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Abstract The productivity of poplar is associated with
large nitrogen (N) requirements. Exogenous arbuscular
mycorrhizal fungi (AMF) show potential for use as bio-
fertilizers. Understanding the interaction between N and
exogenous AMF has theoretical and practical significance
for poplar plantation. A pot experiment was conducted
to assess the effects of N and exogenous Rhizophagus
irregularis on plant growth, nutrient uptake, photosynthe-
sis, water status, and leaf anatomical properties of Popu-
lus X canadensis ‘Neva’ in natural soil. The results showed
that N fertilization increased plant growth, net photo-
synthesis, water status and the conduit diameter of mid-
ribs. The concentrations of carbon (C) and N in leaves
were increased, but the phosphorus (P) concentration was
decreased by N fertilization. The effectiveness of exog-
enous R. irregularis varied under different N levels. Under
low N levels, exogenous R. irregularis-inoculated plants
grew faster and exhibited superior photosynthetic capacity,
water status and leaf conduit diameters than non-inoculated
plants. Under high N levels, C, N and P concentrations
were enhanced by exogenous R. irregularis inoculation.
Furthermore, the average conduit diameter of midribs pre-
sented a significant positive correlation with plant growth
parameters, photosynthesis, relative water content (RWC)
and leaf C and N concentrations. It was concluded that
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exogenous R. irregularis exerted the strongest positive
effects under low N levels by promoting plant growth and
photosynthesis, and the fungus promoted plant nutrition
decoupled from the level of N fertilization. Moreover, the
improvement of plant physiological traits due to N fertiliza-
tion or exogenous R. irregularis inoculation was accompa-
nied by changes in internal anatomical properties.

Keywords Nitrogen fertilization - Arbuscular
mycorrhiza - Poplar - Photosynthesis - Leaf anatomy -
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Introduction

Populus species and their hybrids are cultivated worldwide
due to their high economic value (Hacke and others 2010).
Populus X canadensis (a hybrid of P. nigrax P. deltoides)
‘Neva’ is widely planted in China as an intensively man-
aged woody plant species (Liu and others 2014). In many
forest tree plantations, plant productivity is constrained by
a lack of accessible nitrogen (N) (Hacke and others 2010).
N fertilization is widely used to achieve high productivity
(Cooke and others 2005). However, the fertilization strat-
egy used by growers is often more heavily based on eco-
nomic pressure than agronomic pressure (Chu and others
2007). Unfortunately, improper fertilization is widespread
(Chu and others 2007). Excess N can generate serious
environmental pollution and economic waste (Li and Kor-
pelainen 2015).

Soil microorganisms can influence plant resource cap-
ture and can be used as substitutes for chemical fertilizers
to maintain productivity (Dodd and Ruiz-Lozano 2012).
Among rhizosphere microorganisms, arbuscular mycor-
rhizal fungi (AMF) form symbiotic relationships with
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most land plant species and play a vital role in the stress
tolerance and water and nutrient uptake of host plants
(Fellbaum and others 2012; Smith and Read 2008). AMF
acquire carbohydrates from their host plants and provide
plants with mineral nutrients in return, such as phospho-
rus (P) and N (Fellbaum and others 2012; Kiers and oth-
ers 2011). Recently, considerable attention has been given
to the use of exogenous AMF as biofertilizers due to their
positive effect on plant nutrition (Pellegrino and others
2012). The positive effects of exogenous AMF on biomass
production or nutrient uptake have been observed in several
plant species, such as Zea mays (Li and others 2012), Med-
icago sativa (Pellegrino and others 2012), Manihot escu-
lenta Crantz (Ceballos and others 2013), P. X canadensis
(Liu and others 2014) and Hedysarum coronarium (Labidi
and others 2015).

The effects of AMF on plant growth are not invariant
and can be altered by soil nutrient conditions (Treseder
2004), and contradictory responses to AMF inoculation
have been observed for plant growth after N application
(Johnson 2010). Fonseca and others (2001) observed that
the effects of inoculation on the plant and shoot dry mass
of Sorghum bicolor were increased by supplying N. In con-
trast, Johansen and others (1994) found that the effects of
inoculation on the plant dry weight of Cucumis sativus
were strongest under low N status. Thus, fertilization might
have crucial impacts on the effectiveness of AMF.

Plant physio-biochemical and anatomical traits can be
altered by environmental changes and are considered good
indicators for assessing plant health. The effects of N fer-
tilization on physiological responses in poplars have been
extensively studied and include improvements in growth
(Cooke and others 2005), gas exchange parameters (Yu and
others 2010), and water and nutrient uptake (Wu and oth-
ers 2008). Previous studies involving a range of different
fungal and host plant species (including poplars) have indi-
cated that AMF have a positive effect on plant physiolocal
processes (He and others 2016; Li and others 2015; Yang
and others 2014). Anatomical traits were also affected by
nutrient conditions, for example, wider conduits were
observed in the stems of high N-fertilized poplar (Hacke
and others 2010; Plavcova and others 2013). However, the
xylem of the leaves is rarely studied despite the fact that
leaf veins are responsible for the transport of water, min-
eral nutrients and hormones to leaves (Haberer and Kieber
2002; Ohashi-Ito and others 2014; Scarpella and Meijer
2004). To our knowledge, no data have been published
regarding the effects of AMF on anatomical traits under
different N levels.

Rhizophagus irregularis is a model fungus in AMF
research and is widely used in laboratory and field stud-
ies (Ceballos and others 2013; Labidi and others 2015;
Sykorova and others 2012). It is also a high-quality AMF

species that can increase the transfer of nutrients per unit of
carbon to the plant (Engelmoer and others 2014; Kiers and
others 2011). Previous work has indicated an improvement
in drought tolerance of P. X canadensis by R. irregularis
(Liu and others 2015) and a positive effect of exogenous
R. irregularis and Glomus versiforme on the biomass and
bioenergy production of P. X canadensis in unsterilized
soil (Liu and others 2014). Nevertheless, the influence of
N enhancement on the effectiveness of exogenous AMF
remains unknown. In this study, a pot experiment was con-
ducted to test the effects of N and exogenous R. irregularis
on gas exchange, water status, nutrient status and leaf anat-
omy traits of P. X canadensis in natural soil. We hypoth-
esized that (a) N fertilization would promote plant growth,
photosynthesis, water status, nutrient status and leaf ana-
tomical traits; (b) the growth of P. X canadensis could be
enhanced by exogenous R. irregularis but the enhance-
ment effect would vary between different N levels; and
(c) improvements in plant growth and physiological status
should be coupled with alterations of anatomical traits.

Materials and Methods
Plant Material and AMF Inoculum

Cuttings (15 cm in length) of hybrid poplar (P. X canaden-
sis) were used as the plant material in this experiment, and
were obtained from a base of P. X canadensis seedlings in
Rougu country, Yangling City, Shaanxi Province, China.
Permission to conduct the study on this site was provided
by the owner of the nursery. The cuttings were surface ster-
ilized with 75% (v/v) ethanol for 15 s and then rinsed three
times with sterile distilled water for 10 s. After surface ster-
ilization, the cuttings were directly planted into the pots.
The R. irregularis (Blaszk, Wubet, Renker & Buscot)
Walker & Schiiller (BGC B109) used in this experi-
ment was provided by the Institute of Plant Nutrition and
Resources, Beijing Academy of Agriculture and Forestry
Sciences, China. The AMF inoculum consisted of spores
(50 spores g~1), hyphae, soil and infected root fragments.

Growth Conditions and Experimental Design

The growth substrate consisted of soil collected from the
top layer (0-20 cm) of a field planted with poplars. The soil
type was cinnamon, and the characteristics of the soil were
as follows: 36.62 mgkg~! available N, 11.71 mgkg™" avail-
able P, 143.26 mgkg™! available K, 18.19 gkg™! organic
matter, and pH 7.6 (soil:water ratio of 1.0:2.5 w/v). The
pots (22.5%22.5 cm) were randomly arranged and were
each filled with 4 kg of air-dried and sieved soil (2-mm
sieve).

@ Springer



826

J Plant Growth Regul (2017) 36:824-835

The experiment was conducted in the greenhouse
of Northwest A&F University under a temperature of
25-35°C, a daylight cycle of 12 h, and relative air humid-
ity of 55-78%. The experiment consisted of a two-factorial
design: exogenous R. irregularis inoculation (exogenous
R. irregularis-inoculated plants and non-inoculated plants)
and N fertilization (5 NH,NOj; levels). Each treatment had
30 replicates. Half of the total pots were inoculated with
20 g of inoculum, and the remainder received 20 g of auto-
claved inoculum (121 °C, 2 h) with a microbial wash (1-um
nylon mesh) from the non-autoclaved inoculum to provide
a usual microbial population free of AM propagules. The
poplar cuttings were planted in early April 2013. Symbio-
sis was established after 3 months of growth (the analyti-
cal method will be discussed in the “Mycorrhizal coloniza-
tion” section), and each group was then randomly assigned
into 5 subgroups that received 0, 1, 5, 10, or 15 mmol L'
NH,NO; (NO, N1, N2, N3, and N4, respectively) every
other day. The fertilization treatment was applied for
28 days. The plants were maintained at field capacity
throughout the experiment. One month after fertilization,
the growth parameters of P. X canadensis were measured.

Mycorrhizal Colonization

Fresh roots were first stained with trypan blue according to
the method of Phillips and Hayman (1970). Mycorrhizal
colonization was then assessed under an Olympus BX43F
light microscope (200X magnification; Olympus, Tokyo,
Japan) using the gridline intersection method (McGonigle
and others 1990).

Plant Growth Parameters and Leaf Nutrient Analysis

The plant height and stem diameter were measured with
tape (Swordfish, China) and vernier calipers (ECV150C,
China), respectively (Yang and others 2014). At the end of
the experiment, the leaves, stems and roots were harvested
and immediately dried at 80°C to a constant weight to
determine dry biomass (Liu and others 2014).

Dry leaves were fully ground and homogenized for
nutrient analysis. The leaf N concentration was measured
from 0.2 g of dried, ground leaves by the Kjeldahl method
on a Kjeltec™ 8400 Analyzer Unit (FOSS-Tecator, Hoga-
nas, Sweden) (Kong and others 2015). The leaf carbon (C)
concentration was measured from 4 mg of dried, ground
leaves using a Liqui TOCII analyzer (Elementar, Germany)
(Liu and others 2014). To measure the phosphorus (P) con-
centrations, 1 g of dried, ground leaves was digested with
HNO;-HCIO,, and the P concentration was measured by
the vanadomolybdate method (Yang and others 2014).

@ Springer

Gas Exchange and Water Status

Each leaf of a plant was numbered according to a leaf
plastochron index (LPI) number, with the most recently
expanded leaf (approximately 2 cm long) being numbered
LPI O (Larson and Isebrands 1971). Gas exchange was
measured using the leaves of LPI 6 between 08:00 and
11:30 h in the greenhouse. The net photosynthetic rate
(Py), stomatal conductance (g,), intercellular CO, concen-
tration (C;) and transpiration rate (E) were measured with a
Li-Cor 6400 portable photosynthesis system (Li-Cor Inc.,
Lincoln, NE, USA) and red/blue LED. All of the measure-
ments were conducted with the following parameters: pho-
tosynthetically active irradiation of 1000 pmol m=2 s7!,
CO, concentration of 400 cm® m™, and leaf temperature
of 25°C.

The relative water content (RWC) was measured by the
method of Li and others (2015) and was calculated as fol-
lows: RWC = [(FW-DW) / (TW—-DW)]x100, where
FW, DW and TW represent the sample fresh weight, dry
weight and turgid weight, respectively. TW was determined
by weighing the leaves after placement in distilled water
for 24 h. The leaves were then dried at 70 °C until constant
weight to determine DW. The intrinsic water use efficiency
(WUEI]) was calculated as follows: WUEi = P\/g, (Monclus
and others 2006).

Leaf Anatomy

To analyze leaf anatomy, the midveins of the leaves of LPI
6 were fixed in FAA (formalin:glacial acetic acid:70% etha-
nol=5:5:90) immediately after sampling. After washing
in distilled water several times, transverse sections of six
individual leaves per treatment were prepared with razor
blades. The sections were stained with safranin and fast
green according to the method of Dié and others (2012)
with minor modifications. The sections were dehydrated
through a gradient series of ethanol (30% ethanol for 3 min,
50% ethanol for 3 min). To allow anatomical observations
to be performed, the sections were stained with 1% safra-
nin (5 min) and 0.5% fast green (1 min). After staining, the
sections were dehydrated through a gradient series of etha-
nol (95% ethanol for 1 min, 100% ethanol for 1 min) and
cleared in xylene (3 min). Next, the sections were mounted
on glass slides with gum. Photographs were taken with a
digital camera attached to an Olympus BX43F microscope
(Olympus, Tokyo, Japan) at a magnification of 200x. The
conduit diameter was measured using a software tool pro-
vided in Image-Pro Plus (version 6.1, Media Cybernetics,
Silver Spring, MD) and the mean diameter of conduit in
the image was calculated. Thirty conduit diameters were
observed for each leaf.
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Data Analysis

Statistical analyses were performed using SPSS (ver-
sion 17.0 for Windows). The data were tested for normal-
ity and homogeneity. A two-way ANOVA was employed
to examine the effects of N fertilization and exogenous R.
irregularis inoculation and their interactions on the meas-
ured parameters at p <0.05. Duncan’s multiple range test
was performed to determine the group(s) that were differ-
ent from the others at p<0.05. The correlation analyses
between anatomic trait and morpho-physiological param-
eters were tested using Pearson’s correlation coefficients
with a Bonferroni-corrected p value of 0.05/16=0.0031.

Results
AMF Colonization

According to the statistical results presented in Table 1,
AMF colonization was significantly affected by N fertili-
zation and exogenous R. irregularis inoculation (p <0.01,
two-way ANOVA). N fertilization increased AMF coloni-
zation in both the exogenous R. irregularis-inoculated and
non-inoculated plants (Table 2). AMF colonization was
significantly higher in the exogenous R. irregularis-inoc-
ulated plants than in the non-inoculated plants at each N
level (p £0.05, Duncan’s test).

Plant Growth

Plant height and the stem diameter were significantly
affected by N fertilization and exogenous R. irregularis
inoculation (p <0.01, two-way ANOVA, Table 1). As the
level of N fertilization increased, the plant height and stem
diameter of both the exogenous R. irregularis-inoculated
and non-inoculated plants increased and tended to be sta-
ble (Table 2). Plant height was significantly higher in the
exogenous R. irregularis-inoculated plants than in the non-
inoculated plants under low (0, 1 mmol L! NH,NO;) and
intermediate N levels (5 mmol L™ NH,NO;) (p<0.05,
Duncan’s test), and stem diameter was significantly higher
in the exogenous R. irregularis-inoculated plants than in
the non-inoculated plants under low N levels (p<0.05,
Duncan’s test). No significant differences in plant height
or stem diameter were observed between the exogenous R.
irregularis-inoculated and non-inoculated plants under the
other tested N levels.

N fertilization had significant effects on leaf dry
weight, stem dry weight, root dry weight and total dry
weight (p<0.01, two-way ANOVA, Table 1). Exogenous
R. irregularis had significant effects on stem dry weight,
root dry weight and total dry weight (p <0.05, two-way
ANOVA, Table 1). Leaf dry weight, stem dry weight and
total dry weight increased with N fertilization, whereas
root dry weight first increased and then decreased (Fig. 1).
At low N levels, the total dry weight of the exogenous R.

Table 1 Results of two-way

) " Index N (d.f.=4) AMF(d.f.=1) NxAMF (d.f.=4)

ANOVA for the effects of

nitrogen fertilization, exogenous F P F P F P

R. irregularis inoculation and

their interaction on various AMEF colonization 52.49 0.00" 772.41 0.00" 1.08 0.38NS

parameters of P. X canadensis Plant height 554.70 0.00" 27.88 0.00"" 6.25 0.00™
Stem diameter 196.65 0.00" 16.45 0.00" 1.63 0.18N8
Dry weight of leaf 16.58 0.00" 2.12 0.15N8 0.56 0.70N8
Dry weight of stem 47.64 0.00" 5.871 0.02" 1.18 0.33N8
Dry weight of root 14.96 0.00™ 10.45 0.00™ 0.21 0.93N8
Total dry weight 32.03 0.00™ 11.37 0.00™ 0.97 0.43N8
Py 51.32 0.00™ 13.72 0.00™ 224 0.08N5
G 11.69 0.00™ 142.30 0.00™ 1.21 0.32N8
& 58.87 0.00™ 8.66 0.01° 0.19 0.94N8
E 106.08 0.00" 78.50 0.00" 0.44 0.78N8
WUEi 6.19 0.00" 18.47 0.00" 1.56 0.20N
RWC 33.40 0.00" 49.12 0.00" 1.92 0.12N8
Average conduit diameter 61.67 0.00™ 10.57 0.00" 0.73 0.58"S
Leaf C concentration 18.71 0.00" 14.3 0.00" 2.46 0.06"
Leaf N concentration 521.33 0.00" 20.97 0.00" 5.98 0.00™
Leaf P concentration 90.76 0.00" 0.01 0.938 6.09 0.00™

The results of two-way ANOVA analysis showed the effects of N fertilization, exogenous R. irregularis
inoculation, and their interaction (N X AMF) on different parameters. *p <0.05, **p <0.01, Nsnon—signiﬁ—

cant
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Table 2 .Arbuscular L NH,NO; Exogenous R. irregula- AMF coloniza- Plant height (cm) Stem diameter (mm)
mycorrhizal root colonization (mmol L") ris inoculation tion (%)
and growth parameters of P. X
canadensis inoculated or not 0 non-inoculated 32455 49.7429¢ 74+0.26"
with exogenous R. irregularis inoculated 70454 578428 7.9+0.17°
under five N levels - e e
1 non-inoculated 36+6.4° 62.8+3.2° 8.7+0.29¢
inoculated 72 +4.3¢ 70.3+2.34 9.1+0.27¢
5 non-inoculated 51+6.6¢ 95.1+4.2° 9.9+0.17°
inoculated 84+5.0° 100.4+3.2° 10.1+0.14%
10 non-inoculated 54+3.3¢ 106.4+3.2% 10.0+0.34%
inoculated 88+2.3" 107.3+6.4% 10.3+0.23
15 non-inoculated 54+4.6% 110.6 +6.5% 10.0+0.41%
inoculated 96 +6.0* 109.8 +4.8* 10.0+£0.02%®

Values are presented as means + SD (n=6); within columns, means followed by the same letter do not dif-
fer significantly at p <0.05 by Duncan test
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Fig. 1 Effects of N fertilization and exogenous R. irregularis inocu-
lation on dry weight of leaf (a), dry weight of stem (b), dry weight of
root (c), total dry weight (d) of P. X canadensis Values are presented
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Nitrogen fertilization (mmol L'1)

as means+SD (n=6). Means followed by the same letter do not dif-
fer significantly at p <0.05 by Duncan test



J Plant Growth Regul (2017) 36:824-835

829

irregularis-inoculated plants was significantly higher than
that of non-inoculated plants (p <0.05, Duncan’s test).

Nutrient Element Concentrations in the Leaves

N fertilization increased C and N concentrations but
decreased the P concentration in both the exogenous R.
irregularis-inoculated and non-inoculated plants (Table 3).
No significant differences in the C, N or P concentrations
were observed between the exogenous R. irregularis-
inoculated and non-inoculated plants under low N lev-
els (p>0.05, Duncan’s test). However, higher C, N and P

Table 3 Effects of N fertilization and exogenous R. irregularis inoc-
ulation on leaf macroelement concentrations of P. X canadensis

NH,NO;  Exogenous C (%) N(gkg™ P(gkg™
(mmol L™ R. irregularis
inoculation
0 non-inoculated 39.6+1.2¢ 8.8+0.5" 0.36+0.03®
inoculated 40.0+1.0¢ 88+0.5" 0.33+0.04*
1 non-inoculated 40.0+0.99 9.8+0.5¢ 0.38+0.02°
inoculated 402+1.1°¢ 9.6+0.7¢  0.36+0.02%
5 non-inoculated 40.5+1.0°¢ 11.9+0.5" 0.30+0.03 <
inoculated 41.0+0.6° 12.7+0.4° 0.28+0.03¢
10 non-inoculated 41.0+1.0°¢ 145+0.79 0.22+0.03¢
inoculated 42.7+0.9° 152+04° 0.23+0.02¢
15 non-inoculated 41.7+1.2% 15.9+0.4° 0.16+0.03
inoculated 440+1.1* 17.6+0.5* 0.22+0.02°

Values are presented as means +SD (n=6); within columns, means
followed by the same letter do not differ significantly at p <0.05 by
Duncan test

concentrations were observed in the exogenous R. irregu-
laris-inoculated plants than in the non-inoculated plants
under high N concentrations (10, 15 mmol L™' NH,NO,)
(p<0.05, Duncan’s test). The results of two-way ANOVA
indicated that the C concentration was significantly affected
by N fertilization, exogenous R. irregularis inoculation and
their interaction (all p<0.01, two-way ANOVA); the N
concentration was significantly affected by N fertilization
and exogenous R. irregularis inoculation (all p <0.01, two-
way ANOVA); and the P concentration was significantly
affected by N fertilization and the interaction between N
fertilization and exogenous R. irregularis inoculation (all
p<0.01, two-way ANOVA).

Gas Exchange and Water Status

To test the physiological status of the P. X canaden-
sis plants, gas exchange and water status were measured.
N fertilization enhanced Py, g, £, WUEi and RWC but
decreased C; in both the exogenous R. irregularis-inoc-
ulated and non-inoculated plants (Table 4). Under low
N levels Py was significantly higher in the exogenous R.
irregularis-inoculated plants than in the non-inoculated
plants (p<0.05, Duncan’s test). At each N level, E was
significantly higher and C; significantly lower in the exog-
enous R. irregularis-inoculated plants than in the non-
inoculated plants (p <0.05, Duncan’s test). Inoculation with
exogenous R. irregularis led to increases in WUEi (29.3,
29.3, 13.8, 10.0, and 3.8%) and RWC (4.8, 4.6, 4.0, 2.7,
and 1.0%) at each N level (0, 1, 5, 10, and 15 mmol L!
NH,NO;, respectively). The results of two-way ANOVA
results indicated that Py, C;, g, E, RWC and WUEi were

Table 4 Effects of N fertilization and exogenous R. irregularis inoculation on gas exchange parameters and relative water content (RWC) of P.

X canadensis

NH/NO; Exogenous Py C; (umolCO, E WUEI RWC (%)
(mmol L™ R. irregularis (pmolCOz~m‘2 s m2s7h) (rn01H20~m_2 s7h (mrn01H20~m_2 s7h (umol mol™)
inoculation
0 non-inoculated  8.0+0.7¢ 356.5+11.4%  0.31+0.06% 2.1+0.31f 27.3+7.5% 82.6+ 1.3
inoculated 9.4+0.9¢ 330.3+102%  0.27+0.02f 2.6+0.11° 35.3+£5.4%® 86.5+2.1%
1 non-inoculated 9.5+ 0.6° 347.1+2.4° 0.32£0.04% 23+0.17° 29.5+1.8%¢ 84.7+1.7°
inoculated 11.1£0.7° 319.9+8.3% 0.30+£0.05° 2.7+0.36% 38.1+5.7% 88.6+2.2¢
5 non-inoculated  11.6+0.7% 338.1+8.9%¢4  0.38+0.05> 2.8+0.26% 31.5+5.20 86.8+1.4¢
inoculated 12.0+ 1.3 316.8+10.82  0.34+0.03%% 3.2+0.20° 35.8+5.7%® 90.3+1.4%¢
10 non-inoculated 12.2+0.9 337.2+4.8°  0.39+0.04° 2.9+0.11¢ 31.4+2.45d 89.5+1.6™
inoculated 12.6+0.5" 311.9+4.08 0.37 +0.04>4 3.3+0.19° 34.5+3.6%° 91.9+1.5*
15 non-inoculated  12.5+0.9 343.9+42%  049+0.01* 3.6+0.07° 255+2.2° 90.4 +1.5%°
inoculated 12.6+0.4° 3283+1.5%  048+0.01% 4.2+0.04* 26.5+0.5% 91.4+1.4%

RWC Relative water content, WUEI intrinsic water use efficiency, Py net photosynthesis, C; intercellular CO, concentration, g, stomatal conduct-

ance, E transpiration rate

Values are presented as means +SD (n=6); within columns, means followed by the same letter do not differ significantly at p <0.05 by Duncan

test.
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significantly affected by N fertilization and exogenous R.
irregularis inoculation (all p <0.01, two-way ANOVA).

Leaf Anatomy

The leaf conduit diameter was measured to determine
whether anatomical alterations occurred in the plant leaves
in response to N fertilization and exogenous R. irregularis
inoculation. The average conduit diameter increased with N
fertilization from 9.1 to 14.1 um and from 10.2 to 14.3 um
in the non-inoculated plants and exogenous R. irregularis-
inoculated plants, respectively (Figs. 2, 3). The average
conduit diameter was significantly greater in the exogenous
R. irregularis-inoculated plants than in the non-inoculated
plants under low N levels (p <0.05, Duncan’s test). The
relative frequency of the conduit diameter was measured to
identify any trends in the changes in conduit size under the
experimental treatment. Both N fertilization and exogenous
R. irregularis inoculation reduced the number of smaller
conduits (0-8 pm in diameter) and increased the number of
larger conduits (1632 pm in diameter) (Fig. 4). The results
of two-way ANOVA indicated that the average conduit
diameter was significantly affected by N fertilization and
exogenous R. irregularis inoculation (all p <0.01, two-way
ANOVA).

The average conduit diameter was significantly and
positively correlated with AMF colonization, the growth of
plant height, the growth of stem diameter, leaf dry weight,
stem dry weight, total dry weight, leaf C concentration, leaf
N concentration, Py, C;, E and RWC (Table 5; p <0.0031,
Pearson’s correlation coefficients with Bonferroni correc-
tion). A significant negative correlation of the average con-
duit diameter with leaf P concentration and g, was observed

20

I Non-inoculated
[ Inoculated with exogenous R. irregularis
€
3 15 A abc ab
3] o 2
'053 d o=
8 e e T
°
- T
= 104 f
°
<
S
o
)
>
o
o 54
>
<
0 T T T T T
0 1 5 10 15

Nitrogen fertilization (mmol L'1)

Fig. 2 Effects of N fertilization and exogenous R. irregularis inoc-
ulation on the average conduit diameter of the leaf midvein of P. X
canadensis Values are presented as means+SD (Duncan’s test,
p<0.05,n=6)
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Fig. 3 Cross-sections of leaf midvein from P. X canadensis
(a—e): Cross-sections of non-inoculated plants under 0, 1, 5, 10,
15 mmol L™! NH,NO,, respectively. (f=j): Cross-sections of exog-
enous R. irregularis-inoculated plants under 0, 1, 5, 10, 15 mmol L!
NH,NO;, respectively. Scale bar=50 pm

(Table 5; p <0.0031, Pearson’s correlation coefficients with
a Bonferroni correction). The correlations of the average
conduit diameter with root dry weight and WUEi were not
significant (Table 5; p>0.0031, Pearson’s correlation coef-
ficients with Bonferroni correction).

Discussion

The results of this study showed that N fertilization sig-
nificantly promoted the growth of P. X canadensis and
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Fig. 4 Effects of N fertilization 1.0
and exogenous R. irregularis &= 0-4 ym
inoculation on the relative fre- 4-8 ym
quency of the conduit diameter CZ2 812 ym
: . : 8 1 v
in the leaves of P. X canadensis 7 7 1 12-16 pm
// / vz 16-20 um
4z %, 1 20-24 ym
.6 EEE 24-28 um
I 03-32 um

Relative frequency

Nitrogen fertilization (mmol L'1)

Table 5 Correlation coefficients between the average conduit diam-
eter and morpho-physiological parameters of P. X canadensis under
different treatments

Index Average
conduit
diameter

AMEF colonization 0.563"

Plant height 0.893"

Stem diameter 0.835"

Leaf dry weight 0.673"

Stem dry weight 0.769"

Root dry weight 0.106

Total dry weight 0.715"

Leaf C concentration 0.582"

Leaf N concentration 0.844"

Leaf P concentration —0.812"

Py 0.838"

G 0.648"

2 -0.437"

E 0.767"

WUEi -0.039

RWC 0.688"

Py net photosynthesis, C; intercellular CO, concentration, g, stoma-
tal conductance, E transpiration rate, WUEI intrinsic water use effi-
ciency, RWC relative water content

*p <0.0031 (Bonferroni correction)

influenced the effectiveness of exogenous R. irregularis.
The effects of exogenous R. irregularis on plant growth,
photosynthetic capacity, water status and leaf anatomical
properties were strongest under low N levels. Under high
N levels, exogenous R. irregularis inoculation increased C,
N and P concentrations in the leaves, although there was
no significant difference in plant growth and photosynthetic
capacity between the exogenous R. irregularis-inoculated
and non-inoculated plants. The results also showed that
alterations of plant physiological processes were paralleled
by anatomical changes, which indicated that the growth
performance of P. X canadensis was closely related to its
internal anatomical properties.

The results of this study showed that exogenous R. irreg-
ularis promoted the AMF root colonization rate at each N
level and that the AMF root colonization rate was increased
by N fertilization in both the exogenous R. irregularis-inoc-
ulated and non-inoculated plants. Previous studies showed
that the AMF colonization rate could be altered by N ferti-
lization, but the effect of N fertilization was highly variable
(Treseder 2004; Zhen and others 2014). Olsson and others
(2005) observed that N applications could reduce AMF
colonization, whereas Treseder and Allen (2002) obtained
the opposite result. The results of the present study were
consistent with the latter finding and suggested that N ferti-
lization supplies AMF with abundant nutrients for growth,
in which N is a necessary component of chitin (Bago and
others 2004). Johansen and others (1994) indicated that N
fertilization has the potential to increase the hyphal length
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of AMF by 20-50%. Moreover, N-fertilized plants exhib-
ited high rates of photosynthesis and could provide suf-
ficient fixed carbon to sustain high rates of mycorrhizal
colonization.

In this study, the basic N concentration in the soil was
not enough for continuous growth of poplar during the
entire experimental period. Leaf N concentration was
widely used to assess N status of poplar, although optimum
leaf N concentration varied depending on poplar clones and
growth stage (Coleman and others 2006; Hansen and oth-
ers 1988; van den Driessche 1999). In general, when soil N
availability is not sufficient to support plant growth, N fer-
tilization increases leaf N concentration and plant growth
is positively correlated with leaf N concentrations (van den
Driessche 1999). However, there is a threshold concentra-
tion of leaf N beyond which no further increases in plant
growth occur (van den Driessche 1999). This threshold
concentration is considered the optimum leaf N concen-
tration. Leaf N concentration is often compared with the
threshold concentration to assess whether the growth of
poplar is N limited or not (Hansen and others 1988). In
this study, 13 mg kg™' of leaf N concentration seemed to
be the threshold concentration, as indicated by our finding
that plant height and total dry weight was not affected by N
fertilization when the concentration of NH,NO; was higher
than 5 mmol L' (Table 2; Fig. 1). Leaf N concentrations
were lower than 13 mg kg™! under low N levels (Table 2),
suggesting that poplar growth was limited by N supply.
Such kind of soil was used to better understand the effects
of N fertilization and exogenous R. irregularis inocula-
tion on plant growth performance. The results of this study
were consistent with previous studies (Ceballos and oth-
ers 2013; Cooke and others 2005; Labidi and others 2015;
Sykorova and others 2012; Yan and others 2015) showing
that N fertilization facilitates plant growth and exogenous
R. irregularis has a significant influence on plant growth
(growth-promoting effects). However, the impact of exog-
enous R. irregularis on plant growth was influenced by N
fertilization. The growth-promoting effects of exogenous
R. irregularis were observed only under low N condition,
with significantly higher values of plant height, stem diam-
eter, and total dry weights being observed in the exogenous
R. irregularis-inoculated plants than the non-inoculated
plants. Rhizophagus irregularis is considered a high quality
fungal species and can survive and persist in the field in the
presence of a high diversity of native AMF in natural soil
(Sykorov4 and others 2012). A potential mechanism under-
lying the benefits of inoculation under low N levels may be
the greater reliance of plants on AMF for nutrient uptake
under nutrient-limited conditions (Smith and Read 2008).
Such an interpretation was supported by our finding that
there was no significant difference in plant growth between
the exogenous R. irregularis-inoculated and non-inoculated
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plants when plant growth was not limited by soil N nutri-
tion under high N levels. Under high N conditions, other
environmental factors, such as the atmospheric CO, con-
centration and temperature, might be the limiting factors
for poplar growth (Tjoelker and others 1998).

In this study, the trend of the changes in leaf C concen-
trations was similar to that for N concentrations, which
were increased with N fertilization and were significantly
higher in the exogenous R. irregularis-inoculated plants
than in the non-inoculated plants under high N levels.
These results were consistent with previous reports show-
ing that N fertilization enhanced C and N concentrations
in the leaves (Peuke 2009). Yasumura and others (2007)
suggested that the majority of leaf N is located in proteins
involved in photosynthesis; therefore, the carbon assimila-
tion capacity of a plant is positively related to the N con-
tent in the leaves (Yan and others 2015). In agreement with
previous findings (Peuke 2009), leaf P concentrations was
observed to decrease with N application but decreased
less in the exogenous R. irregularis-inoculated plants than
in the non-inoculated plants. The difference in the mag-
nitude of the decrease likely occurred because of the role
of exogenous R. irregularis inoculation in plant P uptake
(Johnson 2010). Rhizophagus irregularis is high-quality
AMF and can promote plant nutrient uptake (Engelmoer
and others 2014; Kiers and others 2011). In this study, no
significant differences in C, N and P concentrations were
observed between the exogenous R. irregularis-inoculated
and non-inoculated plants under low N levels, probably
due to a dilution effect that the exogenous R. irregularis-
inoculated plants were taller and displayed a larger total dry
weight than the non-inoculated plants (Marulanda and oth-
ers 2003). In addition, exogenous R. irregularis increased
nutrient concentrations under high N levels, although
growth-promoting effects were not observed. According
to Smith and Smith (2011), the mycorrhizal pathway for
nutrient uptake contributed to plant nutrition regardless of
mycorrhizal growth responses. Smith and others (2004)
performed an experiment using compartmented pots and
32p and suggested that R. irregularis contributes to plant P
uptake regardless of mycorrhizal growth responses. Simi-
lar to P uptake, the mycorrhizal pathway was operational in
N uptake from the soil to plants (Smith and Smith 2011).
Therefore, the results of this study suggested that exog-
enous R. irregularis promoted plant nutrition decoupled
from the level of N fertilization.

The results of the present study showed that exogenous
R. irregularis promoted Py under low N levels. Positive
effects of R. irregularis on plant photosynthetic capacity
have also been observed in previous studies (He and oth-
ers 2016, Liu and others 2014, 2015). An explanation for
the present results might be that poplars rely more heavily
on exogenous R. irregularis to absorb the finite-resources
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available under nutrient-poor conditions (Smith and Read
2008), such that Py and dry mass accumulation were
higher in the exogenous R. irregularis-inoculated plants
than in the non-inoculated plants at low N levels. N ferti-
lization provided the poplars with more available N for
growth and might have reduced their dependence on exog-
enous R. irregularis, as Py and plant growth were not influ-
enced by exogenous R. irregularis under high N levels.
Nitrogen fertilization enhanced Py and g, but decreased C;,
which was consistent with previous studies and suggested
that the increase in Py due to N application was frequently
related to increases in g, or the carboxylation capacity (Yu
and others 2010). In addition, the lower C; observed in the
exogenous R. irregularis-inoculated plants than in the non-
inoculated plants suggests that exogenous R. irregularis
inoculation improved the ability of plants to assimilate CO,
(Zhu and others 2011).

In this study, WUEi, RWC and E were increased by N
fertilization, and exogenous R. irregularis inoculation
strengthened these increases under low N levels. This was
in agreement with previous reports of a positive effect
of N fertilization on plant water status (Feng and others
2012, Wu and others 2008). We speculated that exogenous
R. irregularis improved the water status of poplars and
thereby increased their ability to adapt to low N conditions.
The enhancement of WUEi and RWC suggested that the
plants’ water absorption capacity was improved, thus pro-
viding additional water for transpiration and plant growth
(Wu and others 2008).

The leaf vascular system is responsible for the trans-
port of water and nutrients to leaf cells (Price and Enquist
2007), and leaf veins play a vital role in the hydraulic and
photosynthetic ability of leaves (Brodribb and others 2007).
To our knowledge, little is known about the effect of exoge-
nous AMF on anatomical traits of leaf xylem. In this study,
poplar cuttings showed different anatomical responses to
exogenous R. irregularis inoculation depending on N fer-
tilization levels. Larger conduits of the leaf xylem of the
exogenous R. irregularis-inoculated plants than those of
the non-inoculated plants were observed only under low
N conditions. N fertilization increased the average conduit
diameter but decreased the effects of exogenous R. irregu-
laris inoculation. N plays a vital role in the xylogenesis of
hybrid poplar (Hacke and others 2010; Plavcova and others
2013), and wider conduits have been observed in poplars
treated with high N fertilization rates (Plavcova and oth-
ers 2013). The larger conduit diameters recorded in high
N-fertilized or exogenous R. irregularis-inoculated plants
suggested improved leaf vein systems. According to the
Hagen-Poiseuille law, the hydraulic conductivity of a con-
duit should be in proportion to the lumen diameter to the
fourth power (Tyree 2003). These anatomical differences in
the leaves may be related to altered hydraulic properties that

allow more efficient transport of water (Plavcova and oth-
ers 2013) and soluble nutrients, thereby further promoting
the photosynthesis of plants (Brodribb and others 2007). In
this study, the larger conduit diameters and increased fre-
quency of large conduits observed in high N-fertilized or
exogenous R. irregularis-inoculated plants were likely the
cause of higher transpiration rates and RWC.

Furthermore, the results showed that average conduit
diameter exhibited a positive correlation with plant growth
parameters (plant height, stem diameter, leaf dry weight,
stem dry weight, total dry weight) and with physiological
parameters such as RWC, leaf nutrients (C and N concen-
trations) and photosynthetic parameters (Py, C;, E), sug-
gesting that the anatomical traits of leaves were closely
associated with whole-plant functioning. Brodribb and
others (2007) found that the leaf vein system influenced
photosynthesis via its effect on leaf water flow. Woodruff
and others (2008) observed that leaf anatomical traits were
highly correlated with the height of Pseudotsuga menziesii.
Studies on the anatomical traits of plants have indicated that
anatomical traits may vary in response to the environment,
and plants can adjust their phenotypes to preserve function
under various conditions (Sultan 2000). In this study, the
observed alterations of anatomical traits in response to N
fertilization and exogenous R. irregularis inoculation were
associated with changes in physiological and morphologi-
cal traits. These adaptive adjustments allow plants to main-
tain fitness across a range of varied environments (Sack and
Scoffoni 2013).

In conclusion, our results provide evidence support-
ing the hypothesis that the growth performance of P. X
canadensis was promoted by N fertilization, and the appli-
cation of exogenous AMF R. irregularis in unsterilized
soil may further promote plant growth, the photosynthetic
capacity and water status under low N levels. These altera-
tions of the physiological traits of P. X canadensis were
paralleled by changes in internal anatomical properties.
Although changes in plant size were not observed after
exogenous R. irregularis inoculation under high N levels,
higher C, N and P concentrations were recorded in the
exogenous R. irregularis-inoculated plants than in the non-
inoculated plants, suggesting that exogenous R. irregularis
increased plant nutrition in a manner decoupled from the
level of N fertilization. Furthermore, this study demon-
strated the efficacy of using exogenous R. irregularis to
promote the growth of poplar in nutrient-limited soils and
provides a starting point for the development of mycorrhiza
bio-fertilizers for use in sustainable forest management.
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