL 59 63 69 66 60 59 63 44 50 62 55 56 39 51
Morphology FRLP 8.1 13 10 10 51 81 9.0 13 23 11 12 8.0 20 14
SRL 20 25 17 15 25 17 20 14 34 29 39 25 21 27
RD 13 15 11 8.2 3.1 12 10 10 26 8 10 13 17 14
RTD 35 12 13 10 17 15 17 23 61 19 11 19 26 26
Physiology  pH 1.2 09 15 1.7 1.9 16 1.5 07 21 15 1.4 1.5 12 1.4
RP 41 34 53 39 75 30 45 20 53 64 55 72 51 52
SP 69 78 66 39 108 43 67 63 64 26 100 67 43 60
Mycorrhiza MC 62 5290 111 30 88 72
HLD 19 28 19 20 22 50 26
MRB 58 117 99 112 86 94 95
MRL 63 88 93 100 71 90 84
HLRL 38 82 90 113 56 95 79

confirmed the higher mycorrhizal responsiveness (at low P
supply) of variety HMY than ND108, as described by
Yang (2009).

Root and mycorrhizal traits response to variation in P
supply

In contrast to the four root morphological traits (specific
root length, proportion of fine-root length, average root
diameter and root tissue density; Table 2) that showed
low plasticity, root biomass, root length and phosphatase
activity in the rhizosphere showed high plasticity at
different P supply, especially when plants were non-
mycorrhizal. Regarding root biomass, these results
agree with a previous study that reported increased
relative allocation of carbohydrates to roots of nutrient-
deficient plants (Poorter et al. 2012), supporting the
recent suggestion that increased relative carbohydrate
allocation to root biomass rather than morphological
trait plasticity is key how plants acclimate and adapt to
nutrient limitation (Freschet et al. 2015; Kramer-Walter
and Laughlin 2017).

Average root diameter and specific root length
showed low plasticity, somewhat more so when plants
were non-mycorrhizal (Table 2, Fig. 5). This result
could be due to strong evolutionary constraints
(Valverde-Barrantes et al. 2017; Wang et al. 2018a)
which allows only limited variation between diverse soil
environments (Zhang et al. 2016). In contrast, Lynch
(2013) claimed that under low P supply, maize roots
increased cortical aerenchyma, which may lead to a
decrease in root tissue density and, without changes in
root diameter, to an increase in specific root length. Such
morphological responses would result in higher mor-
phological trait plasticity, which was not found by us.
Plasticity in root tissue density in our study suggests that
the effect of changes in cell structure is relatively weak
(Fig. 2d), and plasticity of specific root length (and from
the underlying determinants root diameter and root tis-
sue density) therefore relatively low as well (Table 2). In
our study, proportion of fine-root length did not vary
much across variable environments. Fine roots form
mainly at the end of lateral roots and have a strong
absorptive function (McCormack et al. 2015). Hence,
lateral-root density would be expected to strongly
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Fig. 5 Coefficient of variation (%) for six maize varieties grown
at five P rates for: root biomass (RB), root/shoot ratio (RSR), root
length (RL), specific root length (SRL), proportion of fine-root
length (FRLP), root diameter (RD), root tissue density (RTD), pH
of rhizosphere soil (pH), phosphatase at root surface (RP), and
phosphatase in rhizosphere soil (SP) in the presence or absence of
AME. Mycorrhizal colonization (MC), hyphal length density

influence the proportion of fine-root length; unfortu-
nately, we were unable to assess lateral-root branching
density, and this needs to be tested in future research.
The activity of phosphatase either at the root surface
or in the rhizosphere showed high plasticity, but pH of
rhizosphere soil did not (Table 2). Phosphatase activity
was higher in low-P than high-P environments, consis-
tent with earlier studies on the importance of plant
adaptation to low P supply (Lambers et al. 2006). How-
ever, Wen et al. (2017) found increasing maize shoot P
concentration induced a decrease in root morphological
responses and an enhancement in root exudation includ-
ing acid phosphatase and carboxylates. We cannot ex-
plain this difference but note that different varieties may
respond differently. In addition, we observed low plas-
ticity of the rhizosphere soil pH in response to P limita-
tion. A low plasticity of rhizosphere pH may be partly
due to our metric of plasticity (pH being the logarithm of
proton concentration), and is likely additionally due to a
large extent to the fact that our soil was well buffered.
Rhizosphere pH was 8.4 and apparently proton exuda-
tion was too limited to have an impact on that pH. Only
ND108 (Fig. 3a) decreased rhizosphere pH substantial-
ly. The decrease was significantly larger in mycorrhizal
maize than in non-mycorrhizal maize, a result that con-
trasts with earlier studies by Gao et al. (2012) and Ryan
et al. (2012). The ability to modify rhizosphere pH in
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(HLD), mycorrhizal root mass (MRB), mycorrhizal root length
(MRL), mycorrhizal root biomass (MRB), mycorrhizal root length
(MRL) and hyphal length per unit root length (HLRL) were
determined only in the presence of AMF. , * and ** indicate
significance at P<0.1, P<0.05 and P<0.01 between non-
mycorrhizal (-AMF) and mycorrhizal (+AMF) plants (z-test)

well-buffered soils and the mycorrhizal role therein
demands further study.

Compared with plasticity of root traits, mycorrhizal
colonization, mycorrhizal root biomass/length and
HLRL exhibited high variation in different P environ-
ments (Table 2), which is consistent with the recent
results of some thin-root grass species by Li et al.
(2017) in drought-stressed environments. Similarly, ear-
lier studies showed strong variation in mycorrhizal col-
onization of maize roots (Hao et al. 2008), as well as in
HLD in one maize variety (Zheng et al. 2013), along a P
supply gradient. HLD values in this study were not
particularly high (ranging from 2 to 4 m g '), whereas
Nagy et al. (2009) reported values of 813 m g~' and
also showed a much stronger effect of P application on
mycorrhizal colonization than on HLD, suggesting a
stronger reduction (and hence higher plasticity) in colo-
nization than in HLD might occur commonly. Although
HLD exhibited much lower plasticity than mycorrhizal
colonization (Table 2 and Fig. 5), HLRL showed higher
plasticity than mycorrhizal colonization. This result im-
plies that there is a compensatory reaction between
hyphae and roots in P capture (Smith et al. 2011),
indirectly explaining why HLD was less plastic than
colonization in our study. Our results hint that an exclu-
sive focus on mycorrhiza-related traits (fractional colo-
nization, HLD) as the traits to describe the plant
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adaptive strategy may be limited and potentially mis-
leading, and that root traits need to be considered as well
in future studies.

The influence of AMF on plasticity of root traits

Our results on AMF symbiosis altering the coefficient of
variation of some traits of maize plants; for example,
increasing the coefficient of variation of root/shoot ratio,
specific root length and proportion of fine-root length,
and decreasing the coefficient of variation of root bio-
mass and root length (Fig. 5), were consistent with
earlier studies (Farrar and Gunn 1998; Ryan et al.
2012; Veresoglou et al. 2012). The reduced coefficients
of variation of root biomass and root length by AMF
could be explained by the strong P-acquisition capacity
of AMF (Smith et al. 2011), whereby the mycorrhizal
pathway of P uptake could be dominant over the direct
root pathway (Liu et al. 2015). Because mycorrhizal
benefit (expressed as a biomass ratio of mycorrhizal
and non-mycorrhizal plants) is larger at lower P supply,
this decline in responsiveness mathematically translates
into a lower coefficient of variation.

The literature on mycorrhizal effects on root/shoot
ratio is inconsistent. Veresoglou et al. (2012) noted after
a meta-analysis that mycorrhizal plants showed on av-
erage a lower root/shoot ratio, and attributed that to
alleviation of nutrient limitation due to the mycorrhizal
symbiosis. However changes in root/shoot ratio can be
caused both by differential partitioning of carbon be-
tween roots and shoots, and by plant biomass itself as
the root/shoot ratio changes during plant development.
Consistent with the latter explanation we noted a lower
root/shoot ratio with increasing P application (hence
with larger plants), so part of the mycorrhizal effect on
root/shoot ratio should be attributed by changes in plant
size. However, averaged over all varieties the relation
between plant biomass and root/shoot ratio was neither
significant for non-mycorrhizal nor for mycorrhizal
plants (data not shown), because of substantial variation
and plasticity in root/shoot ratio among varieties. As
root/shoot ratio decreased by mycorrhizal inoculation
in some varieties (197, HMY, especially at Ps) but
increased in other varieties (ZD2 at P and Py), chang-
es in root/shoot partitioning due to the mycorrhizal
symbiosis demand further study to understand the un-
derlying mechanisms. Poorter et al. (2012) noted that for
small plants the root/shoot ratio showed only minor
changes with plant size, and their observations would

support the suggestion that changes in root/shoot ratio
are not a simple consequence of changes in plant size.

In the present study, AMF significantly increased the
coefficient of variation of proportion of fine-root length
across P supply (Table 2, Fig. 5). There may be two
causes. First, AMF may partly replace the function of
fine roots in taking up P, which increases the plasticity of
the proportion of fine-root length along a P gradient.
Second, an additional explanation could be that AMF
influence plant hormonal status (Gutjahr and
Paszkowski 2013), which impacts on branching and
hence the levels of fine-root differentiation. Measuring
plant hormonal status in mycorrhizal and non-
mycorrhizal plants as an additional traits would there-
fore be important. In contrast, phosphatase activity at the
root surface and in the rhizosphere showed high plastic-
ity, but AMF did not lead to significant change
(Table 2). This finding suggests that plasticity in these
root physiological traits is more dependent on plant
identity and/or on other microbiota in the rhizosphere
and on roots than on mycorrhizal symbiosis.

In soil and in plant roots, both in natural and in agro-
ecosystems, AMF occur as communities of species and
not as fungal monocultures. The question is pertinent
whether our results would have been different had we
executed our experiments with AMF communities. We
speculate that this is unlikely and suggest that the major
outcomes in this study are of a general nature (Chave
et al. 2019; Hazard and Johnson 2018). Lower plasticity
of mycorrhizal than of non-mycorrhizal plants along a P
supply gradient is a general phenomenon, and higher
plasticity of root system traits than of morphological
and/or physiological traits is likely a general outcome
as well. The result of Shen et al. (2018) supported our
speculation, and the root system traits was suppressed
by P deficiency more than morphological and/or phys-
iological traits for wheat growth in the non-sterilized
soil.

The influence of AMF on shoot P concentration
and biomass

Increases in shoot P concentrations after AMF inocula-
tion did not translate into greater shoot biomass com-
pared with non-mycorrhizal plants (Figs. S1 and S3).
Increased shoot concentrations are mathematically
equivalent to reduced P utilization efficiency (defined
as the inverse of P concentration). This phenomenon has
been described as luxury uptake, but the term luxury
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uptake has no explanatory value (Hetrick et al. 1994;
Zabinski et al. 2002). Higher P concentrations of my-
corrhizal than of non-mycorrhizal plants could be due to
the fact that different nutrients are limiting in the my-
corrhizal and non-mycorrhizal condition, or alternative-
ly to so-called ‘carbon costs’. The latter explanation is
somewhat implausible as Van der Heijden (2002) has
shown that plants that show a higher responsiveness to
AMF also show a higher increase in P concentration,
implying that plants with the highest costs also have the
highest benefits. A further and more likely explanation
is that P uptake is not perfectly regulated over time (at
one point in time, more P may be taken up than can be
used at that time), but that ‘excess’ P can be used at later
stages, for instance, when the carbon flow to the fungus
decreases because developing fruits might form a stron-
ger carbon sink than the fungal mycelium.

Conclusions

Our findings imply that plasticity of root biomass and
total root length constitute the key strategy of plants in
adapting to variation in P supply. Our result supports a
recent study by Zhang et al. (2018), who found that a
transgenic line of Brachypodium distachyon (L.) P.
Beauv. with increased root hair length did not show
increased P uptake because of simultaneous negative
pleiotropic effects on plant biomass. Plasticity of root
morphological traits has been regarded as the most
important P acquisition strategy in many studies
(Veneklaas et al. 2003), but only when these morpho-
logical traits are combined with root biomass and length
can the function of root morphological traits in benefit-
ting P uptake be achieved (Zhang et al. 2018). In the
present study, AMF mainly reduced the plasticity of root
biomass and length.

Our findings contribute to further insights into plas-
ticity of root traits of maize in response to different P
supply and AMF colonization. That knowledge could
contribute to targeted breeding for maize adaptive strat-
egies for uptake efficiency under variation in P supply.
Whether these adaptive strategies can be generalized
across plant species and varieties still needs further
study, particularly for plant species mainly depending
on root physiological traits to acquire P. On the other
hand, improving P uptake efficiency is only one of the
aims in plant breeding, in addition to e.g. N uptake
efficiency, drought/heat tolerance or yield stability.

@ Springer

Breeders therefore should consider the multivariate
functions of the plant-soil-climate interactions in breed-
ing new crop varieties for sustainable food-production
systems.
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